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Series Editor Introduction

The Nutrition and Health series of books have, as an overriding mission, to pro-
vide health professionals with texts that are considered essential because each includes
(1) a synthesis of the state of the science, (2) timely, in-depth reviews by the leading
researchers in their respective fields, (3) extensive, up-to-date fully annotated reference
lists, (4) a detailed index, (5) relevant tables and figures, (6) identification of paradigm
shifts and the consequences, (7) virtually no overlap of information between chapters,
but targeted, inter-chapter referrals, (8) suggestions of areas for future research, and
(9) balanced, data-driven answers to patient /health professionals questions, which are
based upon the totality of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor has the
potential to examine a chosen area with a broad perspective, both in subject matter as
well as in the choice of chapter authors. The international perspective, especially with
regard to public health initiatives, is emphasized where appropriate. The editors, whose
trainings are both research and practice oriented, have the opportunity to develop a pri-
mary objective for their book, define the scope and focus, and then invite the leading
authorities from around the world to be part of their initiative. The authors are encour-
aged to provide an overview of the field, discuss their own research, and relate the
research findings to potential human health consequences. Because each book is devel-
oped de novo, the chapters are coordinated so that the resulting volume imparts greater
knowledge than the sum of the information contained in the individual chapters.

Of the 31 books currently published in the Series, only four have been given the title
of Handbook. These four volumes, (1) Handbook of Clinical Nutrition and Aging, (2)
Handbook of Drug-Nutrient Interactions, (3) Handbook of Nutrition and Ophthalmol-
ogy, and (4) Handbook of Nutrition and Pregnancy, are comprehensive, detailed and
include extensive tables and figures, appendices and detailed indices that add greatly to
their value for readers. Moreover, Handbook contents cut across a wide array of health
professionals’ needs as well as medical specialties. The Nutrition and Health Series now
will include its fifth Handbook volume, “Fluid and Electrolytes in Pediatrics: A Com-
prehensive Handbook.”

Fluid and Electrolytes in Pediatrics: A Comprehensive Handbook edited by Leonard
G. Feld, M.D., Ph.D., M.M.M. and Frederick J. Kaskel, M.D., Ph.D. is a very wel-
come addition to the Nutrition and Health Series and fully exemplifies the Series’ goals
for Handbooks. This volume is especially relevant as there is currently no comprehen-
sive up-to-date text on the management of fluid and electrolyte disorders in pediatrics.
This Handbook provides essential practice guidance that can help to improve the care
of infants and young children in a wide variety of pediatric settings. This text, with
over 200 relevant tables, equations, algorithms and figures, and close to 1000 up-to-
date references, serves as a most valuable resource for the general practitioner, family

vii



viii Series Editor Introduction

practitioner, emergency medicine physicians, residents, medical students, nurses, physi-
cian assistants as well as many medical and surgical specialties that care for the disorders
seen daily in the children admitted to neonatal intensive care units, pediatric intensive
care units, inpatient units, day hospitals, surgical units, emergency care facilities, and
outpatient care units. The Handbook provides detailed instructions about the signs and
symptoms as well as the treatments that can help to restore the fluid balance and pro-
tect the vital organs from severe damage that can occur over a matter of hours. Health
providers to the pediatric population who can benefit from the wealth of tables, figures
and formulas as well as the analyses of numerous relevant case studies in the volume
include specialties mentioned above as well as endocrinologists, neurologists, clinical
nutritionists, gastroenterologists, neonatologists, emergency room physicians and sup-
port staff as well as researchers who are interested in the complexities of maintain-
ing fluid and acid-base balance in the preterm, term infant, child and adolescent under
acute conditions as well as for those children who have chronic conditions that predis-
pose them to fluid and electrolyte imbalances. Moreover, graduate and medical students
as well as academicians and medical staff will benefit from the detailed descriptions
that are provided concerning environmental factors, such as drugs, infections, and other
potential agents that can cause changes in body fluid balance. Tables of normal val-
ues for electrolytes, protein, glucose, and other components of the blood are given as
detailed explanations of the compositions of the many fluids that can be provided to the
patient intravenously, or by parenteral, enteral or oral routes in order to return the patient
to normal levels of these essential electrolytes and fluid balance. Relevant equations are
discussed and examples of how these can be helpful in treatment choices are illustrated.

This text has many unique features, such as highly detailed case studies, that help
to illustrate the complexity of treating the pediatric patient with reduced capability to
balance the body’s fluids. There are in-depth discussions of the basic functioning of the
kidneys, skin, and the lungs. Each chapter describes the etiology and demographics,
biological mechanisms, patient presentation characteristics, therapy options and conse-
quences of optimal treatment as well as delayed treatment. There are also clear, concise
recommendations about fluid intakes, adverse effects of dehydration, and use of drugs
and therapies that can quickly improve patient outcomes. Thus, this volume provides the
broad knowledge base concerning normal fluid and electrolyte balance, kidney function,
cellular physiology and the pathologies associated with changes in fluid balance, and the
therapies that can help to restore normal function.

Comprehensive descriptions are provided that concentrate on the importance of var-
ious homeostatic mechanisms that interact with organ systems. Diabetes insipidus is
reviewed and the differences between central and nephrogenic causes are included as
well as guidance for patient management. Individual chapters containing highly relevant
clinical examples and background information review the topics of water and sodium
balance, potassium balance, disorders of calcium, magnesium and phosphorus balance;
metabolic acidosis, metabolic alkalosis, respiratory acidosis, and respiratory alkalosis.
These chapters include valuable discussions of fetal accretion of electrolytes and the
consequences of preterm birth on fluid balance. The final section includes in-depth chap-
ters on the consequences of liver disease and ascites, renal failure and transplantation,
and endocrine diseases, all of which impact fluid and electrolyte balance. There are also
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chapters that examine genetic diseases, effects of enteral and parenteral nutrition, con-
sequences of excess uric acid and the last chapter contains a comprehensive review of
the special situations that can arise in the neonatal intensive care unit.

The editors of this volume, Dr. Leonard G. Feld and Dr. Frederick J. Kaskel are
internationally recognized leaders in the fields of fluid and electrolyte balance and renal
disease research, treatment, and management. Dr. Feld is the Sara H. Bissell and Howard
C. Bissell Endowed Chair in Pediatrics, Chief Medical Officer at the Levine Children’s
Hospital and Clinical Professor of Pediatrics at the University of North Carolina School
of Medicine and Dr. Kaskel is the Director of Pediatric Nephrology, Professor and Vice
Chairman of Pediatrics at Albert Einstein College of Medicine in New York. Each has
extensive experience in academic medicine and collectively, they have over 300 peer-
reviewed articles, chapters, and reviews and Dr. Feld is the editor of the classic volume,
“Hypertension in Children.” Both have been recognized by their peers for their efforts
to improve pediatric medicine especially under conditions where the proper acute care
can have major effects on mortality and/or morbidity for preterm and term neonates,
infants, and children. The editors are excellent communicators and they have worked
tirelessly to develop a book that is destined to be the benchmark in the field of pediatric
fluid and electrolyte balance because of its extensive, in-depth chapters covering the
most important aspects of this complex field.

Fluid and Electrolytes in Pediatrics: A Comprehensive Handbook contains 18 chap-
ters and each title provides key information to the reader about the contents of the chap-
ter. In addition, relevant chapters begin with a list of Key Points, containing concise
learning objectives as well as key words. The introductory chapters provide readers with
the basics so that the more clinically related chapters can be easily understood. The edi-
tors have chosen 26 well-recognized and respected chapter authors who have included
complete definitions of terms with the abbreviations fully defined for the reader and con-
sistent use of terms between chapters. Key features of this comprehensive volume are
the detailed discussions found in the more than 50 case studies. In conclusion, Fluid and
Electrolytes in Pediatrics: A Comprehensive Handbook, edited by Leonard G. Feld and
Frederick J. Kaskel provides health professionals in many areas of research and practice
with the most up-to-date, well-referenced volume on the importance of the maintenance
of fluid and electrolyte concentrations in the pediatric population, especially under acute
care. This volume will serve the reader as the benchmark in this complex area of inter-
relationships between kidney function, and the functioning of all organ systems that are
intimately affected by imbalances in total body water. Moreover, the physiological and
pathological examples are clearly delineated so that practitioners and students can bet-
ter understand the complexities of these interactions. The editors are applauded for their
efforts to develop the most authoritative resource in the field to date and this excellent
Handbook is a very welcome addition to the Nutrition and Health Series.

Adrianne Bendich, PhD, FACN



Foreword

Fluid and Electrolytes in Pediatrics (a comprehensive handbook) is the latest in a
series of multi-authored monographs on the Nutrition and Health Series of books from
Springer/Humana.

Drs. Leonard G. Feld and Frederick J. Kaskel, pediatric nephrologists, and previous
collaborators were selected as the handbook’s editors. It was a wise choice, for they
have each distinguished themselves as exemplary clinicians, investigators, and, most
importantly, as teachers in this field for over 25 years.

A team of 28 experts in all of the topics presented was assembled with thoughtful
consideration of differing writing styles and perspectives on the subject matter that is
often a function of the author’s depth, breadth, and duration of experience in this field.
The editors are to be commended for this approach, which is rarely seen in the many
publications on this general subject over the past 60 years.

Chapters 1 and 2 in Part I really “sets the stage” for all that follows, both in terms
of structure/outline and content. For this reason, several important features are worth
highlighting:

1. The authors are careful to highlight the critically important differences in the evaluation
of disorders of water and sodium balance.

2. To the extent possible, they separate the clinical approaches to both groups of disorders
while acknowledging the fact that they are inescapably linked. This is facilitated by the
skillful use of clinical scenarios that the authors work through in a stepwise fashion.

3. As anatural consequence of their prior discussion of first principles of sodium and water
physiology, it is particularly noteworthy in Chapter 1 that the dissociation of fotal body
water from total body sodium is illustrated by examples of hyponatremia, isonatremia,
and hypernatremia, each of which may be seen in the context of decreased, normal, or
increased total body water, respectively (e.g., see Figs. 6 and 9).

4. The importance of including case scenarios in every one of the chapters underscores
the time-honored importance of taking a thorough history and performing a complete
physical examination; armed with this preliminary information, the astute clinician is
usually able to initiate the most appropriate additional diagnostic studies and therapy.

The handbook is well organized into the four classical components of any book on
this general subject, starting from the most common to the least common disorders
encountered in pediatrics. Narratives are clearly expressed, tables and figures were cho-
sen to enhance the reader’s understanding of the text, and references seemed manageable
in number and scope.

xi



xii Foreword

Fluid and Electrolytes in Pediatrics is a handbook worth having now for anyone who
either plans to or is already looking after the health-care needs of all pediatric patients.

Charlotte, NC Michael E. Norman, M.D., FAAP
December 1, 2009



Preface

One of the time-honored foundations of the practice of pediatric medicine is the
understanding and application of the principles of fluid, electrolyte, and acid-base dis-
orders. In Fluid and Electrolytes in Pediatrics: A Comprehensive Handbook we have
selected authors with a passion, appreciation of the contributions of pioneers in pediatric
medicine, and an expertise for their respective areas. Although medicine has changed
enormously from the days of Gamble, Cooke, Holliday, Segar, Winters, and many
other great pediatric clinical investigators, the evaluation and management of fluid, elec-
trolyte, and acid—base disorders still form the basis of acute care and inpatient pediatrics.
Today pediatric admissions are more complex and the survival of premature infants as
young as 24 weeks gestation provides challenges for the generalist and specialist alike.
Regardless of the location of care — from the neonatal unit, pediatric critical care, inpa-
tient service to the emergency rooms — the clinician almost always obtains a set of
electrolytes and a urinalysis on their patients and must interpret the results with regard
to the specific clinical presentation.

In each chapter the authors have provided in-depth discussions, with the assistances of
many scenarios in order to exemplify the major clinical pearls that will guide our contin-
uing understanding and appreciation of the unique characteristics of pediatric fluid and
electrolytes homeostasis. We have provided the authors some leeway in placing sce-
narios in the text or at the end of the section/chapter. In prescribing fluid and electrolyte
therapies to our infants, children, and adolescents, we must apply critical analyzing skills
to provide the most precise recommendations in order to assure a safe and effective envi-
ronment for our precious future — our children. An example is that 5% Dextrose in Water
with Y, isotonic saline does not work for everyone. The jargon of giving 1.5 or 2 times
maintenance fluid therapy is not appropriate because it is the crudest of “estimates.”

In the first section, the chapters on Disorders of Water Homestasis by Feld, Massen-
gill, and Friedman provide an in-depth examination of hypo- and hypernatremic disor-
ders with detailed scenarios supported by many illustrations and tables. In the subse-
quent chapter on Disorders of Sodium Homeostasis, Woroniecki et al. present a discus-
sion of sodium balance, renal regulation from the neonatal period, and the approach to
assessing renal sodium excretion and the different volume states.

Disorders of Potassium Homeostasis is a key chapter because of the dire conse-
quences of abnormal potassium balance and serum concentrations. The discussion
emphasizes the practical and methodical approach to potassium abnormalities to avoid
catastrophic consequences to the children.

In the second section, Charles McKay presents an elaborate review of both Disorders
of Calcium and Magnesium Homeostasis. Although calcium disorders with both its low
and high values are quite common, the analysis of the evaluation and treatment with
detailed scenarios helps the reader to achieve a clear understanding of this important
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mineral. When faced with an abnormal serum magnesium concentration, this chapter
will be an invaluable resource.

Valerie Johnson presents the chapter on Disorders of Phosphorus Homeostasis with
an exceptional expertise and understanding. Similar to magnesium, this chapter is a
ready resource to assist the clinician in the evaluation, diagnosis, and treatment of phos-
phorus disorders.

Part I1I covers Disorders of Acid—Base Homeostasis. The section editor Uri Alon has
done a magnificent job in helping to guide the authors in these five chapters. Mahesh
and Shuster start with an overview of normal acid—base balance, followed by Howard
Corey and Uri Alon covering the ever difficult area of metabolic acidosis. Their insights
in this field bring a challenging area into simpler terms. Wayne Waz reviews metabolic
alkalosis and illustrates the value of the “lonely” urine electrolyte — chloride. Young and
Timmons emphasize the importance of understanding respiratory disorders of acid—base
physiology.

Part IV highlights Special Situations of Fluid and Electrolyte Disorders. Although
it is nearly impossible to cover all areas, we have tried to include a chapter on the
neonatal ICU, liver as well as renal failure, unique situations of the endocrine system,
the importance of nutrition and understanding Uric Acid by Bruder Stapleton. The book
would not be complete without a chapter on the genetic syndromes that affect the body’s
balance of water and electrolytes. In some instances there is intentional overlap of some
information in this section to the first three sections of the book.

We truly hope that you will find this book an indispensable handbook and guide to
the management of your patients as well as a critical resource for medical and graduate
students.

SPECIAL ACKNOWLEDGEMENT AND THANK YOU

We are truly appreciative for all of the hard work and excellent efforts that were made
by all of the contributing authors. The expertise in the preparation of the book is credited
to Richard Hruska, Amanda Quinn and the staff at Humana/Springer. Richard was with
us from the inception of this book to the final stages of production. A special thanks to
Dr. Adrianne Bendich, PhD, for her helpful comments, guidance, and insightfulness in
being Series Editor of the outstanding Nutrition and Health series.

Leonard G. Feld, MD, PhD, MMM
Frederick J. Kaskel, MD, PhD
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1 Disorders of Water Homeostasis

Leonard G. Feld, Aaron Friedman,
and Susan F Massengill

Key Points

1. To understand that disorders of sodium balance are related to conditions that alter extracellular
fluid volume.

2. To appreciate the physiologic influences of antidiuretic hormone (ADH) and the stimuli resulting
in its release.

3. To gain an understanding of the differences between sodium status (which determines the volume
of extracellular volume) and water status (which determines the serum sodium concentration).

4. To recognize clinical signs and symptoms of the different forms of dehydration.

5. To appreciate that the management of hypernatremic dehydration differs from that of
isonatremic/hyponatremic dehydration.

Key Words: Hyponatremia; hypernatremia; antidiuretic (ADH); vasopressin; diabetes insipidus;
extracellular volume; intracellular dehydration; SIADH; osmolality

1. INTRODUCTION

The disorders of water balance of the body relate to volume control in body fluid
compartments (/). Osmotic shifts of water are directly dependent on the number of
osmotic or solute particles (such as sodium and accompanying anions) that reside within
the membranes of our body fluid compartments (2). The osmolality of the body fluid
compartments (extracellular and intracellular) contributes to the movement of water
that occurs in a variety of disease states such as gastroenteritis/dehydration. An acute
increase in the extracellular fluid osmolality due to a sodium chloride load results in a
shift of water from the intracellular fluid compartment to reduce the osmolality and
achieve a new, higher osmolar balance between the two compartments. The reverse
would occur if there is an acute loss of osmolality from the extracellular fluid com-
partment. It is simple to appreciate the delicate interaction between osmolality and water
balance. As discussed in Chapter 2, disorders of sodium balance are related to conditions
that alter extracellular fluid volume (ECF). The simplest example is the requirement to
maintain adequate extracellular volume to sustain perfusion of vital organs and tissues.

From: Nutrition and Health: Fluid and Electrolytes in Pediatrics
Edited by: L. G. Feld, F. J. Kaskel, DOI 10.1007/978-1-60327-225-4_1,
© Humana Press, a part of Springer Science+Business Media, LLC 2010
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4 Part I / Disorders of Water, Sodium and Potassium Homeostasis

Impairment of tissue perfusion will lead to decreased oxygen delivery and anoxic dam-
age resulting in organ failure (i.e., acute renal failure, hepatic failure, brain anoxia). It is
therefore necessary to consider the clinical management of disorders of water (osmolal-
ity) and sodium balance (ECF volume) collectively. The identification and management
of fluid and electrolyte disorders are essential in order to maintain body fluid balance.

1.1. Physiology of Water Homeostasis

Maintaining water homeostasis is an essential feature of adaptation for all mammals.
Environments rarely provide water in the precise amount and at the precise time needed.
A complex set of homeostatic mechanisms are at play, which regulate water intake and
water excretion. These include the hypothalamus and surrounding brain, which control
the sense of thirst and the production and release of arginine vasopressin (AVP), the
antidiuretic hormone (ADH). AVP in turn acts on the second important organ in water
homeostasis — the kidney — leading to increased reabsorption of water by the collecting
duct of the kidney.

Because of the central role AVP plays in water homeostasis understanding the phys-
iologic influences on AVP production and release is important. AVP is produced in the
paraventricular and supraoptic nuclei, which project into the posterior hypothalamus. It
is from the posterior hypothalamus that AVP is released. The stimuli that lead to AVP
release also influence AVP production.

The elegant studies performed by Verney established the role of osmolality in the
release of AVP (3). Under normal conditions, it is the osmolality of plasma and extra-
cellular fluid as defined by the extracellular sodium concentration and associated anions
along with a small contribution from glucose, which is “sensed” by osmoreceptors in
the anteromedial hypothalamus. Small increases in osmolality of 1-2% (increase in
2-5 mOsm/kg HyO) will result in the release of AVP. Conversely, a similar decrease
in osmolality from approximately 290 to 280 mOsm/kg H,O will result in cessation of
AVP release and decreased production (4).

Non-osmotic stimuli will also cause AVP to be released. Gauer and Henry (5) demon-
strated that a reduction in “effective circulating volume” [blood loss, hemorrhage, ECF
volume depletion (dehydration, diuretics, etc.), nephrotic syndrome, cirrhosis, conges-
tive heart failure/low cardiac output] will be “sensed” by the pressure or stretch sensi-
tive receptors in the left atrium or large arteries of the chest then through the vagus and
glossopharyngeal nerve will signal production and release of AVP. Other nonosmotic
stimuli for AVP secretion include anesthetics and medications, nausea and vomiting,
and weightlessness (6) (Table 1).

AVP circulates unbound, is rapidly metabolized by the liver or excreted by the kidney.
The half-life is probably no more than approximately 20 minutes.

AVP plays a central role in thirst control. Thirst is the drive to consume water to
replace urinary and obligate water losses such as sweating and breathing. Thirst is stim-
ulated by an increase in serum osmolality and by extracellular volume depletion. AVP
release appears to occur prior to the sensation of thirst, which is about 290 mOsm/L
with maximal urinary concentration (~1200 mOsm/L) at about 292-295 mOsm/L.

The kidney plays a crucial role in the conservation of water when osmolality is
increased or effective plasma volume is decreased. Similarly the kidney can excrete
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Table 1
Non-osmotic Stimuli of Physiologic AVP Secretion
Hemodynamic (see text) Non-hemodynamic Medications
Increased Secretion Increased Secretion Increased Secretion
Acetylcholine Hypoglycemia Acetaminophen
Angiotensin II Increased pCO» Beta-2 agonists
Bradykinin hypercapnia Chlorpropamide
Gastroenteritis Low pO; _ hypoxia Clofibrate
Histamine Motion sickness Cyclophosphamide
Isoproterenol Nausea/vomiting Epinephrine
Nitroprusside Pregnancy Lithium
Stress/pain Morphine (high dose)
Nicotine
NSAIDs
Prostaglandins
Tricyclic antidepressants
Vincristine
Decreased Secretion Decreased Secretion Decreased Secretion
Atrial tachycardia Swallowing Alpha-adrenergic
Left atrial distention agonists
Norepinephrine Carbamazepine
Clonidine
Ethanol
Glucocorticoids
Morphine (low dose)
Phenytoin
Promethazine

NSAID - non-steroidal anti-inflammatory drugs
From Cogan (42); Robertson (43).

water rapidly in response to excess water intake. This effect is accomplished by AVP
stimulating (1) interstitium through the active transport of urea from the tubule lumen
to the renal epithelial cells of the thick ascending limb of the loop of Henle and the
collecting duct resulting in the development of the osmotic gradient needed to reabsorb
water, and (2) the transepithelial transport of water through opened water channels in
the collecting duct resulting in water reabsorption (Fig. 1).

The transepithelial transport of water across the collecting duct (primary site of action
is principle cell) is accomplished by the binding of AVP to its receptor (V2R) on
the basolateral (non-luminal) surface of the epithelial cell. The intracellular action is
mediated through cyclic AMP and protein kinase A leading to phosphorylation of
aquaporin-2 water channels (7).

Aquaporins are channels that transport solute-free water through cells by permitting
water to traverse cell membranes. In the kidney, aquaporin-2 is the channel through
which water leaves the lumen of the tubule and enters epithelial cells of the collecting
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Fig. 1. Countercurrent mechanism for water reabsorption by the nephron. Reproduced with permis-
sion from (38, Fig. 11.10).

duct. Water leaves these same cells through aquaporins-3 and 4. When AVP binds to
the V2R receptor, aquaporin-2, which resides in intracytoplasmic vesicles, is inserted
into the luminal membrane allowing water to move into the cell (8). Aquaporins-3 and
4 appear to reside in the basolateral membranes and facilitate water movement from the
intracellular space into the interstitium (9). This movement of water into the interstitium
is down a concentration gradient. The higher solute concentration in the interstitium of
the kidney is facilitated by the action of AVP on epithelial sodium channels (eNaC) and
the urea transporter (UT-A1) (10, 11).

By 2-3 months of age, the normal infant born at term can maximally concentrate
urine to 1100-1200 mOsm/kg H,O similar to an older child or adult. AVP has been
measured in amniotic fluid and is present in fetal circulation by mid-gestation. AVP
levels rise (in fetal sheep) with stimuli such as increased serum osmolality (/2). At
birth, vasopressin levels are high but decrease into “normal” ranges within 1-2 days
(13, 14). In neonates, AVP responds to the same stimuli as older children and adults.
However, the ability to concentrate urine to the maximum achieved by older children
or adults does not occur. Term infants concentrate up to 500-600 mOsm/kg H,O and
preterm infants up to 500 mOsm/kg H>O. These low concentrating levels are probably
due to a number of reasons including decreased glomerular filtration rate, decreased
renal blood flow, reduced epithelial cell function in the loop of the Henle and collecting



Chapter 1 / Disorders of Water Homeostasis 7

duct, reduced AVP receptor number and affinity and reduced water channel number or
presence on the cell surface. Along with decreased renal capacity to reabsorb water,
neonates have a reduced capacity to dilute urine so that the range of urine osmolality
in the neonate is between 150 and 500 mOsm/kg H>O as compared to the older child
of 50 and 1200 mOsm/kg H,>O. Neonates have increased non-urinary water losses (skin
and respiratory) as a function of weight, which are greater compared to older children
and adults. The net effect is that neonates are at greater risk of dehydration either due
to inadequate water provision or to high osmolar loads provided in enteral or parenteral
feeds. Also, neonates are at greater risk of hyponatremia (hypo-osmolality) if water is
administrated in large quantities or at too rapid rates.

2. CLINICAL ASSESSMENT OF RENAL WATER EXCRETION

Under normal conditions the “gold” standard for testing whether water homeostasis
is being maintained is to measure serum and urine osmolality. Normal serum osmolal-
ity is approximately 280-290 mOsm/kg H,O. As noted above, urine osmolality, except
in neonates, can range from 50 to 1200 mOsm/kg H>O and will depend on the phys-
iologic circumstances. A slight increase in serum osmolytes over a short interval (i.e.,
NaCl) will result in AVP release (two- to fourfold increase in circulating concentra-
tion of AVP) and a marked increase in water reabsorption and urine osmolality. The
concomitant measurement of an elevated serum osmolality should be matched by an
appropriately elevated urine osmolality (>500 mOsm/kg H,O >> the serum osmolal-
ity). Likewise, a decrease in serum osmolality, usually the result of water consumption
or other hypotonic solutions, will reduce AVP production and secretion leading to the
excretion of large volumes of water and a lowered urine osmolality. A serum osmolality
below 280 mOsm/kg H,O should be associated with urine osmolality <250 (often below
200 mOsm/kg H>O). This physiological response depends on an intact hypothalamus—
pituitary axis and normal renal function. Any stimulus (medications, anesthetics, nau-
sea/vomiting) which directly stimulates AVP release, could interfere with normal physi-
ologic mechanisms. Renal disease, which impairs water delivery to the kidney or affects
loop of Henle or collecting duct function, could impair the response to AVP and lead to
pathology.

Often in clinical situations a quick measure of serum osmolality is the equation

1 BUN
[glucose] +[ ]

lality = 2[N
serum osmolality [Na]+ T 78

where [Na] is the sodium concentration in mEqg/L or mmol/L. (doubling the sodium
value takes into account the accompanying anions — CI~, HCO37); the glucose is mea-
sured in mg/dL and the BUN (blood urea nitrogen) in mg/dL. The BUN is often omit-
ted if it is not rapidly changing since its impact on osmolality is muted by its ability
to move freely across cell membranes. By eliminating the BUN term from the equa-
tion, the formula is a measure of effective serum osmolality or tonicity. Similarly, the
specific gravity on a urine dipstick is used as a quick measure of urine osmolality. A
specific gravity of 1.010 is routinely considered to correlate with a urine osmolality of
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300400 mOsm/kg HoO (multiplying the number to the right of the decimal point by
40,000 = 0.010 x 40,000 = 400). The higher the specific gravity, the higher the osmo-
lality. Unfortunately, specific gravity is a crude test that can be affected by solutes such
as albumin (patients with proteinuria have high urinary specific gravity) or glucose. In
order to aid in the diagnosis of diabetes insipidus, direct measurement of osmolality is
required.

2.1. Measurement of the Diluting and Concentrating Ability of the Kidney

The defense of tonicity (effective osmolality) involves the thirst mechanism and the
ability of the kidneys to excrete or conserve solute-free water depending upon the pres-
ence of ADH. Urine can be divided into two components. One component is the urine
volume containing a solute concentration equal to that of plasma. This isotonic com-
ponent has been termed the osmolar clearance (Cogpy) and is an index of the kidney’s
ability to excrete solute particles. The second component is the volume of solute-free
water (Cn,0). It is this latter volume that effectively changes the osmotic concentration
of the extracellular fluid compartment and is an index of the kidney’s ability to maintain
the serum in an iso-osmolar state (15, 16).

Free-water clearance, abbreviated Ch,0, is calculated as shown:

CH20 = V - Cosm,

where

(Uosm) % (V)
(Posm)

and where Vs the urine flow rate (mL/min), Posm is the plasma osmolality, and Uygp, is
the urine osmolality.

When the kidney reabsorbs equal proportions of water and solute as they exist in the
plasma, the urine has a osmolality equal to plasma, therefore, Cogm = V. In this situa-
tion, the osmolality of the ECF remains unchanged. When ADH is present or elevated,
then solute-free water is reabsorbed in a greater proportion than filtered solute thereby
resulting in a concentrated (hypertonic) urine (Cogy > V)ora negative Ch,0o value. For
example, consider a situation where the urine flow rate is 1 L/day, serum osmolality of
300 mOsm, and urine osmolality of 600 mOsm:

Cosm =

Ch,0 = 1L/day — (600 mOsm x 1L/day)/300 mOsm
= 1L/day — 2L/day
= —1L/day (or 1L of free water was reabsorbed)

On the other hand, when ADH levels are low, then solute-free water is excreted in a
greater proportion than the filtered solute thereby resulting in a dilute (hypotonic) urine
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(Cosm < V) or a positive Cy,o value. For example, consider a situation where the urine
flow rate is 1 L/day, serum osmolality of 300 mOsm, and urine osmolality of 150 mOsm:

Ch,0 = 1L/day — (150 mOsm x 1L/d)/300 mOsm
= 1L/day — 0.5L/day
= 0.5L/day free water excreted

Changes in the free-water excretion and reabsorption occur independent of changes
in the solute excretion (Cogm).

2.2. Composition of Body Fluids

As individuals age, the proportion of total body water (TBW) to body weight
decreases. Water accounts for 60% of TBW in men and 50% in women while infants
have a higher proportion of water, 70-80%, due to the lower proportion of muscle in
comparison to adipose (/7). The higher proportion of TBW to whole body weight in
younger children is mainly due to the larger ECF volume when compared to adults. The
disproportionate weight of brain, skin, and the interstitium in younger children con-
tributes to the variability in the ECF volume. Water is distributed between two main
compartments, the intracellular fluid compartment (ICF) and extracellular fluid com-
partment (ECF) (Fig. 2). The intracellular compartment makes up approximately 2/3

TOTAL BODY WATER (TBW)
0.6 x Body Weight (BW)

l l

EXTRACE('-E%JF'-)AR FLUID INTRACELLULAR FLUID (ICF)
0.2 x BW 0.4 x BW
Interstitial Fluid Plasma
% of ECF % of ECF

Fig. 2. Body fluid compartments.
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of the TBW. The ECF constitutes 1/3 of the TBW composed of plasma and interstitial
fluid. Abnormal accumulation of plasma ultrafiltrate, also referred to as “third spaced
fluids,” can result in edema, ascites, or pleural effusions.

Sodium along with CI~ and HCO3™ are the primary determinants of the ECF and pro-
vide the osmotic drive to maintain the ECF volume (Fig. 3, Table 2). Water moves freely
across cell membranes between the ICF and ECF compartments to maintain osmotic

Plasma
Na K X Cl HCO P PO
I ot ||L/
Cations Anions

Interstitial Fluid

Na K X Cl HCO P PO Sodium -Na
Potassium -K
Chloride -Cl
Bicarbonate -HCO
Protein and others -P
A 30 Phosphates and
Cations Anlons organic anions -PO

Intracellular Fluid

Na K X Cl HCO P PO
150
w10/ A4X 10
Cations Anions

Fig. 3. Comparison between plasma, interstitial, and intracellular fluid (ICF).

Table 2

Approximate Mineral Composition of the ECF and ICF
ECF (mEq/L) ICF (mEg/L)

Na* 135-145 10-20

K* 3.5-5 120-150

Cr 95-105 0-3

HCO3~ 22-30 10

Phosphate 2

110-120
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equilibrium. For example, an increase in the water content of the ECF causes move-
ment of water into the ICF from the ECF resulting in an expansion of both the ICF
and ECF and a new osmolar balance (Fig. 4). If extensive, volume overload is clinically
recognized as edema, ascites, or pleural effusions. In contrast, loss of sodium from the
ECF results in ECF depletion with some relative ICF expansion and presents as signs of
dehydration (Fig. 5). The kidneys are responsible for regulating the water balance and
eliminate the majority of water from the body.

NORMAL
0.25 Liters 0.40 Liters
280 280
mOsm/L 35 Na 64 K
0 0
| |
| AFTER GAIN |
: 0.35 Liters 0.40 Liters |
280
Gain 220 I
0.10 Llters
150 | 66 K
2K | 37 Na
2 Na
0 0 | 0
| |
| |
| AFTER OSMOTIC ADJUSTMENT |
| 0.31 Liters 0.44 Liters |
260 | | 260
| |
| 37 Na 66 K |
oL L 1o

@m@ NORMAL ICF

Fig. 4. ECF fluid gain with a redistribution of water resulting in a lower osmolality in a 5-year-old.
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280
mOsm/L

0

Loss
0.10 Llters
00

10K
10 Na

NORMAL
0.25 Liters 0.40 Liters
280
35 Na 64 K
0
| |
| AFTER LOSS |
| |
| 0.15 Liters 0.40 Liters
280
|200
| 55K
| 15 Na 10Na
| 0 0
| |
| |
| |
| AFTER OSMOTIC ADJUSTMENT |
| 0.116 Liters 0.434 Liters |
| 2s8 — 258
| |
54 K
| 15 Na 10 Na |
' 0 L 1o
NORMAL ICF

Fig. 5. Loss of hypertonic fluid and sodium from the ECF secondary to dehydration in a teenager.
Reproduced with permission from Winters (39).

2.3. Maintenance Requirements

For nearly 50 years, we have estimated the caloric and fluid requirements each
day based on the Holliday and Segar method (/8). It is based on caloric requirement
each day and the amount of fluid needed based on caloric expenditure (Table 3).
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Table 3
Caloric, Water, and Basic Electrolyte Requirements Based on Weight

Sodium Chloride Potassium
mEq/100 mEq/100 mEq/100
Body weight (kg) Calories Water mL HyO mL HyO mL HyO

3-10kg 100/kg 100/kg 3 2 2
Or 4 mL/kg/h
11-20 kg 50/kg 1000 mL + 3 2 2
50 mL/kg for
each kg above
10/ Or
40 mL/h +
2 mL/kg/h
>20 kg 20/kg 1500 mL + 3 2 2
20 mL/kg for
each kg above
20 Or
60 mL/h +
1 mL/kg/h

EXAMPLE of a calculation for maintenance fluid requirements for a 15 kg child
BW = 15Kg

Calories: 100 calories/kg for 1st 10 kg + 50 calories/kg for 5 kg (15-10 kg) = 1250
calories/day

Water: 100 mL/kg for 1st 10 kg + 50 mL/kg for 5 kg (15-10 kg) = 1250 mL/day

Sodium: 3 mEq/100 mL water = 3 mEq x 12.5 = 36.5 mEq/day or 30 mEq/L of
solution

Potassium: 2 mEq/ 100 mL water = 2 mEq x 12.5 = 25 mEqg/day or 20 mEq/L of
solution

The child requires intravenous fluids ~ 1250 mL/day

5% Dextrose with 30 mEq/L of NaCl and 20 mEq/L of KClI at 50 mL/h
5% dextrose is provided to deliver 5 g of carbohydrate per 100 mL of solution or 50 g/L.
or 200 calories/L (50 g x ~4 calories/g of carbohydrate).

NOTE: This solution will only deliver 20% of the daily caloric requirement of 250
calories at the maintenance rate. For a limited period of time (generally under 5-7 days)
this amount of carbohydrate will be sufficient to prevent protein breakdown. If it is
anticipated that there will be a need for prolonged parenteral therapy, a higher dextrose
solution will be required and provided through a central venous access if the dextrose
concentration in the final solution will exceed 10-12.5%.
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Recently, a modification to maintenance therapy was proposed substituting isotonic
saline for the hypotonic solution recommended by Holliday and Segar (19). The case
for this modification is based on the observation that some children have been seriously
injured [cerebral edema, brain injury and death] by the inappropriate use of maintenance
solutions [hypotonic] especially in situations of unappreciated volume contraction or
nonosmotic release of antidiuretic hormone. To date, studies regarding the use of iso-
tonic saline as maintenance fluid therapy across the full range of hospitalized pediatric
patients are lacking (20).

Intravenous fluids that are safe to administer parenterally based on their osmolality
are shown in Table 4. Each solution is selected based on the clinical status of the patient.
Solutions without dextrose (0.45% isotonic saline) or without electrolytes 5% dextrose
in water are only administered under special clinical situations.

Table 4
Solutions Used for Intravenous Administration

Osmolality Sodium Potassium Chloride  Dextrose
Solution mOsm/L ~ mEg/L Eq/L mEg/L mOsm/L
0.9% Isotonic saline 308 154 154
(normal saline)
0.45% Isotonic saline* 154 77 77
(1/2 Normal)
5% Dextrose in Water 278
5% Dextrose + 0.33% 378 50 50 278
isotonic saline
5% Dextrose + 0.45% 432 77 77 278

isotonic saline

*The lowest intravenous solution that can be used safely is 0.45% isotonic saline with an osmolality
of 154 mOsm/L or approximately 50% of plasma. Any solution with an osmolality under this value
will result in cell breakdown with a large potassium load to the extracellular space resulting in severe
hyperkalemia leading to cardiac arrhythmias and possibly death.

3. HYPONATREMIA AND HYPO-OSMOLALITY

A low serum sodium less than 130 mmol/L (hyponatremia) is nearly always asso-
ciated with water retention by the kidney. Hyponatremia can occur with extracellular
volume depletion or even extracellular volume expansion such as in the syndrome of
inappropriate antidiuretic hormone (AVP) release or STADH. The presence of elevated
levels of AVP in blood alone does not result in hyponatremia. Patients must have an
intake of water or receive a hypotonic solution under the influence of high or exces-
sive AVP to become hyponatremic or hypo-osmolar. Rarely, hyponatremia is the result
of excessive salt loss. Recently an expert panel provided guidelines for hyponatremia
in adults (21). The evaluation and approach to hyponatremia in children is shown in
Fig. 6a,b.
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3.1. Hyponatremic Dehydration

Hyponatremic dehydration is a common condition usually associated with acute
gastroenteritis. The pathophysiology of this condition involves loss of fluid and
electrolytes in stool (sodium, bicarbonate, water usually hypo-osmolar to extracellular
fluid) and emesis. This extrarenal loss results in extracellular volume depletion lead-
ing to the release of aldosterone and the non-osmotic release of AVP. Aldosterone will
increase renal sodium reabsorption with a loss of urinary potassium eventually leading
to hypokalemia. AVP will increase water reabsorption, and if the extracellular volume
depletion is allowed to persist with the patient provided hypo-osmolar fluids either by
mouth (clear liquids) or intravenously (5% dextrose + 0.225 (1/4) isotonic saline or 5%
dextrose + 0.45 (1/2) isotonic saline), the patient develops a hypo-osmolar or hypona-
tremic state.

Step 1: Rule out pseudohyponatermia or
hypertonic hyponatremia

Normal or Isotonic Increased or Hypertonic
280295 mOsm/kg H,O > 295 mOsm/kg H,O

Pseudohyponatremia
With advances in biochemical

techniques these issues rarely exist Hyperglycemia

Infusions of mannitol

Hyperlipidemia or hypertonic glucose

To calculate expected J[Na] = [triglycerides
(mg/dL)] x 0.002

To calculate correction calculation for
sodium (For each 100 mg/dL increase in
the serum glucose concentration, the
serum [Na] decreases by ~ 1.6 mEg/dL)

Hyperproteinemia
To calculate expected J[Na] = [Actual
plamsa protein in g/dL—8 g/dL] x 0.025

To calculate correction calculation for
sodium (For every 0.5 gm/kg of mannitol
given, the serum [Na] decreases by 4-5
mEq/L)

No treatment needed

Treat underlying condition

Fig. 6. Suggested evaluation of hyponatremia based on plasma osmolality or tonicity. Modified with
permission from Feld (40).
(Continued)



16

Part I / Disorders of Water, Sodium and Potassium Homeostasis

Suggested Evaluation of Hyponatermia based on
Plasma Osmolality or Tonicity

Step 2: Assessment of volume status with
hypotonicity

Decreased — Hypotonic < 280 mOsm/kg H,0
Some Signs/Symptoms: 4 “a”s (agitation, anorexia, anxiety, ataxia), malaiseflethargy, hypothermia, significant neurological
changes (disorientation, depressed deep tendon reflexes, seizures, coma, death)

g S T

Hypovolemia Clinical Euvolemia Hypervolemia
Vol - dehydration/ neg water and sodium Volume Expansion - edema / positive
balance Excess total waler, water and sodium balance

relative normal body sodium
by physical examination
TBW proportionally greater than
TBNa

Excess of total body sodium (TENa) &
water (TBW) by physical examination
TBW proportionally greater than TENa

Depletion of total body
Sodium (TBNa) & water (TBW) by physical examination
TBNa proportionally greater than TBW

il I " b - T - Y Signs/Symptoms: increased body weight,
bital or pretibial edema, ascites,
pleural or pericardial effusion, etc.

igns/Symp May have mild to
severe gi
based on degree of hyponalremia

g sl(in.mrrgm. decreased mm'. dry mucous membranes, elc,

— l
Extra | Renal losses and Adrenal — 3 —
Gastrointestinal - diarrhea, Renal - Sall-losing TICTOITAE OF KALNNULNIEI Congestive heart failure
fistula, etc. Nephropathies (postobstructive diuresis  (SIADH), Glucocorticold insufficiency, Cirrhosis of the liver

Third space losses -
peritonitis, bums, trauma,
shock, ascites, elc

Nephrotic syndrome

Thyroid insufficiency, Waler
ik Acute or chronic/fadvanced renal failure

nephritis*, meduﬂ;r;cysh;: disease”, (psycl HO intake,
kidney disease®, reflux neprhopathy®, i IV fluids),

Skin - cystic fibrosis, sweating  nephropathy*) Diuretics, Bartter's syndrome, Resel osmostal (luberculosis, J
Ad 1 - Adrenal insuffici psych Ppolydipsia). Nephrogeni D Ena< 1%
icoid defici cirgmé of rppesp {< 3% in neanates)
i ; ;“;w ; : . ;.I.B: yome M inus, (SIADH with AVP levels) or Low U [Na]
elc., ndular endocrinopathy); Misc -
Cerebral salt wasting * may be only Na loss Increased FEw. > 3%
without significant volume depletion (> 5% in neonates) or furine [Na]
o Therapy is directed at water
Decreased FEw, < 1% restriction and limit sodium
(< 3% neonates) or | U [Na] Increased FEn> 3% Water restriction and/or intake (< 2 g Na diet or no or
\\ (> 5% neonates) Or 1 U [Na] treat underlying disorder very low parenteral Na
Isotonic fluid replacement and/or hormone
replacement

with 0.8 % saline (normal saline), or Lactated Ringers

Fig. 6. (Continued)

The signs and symptoms of hyponatremic dehydration are primarily those of dehy-
dration. Table 5 describes the generally accepted clinical signs and symptoms of
dehydration as a percent of body weight lost. In general, with hyponatremia (hypo-
osmolality) the symptoms/signs are more pronounced than the actual percent of
body weight lost. This occurs because the extracellular fluid space is more signifi-
cantly impacted than in iso-osmolar (normal serum sodium) or hyperosmolar (hyper-
natremic) dehydration. If the serum sodium falls rapidly (>10 mEqg/L per 24 h)
or decreases below 125 mEq/L, the patient may experience more significant cen-
tral nervous system symptoms — more profound lethargy, obtundation, and seizures.
Seizures associated with hyponatremia are more refractory to treatment with antiepilep-
tics and requires an increase in serum osmolality or reversal of the hypo-osmolality
(hyponatremia).

The approach to hyponatremic dehydration involves treatment of the underlying con-
dition, administration of oral or intravenous therapy to correct the dehydration and direct
treatment of the hyponatremia, if necessary (Scenario 1). For mild to moderate dehy-
dration providing oral restoration usually is sufficient unless vomiting is frequent and
there is lack of evidence that fluids consumed in a therapeutic fashion (5—15 mL every



Chapter 1 / Disorders of Water Homeostasis 17
Table 5
Severity of Dehydration
Characteristics
Infants Mild — 1-5%  Moderate — 6—9% Severe — >10%
(=>15% =
shock)
Older Children Mild — 1-3%  Moderate — 3—6% Severe — >6% (=>
9% = shock)
Pulse Full, normal Rapid Rapid, weak
Systolic BP Normal Normal, Low Very Low
Urine output Decreased Decreased Oliguria
(<1 mL/kg/h)
Buccal mucosa Slightly dry Dry Parched
Ant fontanel Normal Sunken Markedly sunken
Eyes Normal Sunken Markedly sunken
Skin turgor/capillary refill ~ Normal Decreased Markedly
decreased
Cool, mottling,
Skin Normal Cool Acrocyanosis
Infants < 12 months of age
Reproduced with permission from Feld (41).
Table 6
Restoration Oral Solutions
Restoration (rehydration) oral solutions
Osmolality
Solution Carbohydrate g/L Na mmol/L K mmol/L mOsm/kg H,O
URS (WHO) 20 (dextrose) 90 25 310
Pedialyte® 25 45 20 250
Rehydralyte 25 75 20 210

5-10 min) would be retained. Tables 6 and 7 describe commonly used oral and intra-
venous restoration (rehydration) fluids. For moderate dehydration, the World Health
Organization recommends oral rehydration solutions. However, many clinicians will ini-
tiate intravenous treatment followed by oral therapy. The restorative, intravenous treat-
ment for extracellular volume depletion is isotonic saline (normal saline). For moderate
to severe dehydration, an intravenous bolus of 20—40 mL/kg of isotonic saline should
be provided over 30—60 min depending on the clinical state (more rapid administration
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Table 7
Intravenous Restoration (Rehydration) Solutions

Lactate
Solution Na mmol/L. K mmol/L.  Cl mmol/L Ca mmol/L  mmol/L
NS (normal saline) 154 154
LR (Lactated Ringers) 130 4 109 3 28

in patients with hypotension, decreased turgor or tachycardia). The vast majority of
patients will improve and the institution of oral fluids can be started. With improve-
ment in extracellular volume depletion in patients with gastroenteritis, gut perfusion
improves and oral rehydration is better tolerated (22). This approach will not only restore
extracellular volume but allow the serum sodium concentration to approach normal
values.

Case Scenario 1. Hyponatremia with Sodium and Water
Deficits = Hypovolemia

A 4-month-old infant presents to her pediatrician with a 4-5 day history of low-grade
fever (38-38.5 C), numerous watery diarrhea, and decreased activity. Since the child
refused to take her usual breast milk volume or solid foods, the mother and grandmother
substituted non-carbonated soda (coca-cola, ginger ale, apple juice, or orange juice will
have ~550-700 mOsm/kg H,O with less than 5 mEq/L of sodium) and “sweet” (sugar-
added) iced tea. Over the last 12 h there were a few episodes of emesis and there were
less wet diapers.

On examination the child was lethargic, dry mucous membranes, no tears, sunken
eyeballs, and reduced skin turgor. Vitals signs were the following: blood pressure
74/43 mmHg, temperature of 38°C, respiratory rate of 36/min, and pulse of 175
beats/min. The weight was 6 kg. Weight at the time of her immunization 7 days ago
was 6.6 kg. There were no other significant findings.

With the magnitude of dehydration and lethargy, the decision by the clinician was
to initiate parenteral fluid replacement rather than oral rehydration therapy. The child
was admitted to the hospital with diagnosis of dehydration. On admission the laboratory
studies were as follows:

Sodium 124 mEq/L, chloride 94 mEq/L (normal 98—118 mEq/L), potassium 4 mEq/L (nor-
mal 4.1-5.3 mEq/L), bicarbonate (or total COs) 12 mEq/L (normal 20-28 mEq/L or
mmol/L), serum creatinine 0.8 mg/dL. (normal ~0.3-0.5 mg/dL), blood urea nitrogen
40 mg/dL, blood glucose 70 mg/dL; complete blood count was normal except for a hema-
tocrit of 38% (normal ~36%);

Urinalysis/chemistries: specific gravity of 1.030, trace protein, no blood or glucose, small
ketones; urine creatinine 40 mg/dL and sodium 15 mEq/L.
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Fractional excretion of sodium (FEn,)

([urine sodium x serum creatinine]/[serum sodium X urine creatinine] x 100% ) =
([15mEq/L x 0.8 mg/dL]/[129 mEq/L. x 40 mg/dL]) = 0.23%

Normal values for FEn, = ~ 1 — 2% ; decreased renal perfusion
(dehydration, decreased intravascular volume) < 1%

3.2. Assessment

The clinical and laboratory information suggest hyponatremic dehydration secondary
to extrarenal losses from diarrhea with administration by the family of hypotonic or
dilute fluids. The child has lost proportionally more sodium than water or a relatively
hypertonic fluid loss. The result is a lower extracellular fluid osmolality compared to the
intracellular fluid osmolality. The magnitude of the dehydration is about /0% or moder-
ate to severe. The pre-illness weight was 6.6 kg with a current weight of 6 kg or a 0.6 kg
loss over the last week. Estimated guidelines for vital signs at this age: the normal respi-
ratory rate for children is approximately 36; normal pulse is about 130 (standard devia-
tion is ~45) beats/min; normal blood pressure is approximately 89/54 mmHg. As noted
above, the decision by the clinician was to initiate parenteral fluid replacement rather
than oral rehydration therapy. The relative contraindications for oral rehydration ther-
apy would include a young infant less than 3—4 months of age, the presence of impend-
ing shock or markedly impaired perfusion (increased capillary refill time/decreased skin
turgor), inability to consume oral fluids due to intractable vomiting, marked irritability
or lethargy/unresponsiveness or the judgment of the clinician.

3.3. Therapeutic Plan

1. Volume deficit, electrolyte calculations: traditionally, treatment has been divided
into three phases: an emergent or acute phase — isotonic saline fluid infusion over about
1 h; replacement phase — over 24 h unless there are on-going losses that are not replaced
adequately in the first day of treatment; and the maintenance phase — day 2 continuing
to home management.

Emergent or acute phase — Over about 1 h (this may need to be prolonged in cases of
more significant volume depletion). In order to re-establish circulatory volume to pre-
vent prolonged loss of perfusion to the key organs such as kidney, brain, gastrointestinal
tract, the fluid choices would be isotonic (0.9%) saline (normal saline) or another iso-
tonic/hypertonic solution such as 5% albumin, Ringer’s lactate, or a plasma preparation.
With the availability of isotonic saline, this is the usual fluid choice.

Weight (kg) x fluid bolus of 20 mL/kg over 30-60 min.

(If the patient was in shock the fluid delivery would be a more rapid infusion to prevent
organ failure.)

6 kg x 20 mL = 120 mL over 30-60 min. This only replaces 20% of the losses [total losses
600 mL].
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Acute — Repletion/Replacement/Restoration Phase — Over 24 h; in this period the
daily fluid/electrolyte maintenance requirements and deficit calculation are derived from
standard estimates.

1. Maintenance fluid/electrolyte calculations for 24 h:
Calculations based on daily caloric requirements.

Water needs mL/100 Electrolyte needs
calories used per ~ mEq/100 calories

Body Caloric day — each mL used per day Calories
weight needs calories/kg equals about 1 (alternate method  derived from
(BW)inkg BW caloriex is mEq/kg per day) glucose/dextrose
3-10 100 100 Sodium = 5 g/100 calories
11-20 1000 + 50 1000 + 50 mL/kg 2.5-3 mEq (or used
calories/kg for  for each kg above 3 mEq/kg)
each kg above 10 Potassium =
10 2-2.5 mEq
>20 1500 + 20 1500 + 20 mL/kg (or ~ 2 mEqg/kg)

calories/kg for  for each kg above

each kg above 20

20

*Kidney losses are about 45-75 mL/100 calories expended; sweat losses usually 0; stool losses

are about 5-10 mL/100 calories expended, and insensible losses (skin ~30 mL + respiratory
~15 mL ) are about 45 mL/100 calories expended — 100 mL of total daily water losses = 100
calories expended per day or I mL = I calorie.
For this 6.6 kg infant
Maintenance requirements for 24 h

Water 100 mL/kg x 6.6 kg = 660 mL
Sodium 3 mEg/100 mL x 660 mL = 20 mEq
Potassium 2 mEq/100 mL x 660 mL = 13 mEq

2. Deficit Replacement of water and electrolytes: In most circumstances the acid-base dis-
order is a simple metabolic acidosis that does not require bicarbonate replacement unless
there is severe tissue/impaired circulatory compromise such as shock (generally 15%
dehydration). In general, there is only partial replacement of potassium deficits that are
fully corrected over 2—4 days following resumption of oral intake.

There are two approaches to calculate deficits in hyponatremic dehydration.
Approach 1: Use of the table below for 10% dehydration

Type of dehydration* Sodium Potassium
based on serum [Na] in mEqg/L Water (mL/kg) (mEq/kg) (mEqg/kg)
Isonatremic [Na] 130-150 100 10 8
Hyponatremic [Na] < 130 100 10-12 8
Hypernatremic [Na] > 150 100 2-2

*Isonatremic dehydration is the most common accounting for 70-80% of infants and children;
hypernatremic dehydration accounts for about 15%, and hyponatremic dehydration for about 5-10%
of cases. Adapted from Winter RW: Principles of Pediatric Fluid Therapy, 2nd Ed, Little Brown and
Co., Boston, 1982, p 86.
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For this 6 kg infant with hyponatremic dehydration at 10%
Deficits for 24 h

Water Pre-illness weight — Illness weight = 6.6-6 kg = 0.6 kg = 600 mL
Sodium 10 mEq x 6.6 kg = 66 mEq
Potassium 8 mEq x 6.6 kg = 53 mEq

Total First 24 h Requirements
The total amount of maintenance and deficit amounts are given 50% over the first 8 h
and the remainder over the next 16 h.

Hourly rate
Round number up or

Component of down to the nearest

therapy Water Sodium Potassium 5 increment

Acute phase 120 18 (154 mEq/L 0 Entire amount over
x 0.12 L) 20-60 min

Maintenance 660 20 13

Deficit 600 66 53

Ongoing losses of
diarrhea or vomiting*

TOTAL 1280 104 66
Emergent phase (120) (18)
therapy
FINAL THERAPY 1160 86 66
Hours 1- 8 580 43 33 72 mL/h
Hours 9-24 580 43 33 36 mL/h

* From clinical experience the gastrointestinal losses tend to resolve or decrease signifi-
cantly following the initiation of parenteral therapy. If it does continue these losses will
need to be added to the ongoing loss row.

* For each liter of IV solution there would be 43 mEq/0.58 L = ~75 mEq/L for the 1st 8 h,
then about 35 ml/h for the next 16 h.

* Fluid selection — 5% dextrose + 0.45% isotonic saline + 40 mEq KCI/L

Generally the final solution potassium concentration is about 30— 40 mEq/L (it should
not exceed 40 mEq/L without close intensive care monitoring). Some clinicians have
recommended using a lower concentration of 20-25 mEq/L since potassium stores will
be replenished when the child restart oral feeds. The 5% dextrose provides 50 g of
carbohydrate per liter of 50 g x ~4 calories/g = 200 calories. This would be about 20%
of the daily caloric intake which is sufficient to prevent protein breakdown over a short
treatment period (less than 1 week).

Approach 2: Direct Deficit Calculation

a. Sodium deficit: Fluid deficit (L) x 0.6 (sodium distribution factor) x normal serum
sodium concentration = 0.6 L x 0.6 x 140 mEqg/L = 50 mEq
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b. Additional sodium = (Desired serum sodium — actual serum sodium) x 0.6 L/kg x kg
body weight = (135 — 124 mEq/L) x 0.6 L/kg x 6.6 kg = 43.6 mEq*

c. Total sodium deficit = 50 + 43.6 = 94 mEq

d. Total potassium deficit = Fluid deficit (L) x 0.4 (potassium distribution factor) x normal
intracellular potassium concentration = 0.6 L x 0.4 x 120 mEq/L = ~ 29 mEq

* In cases of isonatremic dehydration, the calculation is identical except the additional
sodium deficit (b. above) is excluded from the calculation.

Total First 24 h Requirements

The maintenance is provided equally over the entire 24 h period, and deficit amounts
are given 50% over the first 8 h (emergent phase is usually excluded from the 24 h
calculations) and the remainder over the next 16 h.

Hourly rate
Round number
up or down to
the nearest 5

Component of therapy Water Sodium Potassium increment
Acute phase 120 18 (154 mEq/L 0 Entire amount
x 0.12 L) over
20-60 min
Maintenance 660 20 13
Deficit 600 94 29

Ongoing losses of
diarrhea or vomiting*

TOTAL 1280 132 42
Emergent phase therapy (120) (18)
FINAL THERAPY 1160 114 42
Hours 1-8 520 mL 64 20
1/3 Maintenance
=220 mL 7 5
1/2 Deficit =
300 mL 57 15
Hours 9-24 740 mL 71 22
2/3 Maintenance
=440 mL 14 8
1/2 Deficit =
300 mL 57 14

e For the first 8 h, each liter of IV solution there would be 64 mEq/0.52 L = 123 mEq of
sodium per liter = Fluid selection — 5% dextrose + isotonic saline + 40 mEq KCI/L at a
rate of 520 mL/7 h = ~75 mL/h
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e For the remaining 16 h, each liter of IV solution there would be 71 mEq/0.74 L =
95 mEq/L = Fluid selection — 5% dextrose + 0.45% isotonic saline + 40 mEq KCIl/L
at a rate of 740 mL/16 h = ~45 mL/h

The major difference in the two approaches is the provision of isotonic saline rather
'/, isotonic saline in the first 8 h. Thereafter, the approaches are nearly identical. As
stated above, using a lower intravenous potassium concentration of 20-25 mEq/L is
also acceptable.

Signs and symptoms (Fig. 6b) attributable to hyponatremia include anorexia, weak-
ness, lethargy, confusion, seizures, and coma. It seems appropriate here to point out that
although hyponatremia is not unusual, the central nervous system (CNS) manifestations
are fortunately quite uncommon. What protects the CNS from swelling whenever the
osmolality falls (in situations of hyponatremia or in situations of decreasing osmolality
when the serum osmolality starts above normal such as the correction of hypernatremia)
are at least 5 physiological process recently reviewed by Chesney (23). These processes
include diminished ADH secretion unless volume contraction exists simultaneously;
reduced movement of brain cell aquaporins (aquaporin-4) thus reducing water move-
ment into brain cells; movement of ionic and nonionic osmolytes out of cells especially
in the brain; existing mechanisms that regulate cell volume; and existing mechanisms
that sense intracellular osmolality. The interchanges between these processes help keep
the brain from swelling when the osmolality falls but they can be overwhelmed when
the rate of water ingested by the patient or infused into the patient exceeds these regula-
tory controls. However, in situations with significant neurological symptoms (seizures,
coma) associated with hyponatremia, a more rapid increase in the serum sodium and
osmolality needs to be considered. Under those conditions, the use of a hypertonicsaline
solution may be necessary. Three percent NaCl (500 mEq NaCl/L — 0.5 mEq/mL) is
the preferred solution. The recommended change in serum sodium should not exceed
10 mEq/L/24 h (approximately 20 mOsm/kg H>O/24 h — Na and Cl each contributes
10 mOsm/kg H»0). To calculate the amount of sodium required to change the serum
sodium concentration, the following equation can be used:

(Desired [Na] — Measured [Na]) x BW x 0.6

EX: To raise the serum sodium concentration from 123 to 130 mEq/L for a 10 kg
child — (130-123) x 10 kg x 0.6 =42 mEq

[Na] is the sodium concentration in mEq (or mmol/L). BW is bodyweight in kilo-
grams and 0.6 represents the 60% of BW (except newborns and young neonates) that
is water. The entire body water space is used for this calculation since sodium added
to the extracellular space raises extracellular (ECF) osmolality drawing water from the
intracellular space into the extracellular to equalize osmolality in the body fluid com-
partments. In most patients, 3% saline correction is only administered until symptoms
are abated which usually occurs when the serum sodium is raised by approximately
5-10 mEq (osmolality — 10-20 mOsm/kg H;O). Ultimately, patients can be cor-
rected near the lower limit of the normal range for serum sodium — approximately
130 mEqg/L. An infusion 6 mEqg/kg/h (there is 0.5 mEg/mL in the 3% NaCl solution



24 Part I / Disorders of Water, Sodium and Potassium Homeostasis

which implies a delivery volume of 12 mL/kg/h) of a 3% NaCl solution will raise the
serum sodium approximately 5 mEq/h.

3.4. Syndrome of Inappropriate Antidiuretic Hormone (SIADH) Release

In the classic description by Bartter and Schwartz, SIADH release includes hypona-
tremia and hypo-osmolality of the serum, a urine osmolality that is inappropriately
greater than serum, normal renal, thyroid and adrenal function and increased urine
sodium excretion (24). Another way to view SIADH release is as a non-physiologic
condition of AVP excess. Thus release of AVP due to hyperosmolality or volume deple-
tion does not represent inappropriate ADH release because both represent physiologic
release of AVP. So SIADH cannot occur in a state of negative water balance. SIADH
release can be viewed as having three basic causes — (a) ectopic production, (b) exoge-
nous administration of vasopressin, or (c) “abnormal” release of AVP from neurohy-
pophysis. Table 8 lists some of the more common causes of SIADH release.

In SIADH AVP is released despite a normal or low serum osmolality. As noted
above, the excess AVP results in a further reduction in serum sodium and osmolality
only if the patient continues to consume water in excess to urine and insensible losses
(sweating and respiration). Because patients are not volume depleted (in fact they are
volume expanded), urinary sodium losses are high. SIADH release is associated with
total body water expansion; high urine sodium concentration without evidence of heart,
liver, or kidney diseases; and no edema. The diagnostic criteria for STADH are listed in
Table 9.

The treatment of choice for SIADH release is to treat the underlying cause such
as a direct therapy for ectopic AVP production, removal of an offending drug agent;
or reduction in the dose or lengthening the interval of exogenous AVP administration.
Since treatment of the underlying cause may not be possible, fluid restriction is often
effective. The total fluid intake should be less than that excreted in urine and from insen-
sible loss (approximately 40% of maintenance calculation). This therapy will raise the
serum sodium by 2-3 mEq/L/24 h. Other proposed therapies for a more rapid increase
in sodium (osmolality) include (a) doxycycline, a tetracycline derivative that interferes
with the action of AVP but cannot be used in young children, (b) fludrocortisone, which
increases sodium retention but leads to hypokalemia and hypertension, and (c) AVP
antagonists. AVP antagonists appear effective in short-term trials but are untested in
children (25). Finally, prevention of hyponatremia by limiting water intake in situations
where one might expect SIADH to occur, such as neurological surgery, is warranted.

Case Scenario 2. Patient with Meningitis and SIADH

A 10-month-old infant presents to the pediatric emergency room with a generalized
tonic clonic seizure. The child had a fever to 39-40°C for the past 24-36 h, lethargy,
vomiting, decreased oral intake, and less wet diapers. The child did not receive Prevnar
(pneumococcal vaccine).

On examination the child appeared ill and irritable resisting any movement. Vitals
signs were the following: blood pressure 94/58 mmHg; temperature of 39°C, respira-
tory rate of 40/min, and pulse of 175 beats/min. The weight was 10 kg. There were no
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Table 8
Causes of SIADH
Tumors Chest disorders CNS disorders Drugs
Bronchogenic Infection Infection/ Adenine
AdenoCarcinoma TB inflammatory Arabinoside
Duodenum Bacterial TB meningitis Anmitriptyline
AdenoCarcinoma Mycoplasma Bacterial meningitis Barbiturates
of pancreas Viral Encephalitis Carbamazepine
Ca of ureter Fungal Head trauma Chlorpropamide
Hodgkin’s Positive pressure  Subarachnoid Clofibrate
Thymoma ventilation hemorrhage Colchicine
Acute leukemia Dec left atrial Hypoxia—ischemia Diuretics
Lymphosarcoma pressure Acute psychosis Fluphenazine
Histiocytic Pneumothorax Brain tumor/mass lesions  Isoproterenol
lymphoma Atelectasis Miscellaneous Morphine
Asthma Guillain—Barré Nicotine
Cystic fibrosis syndrome Tricyclics
Mitral valve Spinal cord Vinblastine
Commissuro- lesions Vincristine
tomy VA shunt Obstruction/
PDA ligation hydrocephalus
Malignancy Acute intermittent
porphyria
Cavernous sinus
thrombosis
Stress/extensive
exercise
(running a
marathon, etc.)
Idiopathic

Ca — cancer; VA — ventriculo-atrial shunt
Reproduced with permission from Feld (41).

focal neurological findings. The impression was meningitis, probably pneumococcal,
and hyponatremia.

On admission the laboratory studies were as follows:

Sodium 126 mEgq/L, chloride 95 mEq/L. (normal 98-118 mEg/L), potassium
4 mEq/L (normal 4.1-5.3 mEq/L), bicarbonate (or total COg) was 19 mEq/L (normal
20-28 mEq/L or mmol/L), serum creatinine 0.3 mg/dL (normal ~0.3-0.5 mg/dL), blood
urea nitrogen 6 mg/dL, uric acid of 2.4 mg/dL, blood glucose 85 mg/dL; white blood
count was elevated at 26,000/mm> with 255 immature cells (bands). Lumbar punc-
ture showed a protein concentration of 140 mg/dL, glucose of 30 mg/dL and 2000
leukocytes/mm> with more than 80% polymorphonuclear leukocytes. Blood and urine
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Table 9

Diagnostic Criteria for SIADH

1) Hypotonic hyponatremia

2) Inappropriate urine osmolality compared to plasma osmolality. In patients

with an medical condition associated with the occurrence of STADH, a
urine osmolality greater than maximal dilution (75-125 mOsm/L) and a
low plasma osmolality is “inappropriate” to state of water balance

3) Absence of thyroid, adrenal, cardiac, or renal disease
4) Absence of volume contraction
5) High urinary sodium concentration (increased FEn;,)

Reproduced with permission from Feld (41).

culture pending. Serum osmolality 262 mOsm/kg (this was a measured value, although
the effective osmolality or tonicity is [2 x serum sodium + glucose/18 = 252 + 5 =
257])).

Urinalysis/chemistries: specific gravity of 1.018 (estimated osmolality =
720 mOsm/kg), no blood, protein, or glucose, small ketones; urine sodium 100 mEq/L,
urine creatinine 15 mg/dL; fractional sodium excretion (FEn,) — 1.6%.

3.5. Assessment

The clinical and laboratory information suggest meningitis with SIADH. The pre-
sentation of neurological findings with hyponatremia suggests this diagnosis. There is
no evidence of volume depletion or expansion/excess of the extracellular fluid compart-
ment. The presence of hyponatremia with a decreased serum osmolality (effective osmo-
lality/tonicity) with a urine osmolality, which is not maximally dilute (<~125 mOsm/kg)
without evidence of renal, thyroid, or adrenal disease is consistent with SITADH. Addi-
tional information supports the diagnosis: a low serum uric acid and BUN in the face
of clinical euvolemia, elevated FENa (>1%) — inconsistent with hypovolemia when the
FEN, should be <1%, lack of evidence of diuretic use, pseudohyponatremia (secondary
to increased plasma proteins or lipids) or hypertonic hyponatremia (hyperglycemia or
mannitol infusions).

3.6. Therapeutic Plan

SIADH will not resolve until the underlying disease process has significantly
improved or resolved (treatment of meningitis will not be discussed). The approach
is a three-step process.

1. Acute presentation (neurological manifestations such as coma, encephalopathy, and
seizures).

a. There are two approaches for symptomatic presentation that can be used to increase
the serum sodium concentration/serum osmolality.
Increase the serum sodium by 10 mEq/L or the serum osmolality by 20 mOsm/kg
(10 mOsm from sodium and 10 mOsm from chloride) with the use of hypertonic or
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3% saline (513 mEq/L of sodium or ~0.5 mEg/mL). Regardless of the approach, when
the symptoms are improved the 3% infusion should be discontinued.

i. For sodium correction = 10 mEqg/kg Na x body weight (BW) x 0.6 (distribution
factor for sodium) = 6 BW = # of mEq to be infused. Since there is 0.5 mEq
Na/mL or 1 mEq/2 mL, the amount of 3% saline to be infused over about 60—
90 min would be 2 mL/mEq x 6 mEq x BW = [2 BW.

ii. The alternative method is to provide 2—4 mL/kg /h to increase the serum sodium
by 2—4 mEq/L/h.

iii. Furosemide has been used in a dosage of 0.5 mg/kg up to a maximum of 20 mg
given intravenously which may enhance free-water excretion, increase the serum
sodium concentration, and avoid ECF volume expansion/excess.

b. If the symptoms are absent or mild — asymptomatic presentation, a lower infusion rate
of 0.5-2 mL/kg of body weight may be used which will increase the serum sodium
from 0.5 to 2 mEq/L/h. Some centers will select to use isotonic saline in asymptomatic
patients for patients with a serum sodium above 123-125 mEq/L.

c. In either case, the serum sodium should be monitored every 2—3 h to prevent overcor-
rection of the serum sodium concentration.

d. The maximum serum sodium correction per 24 h should not exceed 10 mEqg/L (some
clinicians limit the increase to 8 mEq/L/24 h).

3.7. Hyperosmolar Hyponatremia

In general, when the serum sodium is found to be below normal, serum osmolality is
also below normal. However, as noted above, serum osmolality reflects the concentration
of electrolytes (with sodium the major extracellular cation) and other osmolytes such as
glucose and urea. The best example of a clinical situation where a low serum sodium
is associated with an elevated serum osmolality is diabetes mellitus especially diabetic
ketoacidosis.

lustrative of this point is the following case scenario. A patient with Type 1 dia-
betes mellitus presents with a 3 day history of fever and abdominal pain. The patient
complains of anorexia and nausea. As a result, the patient used less insulin. The patient
is febrile, ill appearing, and weak with a respiratory rate of 20 and deep breaths, heart
rate of 130 beats/min, and a blood pressure of 84/54 mmHg. Laboratory assessment
includes serum sodium 125 mEq/L, potassium 3.8 mEq/L, chloride 90 mEq/L, bicar-
bonate 10 mEq/L, glucose 900 mg/dL, and urea 20 mg/dL. Urinalysis reveals a specific
gravity of 1.035, pH 5, glucose 4+, ketones 3+, protein 1+, and no blood. At first glance
the low serum sodium would suggest a low serum osmolality. However, if we use the
formula above to estimate osmolality we would find 2x [Na] equals 250 plus glucose
of 900/18 equals 50 plus a urea of 20/2.8 equals approximately 7 making the serum
osmolality 307 — well above the normal range.

What is the pathophysiology of hyperosmolar hyponatremia? Why is the serum
sodium low in this condition? As the extracellular glucose concentration increases in
the face of low available insulin, glucose cannot enter cells. The extracellular osmolal-
ity increases and provides an osmotic force for water to leave the intracellular space for
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the extracellular space. No additional sodium is added to the extracellular space. This
results in a decrease in the concentration of sodium in the extracellular space. There
may also be some loss of sodium in urine but the major cause of a low serum sodium
in diabetic ketoacidosis is the “dilutional effect” of glucose drawing water from the
intracellular to extracellular space.

In a recent publication, the above observation was examined in patients treated for
diabetic ketoacidosis. The authors found that during initial management when the serum
glucose concentration fell and the serum sodium concentration rose [resulting in little
change in osmolality] central nervous system morbidity was lower (26). Recognizing
that hyponatremia in this setting is associated with hyperosmolality, then managing the
hyperosmolality carefully and in concert with serum glucose concentration will improve
outcome in this type of clinical scenario.

3.8. Cerebral Salt Wasting

Cerebral salt wasting is far less understood cause of hyponatremia/hypo-osmolality.
Cerebral salt wasting occurs within a few days of a central nervous system insult, such as
a brain injury or brain surgery. Like STADH release, hyponatremia and hypo-osmolality
are noted. However unlike SIADH release, urine volumes are high (urine sodium con-
centration are very high), extracellular volume is contracted along with high measur-
able serum levels of natriuretic peptides (brain and cardiac), and low levels of renin
and aldosterone despite volume contraction. Although both SIADH release and cerebral
salt wasting can follow brain injury, differentiating the entities is important since one
is treated with fluid restriction and in the other (cerebral salt wasting) fluid restriction
could be detrimental (Table 10). Cerebral salt wasting should be considered in a child
following brain injury or surgery with hyponatremia, when there is evidence of volume

Table 10
Differences Between SIADH and Cerebral Salt Wasting (CSW)

SIADH CSW
Weight Increased Decreased
Extracellular fluid volume Increased Decreased
Signs of dehydration Not present Present
Hematocrit Normal Increased
Serum sodium concentration Decreased Decreased
Plasma osmolality Decreased Decreased
Urine sodium concentration Increased Increased
Urine volume Decreased Increased
Plasma [arginine vasopressin] Increased Normal or decreased
Serum uric acid concentration Decreased Normal
Serum albumin concentration Normal or decreased Increased
BUN and serum [creatinine] Both decreased Both increased
Treatment Fluid restriction Isotonic saline

Modified with permission from Feld (4/). Adapted from Chonchol and Berl (44), and Ingelfinger (45).
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contraction, very high urine output with urinary sodium losses >80 mEq/L and negative
sodium balance, suppressed antidiuretic hormone (why this is true is unclear) and low
plasma aldosterone concentration (along with low plasma renin activity) (27).

The treatment of cerebral salt wasting includes providing salt and water — often very
large sodium infusions while awaiting resolution, which usually occurs in 2—4 weeks.
Other potential therapies include providing AVP while administering sodium and the
use of fludrocortisone to help enhance sodium reabsorption. Additional potassium may
also be needed with fludrocortisone administration.

4. HYPERNATREMIA AND HYPERTONICITY
4.1. Definition and Pathophysiology

Hypernatremia (serum sodium > 150 mEq/L) occurs less frequently than hypona-
tremia and reflects a net water deficit through water losses or inadequate water replace-
ment. Since sodium is the predominant element in the serum osmolality formula,
hypernatremia is always a state of increased effective tonicity or hyperosmolality.
Infrequently, it results from a pure sodium gain. Protective mechanisms against the
development of hypernatremia include the ability of the kidney to excrete concentrated
urine through ADH release and an intact thirst mechanism leading to increased water
intake (Fig. 7). Young infants have higher maintenance water requirements related to
their large surface area for size and given their dependence on others to provide neces-
sary fluids, they are particularly vulnerable to hypernatremia.

The consequences of hypernatremia are often severe due to cellular dehydration from
water shifting from the intracellular to extracellular space in an attempt to reestablish
osmotic equilibrium. The brain in infants and young children is particularly susceptible
to injury because of its large water content.

4.2. Symptoms

The typical features of dehydration (Table 3) are often lacking due to the preservation
of the intravascular volume at the expense of intracellular dehydration (Fig. 8). The signs
and symptoms of hypernatremia are typically neurologic in nature from CNS injury and
consist of irritability, high-pitched cry, seizures, lethargy, intense thirst, altered men-
tation and coma (28, 29). In fatal cases, patients may experience intracranial hemor-
rhages, cranial thrombosis, and infarctions as the brain shrinks away from the meninges
and calvarium, placing tension on bridging veins. In those infants and children who sur-
vive hypernatremic dehydration, rates of persistent neurologic impairment range from
11 to 15%.

4.3. Diagnosis and Causes

A variety of causes leading to free water losses result in hypernatremia if fluid intake
or thirst is impaired (Fig. 9). Hypernatremia may result from either extrarenal water loss
or renal water loss. Examples of non-renal water loss include insensible water losses
through perspiration or the respiratory tract (hyperventilation, mechanical ventilation).
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Hypernatremia
(hyperosmolality/hypertoncity) or | in
effective circulating volume (negative

water balance)

v

Increased thirst and T ADH secretion
via anterior hypothalamic
osmoreceptor neurons or carotid sinus
baroreceptors *

v

Increased water
intake and | renal
water excretion

v

A reduction in
plasma osmolality
towards normal
(reduced sodium
concentration)
and/or increase in
effective
circulating volume

eedback to
[ reduce thrist
and ADH
secretion

* The opposite scenario of hypoosmolality (hyponatremia) and/or increased
effective circulating volume (positive water balance) would have the opposite
effect. There would be decreased oral intake and water intake leading to water
excretion to restore plasma osmolality and circulatory volume (water balance).

Fig. 7. Protective mechanisms against the development of hypernatremia.

Historically, acute infectious diarrhea is the most common cause of hypernatremia in
children due to hypotonic fluid losses in stool in conjunction with low water intake or
vomiting. In addition, osmotic diarrhea from enteral feeds in acutely or chronically ill
infants/children or in those with neurologic impairment may also lead to hypernatremia.
The presence of fever or elevated ambient temperatures accentuates the water losses
(there is a 12% loss per degree increase in body temperature). Hypotonic fluid losses in
these situations are accompanied by losses from the extracellular fluid volume compart-
ment adding to the total body sodium as well as water deficit. Urine will have a high
osmolality and urinary sodium concentration < 20 mEq/L.

Renal water loss is accompanied by polyuria due to the inability to conserve water
appropriately. Polyuria can either result from the excretion of a large solute load, i.e.,
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NORMAL
0.25 Liters 0.40 Liters
280 280
mOsm/L 35 Na 64 K
0 | |0
AFTER LOSS
0.15 Liters |
| 413
| 0.40 Liters |
280
Loss | 31 Na
0.10 LIt
ers 62 K
80 | 2 Na
2K
2 Na |
0 0 0

| AFTER OSMOTIC ADJUSTMENT |

| o195 Liters 0.355 Liters |
318 318
| |
62 K
| 37 Na 5 Na |
I |
0 0
NORMAL ICF

Fig. 8. Effects of a hypotonic loss on volume and composition of body fluids in hypertonic dehydra-
tion. The normal situation is altered after the loss followed by an osmolar readjustment with a resulting
higher osmolality in both the ECF and ICF. Reproduced with permission from Winters (39).

glucose, or from the excretion of very dilute urine. Evaluating the urine osmolality
assists in distinguishing between these two clinical settings (Fig. 10). Osmotic diure-
sis occurs with poorly controlled diabetes and resulting glucosuria, administration of
mannitol for cerebral edema, or excessive urea excretion seen in those receiving hyper-
alimentation with high protein content or those with a high catabolic rate. Urine osmo-
lality will exceed >300 mOsm/L with a urine sodium concentration >20 mEq/L. In
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Suggested Evaluation of HYPERNATREMIA *
Hypertonicity — Increased Osmolality

Some Signs and Symptoms: hypothermia, thirst, lethargy alternating with periods of irritability (child appears fine at rest but gels

hyperirritable when touched), high-pitched cry in infants, nausea, iting, doughy feel to the skin, neurological findings, etc.
3 T 1
Signs of ¢ I:|ypotonic ﬂuidhlnss 1 skin Pure water Iqss Pure solute gain
turgor, dry mucous . : Total Body Na remains normal |I'lmas'z:dsodium

media, diets — incomrect

mixing of infant formula,
parenteral nutrition with a
high sodium load,
or diuretics

Respi y or Dermal
fever, high envi t

such as diarrhea, vomiting,
Gl drainage, peritoneal
dialysis especially in
premature infants and

me (see table11

Low Uosm High Uosm High Uosm Low Uosm

High Una /1 FExa Low Unal |FEx, \ /
N e

Isotonic Saline
until intravascular volume
is replete, then hypotonic

Iso or High Uosm
High Una, high FEy,

Treat underlying condition,
5 % Dextrose in water (DsW); also

therapy for underlying condition
(Follow labs closely for

saline solution possible hyperglycemia)
(Example:
(DsW + 40 mEq /L NaCl * REMEMBER : The b t of hyp dehydration is equal
+20mEq/L KC_' ) volume replacement per hour over at least 48 hrs with frequent
Also treat underlying itoring of serum sodium (every 2 to 3 hrs), AND the serum sodium
condition should NEVER drop by more than 0.5 mEq/L per hour or by more than 10
mEg/L per day.

Fig. 9. Suggested evaluation of hypernatremia.

contrast, the polyuria from diabetes insipidus results from the inability of the kidney
to excrete concentrated urine due to either deficient vasopressin secretion (central dia-
betes insipidus) or renal resistance to vasopressin (nephrogenic diabetes insipidus). In
contrast to osmotic diuresis, the urine osmolality in diabetes insipidus is <150 mOsm/L
and a low sodium concentration in face of an elevated serum sodium levels.

Central diabetes insipidus (DI) may be idiopathic or may result from trauma, infec-
tions, neoplasms, intracranial hemorrhages, neurosurgical procedures, or granulomatous
conditions as seen with sarcoid and histiocytosis X (30) (Table 11). It is characterized by
excessive polydipsia and polyuria and the inability to concentrate urine despite a hypo-
volemic stimulus. A strong preference for cold fluids is a unique feature of this form
of polyuria. Diminishing urine volume and increasing urine osmolality in response to
exogenous vasopressin confirms the diagnosis of central DI. Intramuscular injections of
vasopressin have been replaced by desmopressin delivered either by intranasal or oral
routes with the former having greater potency due to absorption (31).

Nephrogenic DI is characterized by the inability to concentrate urine due to unre-
sponsiveness of the distal renal tubule to circulating vasopressin (32—34). There are two
different receptors for ADH: the V1 (AVPR1) and V2 (AVPR2) receptors with the latter
being located on the X-chromosome (Xq-28). Familial nephrogenic DI that accounts
for 90% of all hereditary forms occurs with an X-linked mode of inheritance due to
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Table 11

Causes of Central and Nephrogenic Diabetes Insipidus

Central diabetes insipidus

Nephrogenic diabetes insipidus

Idiopathic

Hereditary — autosomal recessive or
dominant

Head trauma or skull fracture

Supracellular or intracellular tumors

(craniopharyngioma, glioma, pinealoma)
Granulomatous disease — sarcoid, TB,

Wegener’s granulomatosis, syphilis

Histiocytosis

Guillain—Barré syndrome

Sickle cell disease

Cerebral hemorrhage, thrombosis or
aneurysm

Ischemic encephalopathy — cardiac arrest

or shock
Infection — meningitis
or encephalitis
Associated with cleft lip and palate
Leukemia or lymphomas
Anorexia nervosa

Congenital

ADH receptor — X-linked
Aquaporin defect

Renal Disease

Obstructive uropathy

Renal dysplasia

Medullary cystic disease

Pyelonephritis and reflux
nephropathy

Polycystic disease

Uric acid nephropathy

Systemic disease with renal
involvement

Sickle cell disease

Sarcoidosis

Amyloidosis

Multiple myeloma

Sjogren disease

Medications

Aminoglycosides

Amphotericin

Diuretics

Isophosphamide

Lithium

Methicillin

Methoxyflurane

Phenytoin

Vinblastine

Miscellaneous

Hypokalemia

Hypercalcemia

Excessive water intake or
decreased protein intake

Reproduced with permission from Feld (41).

mutations in the gene AVPR2 gene, resulting in the loss of function or dysfunction of the
V2 receptor. The disease presents in the neonatal period with polyuria, excessive thirst,
poor weight gain, unexplained fever, and recurrent episodes of hypernatremic dehydra-
tion. A less common form of nephrogenic DI is seen with an aquaporin-2 gene mutation,
which encodes the vasopressin-regulated water channel, aquaporin-2 (AQP2), in renal
collecting ducts. Mutations in the AQP2 gene may have either an autosomal dominant
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or recessive mode of inheritance. Molecular genetic testing is available to distinguish
between the two forms of diabetes insipidus. Testing is particularly important where
there is a known history of families with X-linked nephrogenic DI and prenatal muta-
tion analysis can be performed. Acquired forms of nephrogenic DI are more common
than the hereditary forms. Typically, causes in the pediatric population include chronic
kidney disease from cystic kidney disease, renal dysplasia, obstructive uropathies, or
chronic pyelonephritis; and with metabolic disturbances as seen with hypokalemia and
hypercalcemia.

Unlike central DI, administration of vasopressin will not affect urinary volume or
osmolality in situations of nephrogenic DI. Paramount to dealing with a child with
NDI is to ensure unrestricted amounts of water. Therapeutic management is aimed at
decreasing urinary volume through a low osmolar load (low protein and low sodium diet
— 0.7 mEqg/kg/day). Additionally, hydrochlorothiazide (1-2 mg/kg/day) acts to block
sodium reabsorption in the distal tubule leading to a modest extracellular fluid vol-
ume contraction and consequently increased proximal tubular reabsorption of water
(Table 12). Long-term monotherapy with hydrochlorothiazide commonly results in
hypokalemia. This potentially serious complication can be avoided by the addition of
amiloride. Indomethacin (0.75-1.5 mg/kg/d) can provide further reduction of urinary
volume. Collectively, these maneuvers diminish free-water clearance by approximately
50%. Early recognition of this condition averts recurrent episodes of hypernatremic
dehydration, hyperthermia, and mental retardation, which are well-described compli-
cations.

Least commonly observed as a cause of hypernatremia is sodium gain. Administra-
tion of hypertonic sodium bicarbonate solutions in situations of cardiopulmonary resus-
citation (less common), inadvertent fluid boluses with hypertonic sodium chloride solu-
tions, and seawater drowning can lead to hypernatremia. Boiled skim milk, once com-
monplace in the treatment of infants with diarrhea, resulted in hypernatremia (35, 36).
Large outbreaks of hypernatremia have been reported in the past due to improper prepa-
ration of powdered infant formulations. Urine studies show normal or high osmolality
and urinary sodium excretion >20 mEq/L.

4.4. Treatment

The objectives of managing hypernatremia involve identifying the underlying cause,
limiting further water loss, and replacing the water deficit. Evaluation of volume status
is critical to the therapeutic management of patients with hypernatremia. In addition,
ongoing water losses through insensible losses, diarrhea, or polyuria must be taken into
account.

When hypernatremia is accompanied by depletion of extracellular volume, restoring
this space with isotonic solution (normal saline, lactated Ringer’s solution, 5% albumin)
takes precedence regardless of the serum sodium concentration. Treatment of hyper-
natremia requires cautious lowering of serum sodium by no more than 0.5 mEqg/L/h
or 10 mEq/24 h. In states of hypernatremia, fluid shifts out of brain cells to establish
osmotic equilibrium leading to cellular shrinkage. Too rapid of a correction of serum
sodium results in osmotic water movement back into brain cells leading to cerebral
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Table 12
Suggested Management of Diabetes Insipidus

Central diabetes insipidus
Desmopressin acetate (DDAVP, vasopressin)
e Oral
o <12 years: Initial: 0.05 mg once a day or twice daily; titrate to desired response
(range 0.1-0.6 mg daily or twice daily)
o >12 years: 0.05 mg twice dailys; titrate to desired response (range 0.1-1.2 mg
divided 2-3 times daily)
e Intranasal solution
o Children 3 months to < 12 years: Initial 5 mcg/day divided 1-2 times/day (range
5-30 mcg/day)
o Children > 12 years: Initial 5-40 mcg/day divided 1-2 times/day
e Subcutaneous
o Children > 12 years: 2—4 mcg/day divided 1-2 times/day

Some of the adverse reactions: Desmopressin acetate: facial flushing, palpitations,
headache, dizziness, hyponatremia, nausea, abdominal cramps, rhinitis, nasal
congestion, etc.; vasopressin: circumoral pallor, vertigo, water intoxication,
abdominal cramps, nausea, flatus, wheezing, diaphoresis, etc.

Nephrogenic Diabetes Insipidus
e Salt restriction < 100 mEq/d (2.3 g sodium)
e Protein restriction < 1 g/kg/day*
e Diuretics

o Hydrochlorothiazide (HCTZ) 1-2 mg/kg/day divided 1-2 times/day

o Amiloride 0.2-0.4 mg/kg/day
e Indomethacin 0.75-1.5 mg/kg/day
e Ample fluid via mouth or G-Tube; if necessary intravenous such as 5% dextrose
with Y, (0.225%) isotonic saline to achieve normal or high normal serum sodium
concentrations.
Some of the adverse reactions: Hydrochlorothiazide: hypotension, headache,
hypokalemia, hyperglycemia, hyperlipidemia, hyperuricemia, metabolic alkalosis,
muscle weakness, etc. Amiloride: headache, dizziness, hyperkalemia, hyperchloremic
metabolic alkalosis, nauseas, diarrhea, vomiting, abdominal pain, weakness, muscle
cramps, etc. Indomethacin: fatigue, hyperkalemia, epigastric or abdominal pain,
gastrointestinal bleeding, ulcers, renal failure, etc.

*Caution in infants and young children

edema with the potential complications of seizures, cerebral herniation, and death. Water
deficit in hypernatremia can be calculated by the following equation:

e + + +
Water deficit = TBW x ([Na(measured)] - [Na(desired)]/ [Na(desired)])

where TBW is total body water, [Na*measured)] is the measured sodium concentration,
and [Na* (gesired)] 18 the desired sodium concentration.
Total body water (TBW) is 0.6 x body weight in kilograms.
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For example, to estimate the water deficit in a 10 kg infant with a serum sodium of
160, first calculate the total body water of a 10 kg infant, which is estimated at 6 L
(TBW = 0.6 x 10 kg). The water deficit can then be calculated as follows:

H,O deficit = TBW x (Actual Serum [Na] — Desired Serum [Na])/Desired Serum [Na]
H,O deficit = 6L x (160 — 145)/145 = 0.6L

REMEMBER, in the first 24 h, fluid calculations should be adjusted to include the
replacement of the free-water deficit, ongoing losses plus maintenance requirements.

A patient with hypernatremia due to pure water losses and euvolemia needs replace-
ment with 5% dextrose solution in water (DsW). If the hypernatremia has developed
over a short course of time (<24 h), then rapid correction does not risk the develop-
ment of cerebral edema. As noted above, if hypernatremia is secondary to central DI,
administration of a vasopressin analogue is indicated (Table 12).

Treatment of hypernatremia due to sodium gains is targeted at removal of excess
sodium through administration of diuretics such as furosemide or by dialysis if there is
associated renal impairment.

Case Scenario 3. Hypernatremia with Sodium and Water
Deficits = Hypovolemia

A 6-month-old infant presents to her pediatrician in December with a 4-day history
of fever (up to 40°C), along with mild upper respiratory symptoms. On the evening and
night prior to presentation, she began to have diarrhea and emesis with cessation of
formula and solid foods. The child had a wet diaper this morning.

On examination, the child appeared quiet but became irritable during the exam,
mucous membranes were mildly dry, and the skin felt doughy. Vitals signs were the fol-
lowing: blood pressure 85/58 mmHg, temperature of 39°C, respiratory rate of 40/min,
and pulse of 175 beats/min. The weight was 7.5 kg. A previous weight about 2 weeks
ago was 8.4 kg. There were no other significant findings and the child appears to have
good turgor and skin elasticity.

With the magnitude of dehydration, high fever, and irritability, the decision by the
clinician was to initiate parenteral fluid replacement rather than oral rehydration therapy.
The child was admitted to the hospital with diagnosis of dehydration. On admission, the
laboratory studies were as follows:

Sodium 162 mEq/L, chloride 126 mEqg/L (normal 98 —118 mEq/L), potassium
4 mEq/L (normal 4.1-5.3 mEq/L), bicarbonate (or total CO;) was 12 mEq/L (normal
20-28 mEq/L or mmol/L), serum creatinine 1 mg/dL (normal ~0.3-0.5 mg/dL), blood
urea nitrogen 29 mg/dL, blood glucose 85 mg/dL; complete blood count was normal
without immature cells.

Urinalysis/chemistries: specific gravity of 1.030, no blood, protein or glucose, small
ketones; urine creatinine 30 mg/dL and sodium 30 mEq/L;
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Fractional excretion of sodium (FEn,)

([urine sodium x serum creatinine]/[serum sodium x urine creatinine] x 100%) =
([30mEq/L x 1 mg/dL]/[161 mEq/L x 30 mg/dL]) = 0.62%

Normal values for FEn, = ~ 1 — 2%:;decreased renal perfusion
(dehydration, decreased intravascular volume) < 1%

4.5. Assessment

The clinical and laboratory information suggest hypernatremic dehydration. In many
cases there is extrarenal losses from diarrhea and vomiting with predisposing factors
being young age, fever, curtailment of oral intake and possibly, high solute fluids such as
concentrated or improper preparation of formula or other fluid with a high sodium con-
tent. The child has lost proportionally more water than sodium or a relatively hypotonic
fluid loss. The result is a higher extracellular fluid osmolality, which results in a fluid
shift from the intracellular fluid compartment to the extracellular fluid compartment.
This provides for better organ perfusion compared to iso- or hyponatremic dehydration
of comparable degrees. The child on examination appears better perfused and provides
a history of urine output rather than oliguria. This may lead to an underestimate of
the degree of dehydration. In this case, the magnitude of the dehydration is about /0%
or moderate. The pre-illness weight was ~8.3 kg with a current weight of 7.5 kg or a
0.8 kg loss over the last week. Estimated guidelines for vital signs at this age: the normal
respiratory rate for children is approximately 36; normal pulse is about 130 (standard
deviation is ~45) beats/min; normal blood pressure is approximately 89/54 mmHg.

As noted above, the decision by the clinician was to initiate parenteral fluid replace-
ment rather than oral rehydration therapy. The relative contraindications for oral rehy-
dration therapy would include a young infant less than 3—4 months of age, the presence
of impending shock or markedly impaired perfusion (increased capillary refill — tur-
gor), inability to consume oral fluids due to intractable vomiting, marked irritability or
lethargy/unresponsiveness or the judgment of the clinician.

4.6. Therapeutic Plan

1. Volume deficit, electrolyte calculations: Traditionally, treatment has been divided
into three phases: an emergent or acute phase — isotonic saline; replacement phase —
over 24 h unless there are on-going losses, which are not replaced adequately in the first
day of treatment; and the maintenance phase — day 2 continuing to home management.
However, in hypernatremic dehydration, the hyperosmolality results in the formation of
idiogenic osmoles (organic and inorganic) such as taurine, glutamate, glutamine, urea,
and inositol within the brain cells to assist in maintaining osmotic equilibrium between
the two fluid compartments. If the adjustment in osmolality (lowering) occurs to quickly
in the extracellular compartment, the osmotic changes will result in the brain cells to
swell with resultant neurologic manifestations such as hemorrhage.
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Emergent or acute phase — This may need to be prolonged in cases of more significant
volume depletion. In some cases of hypernatremic dehydration the emergent phase is not
necessary. If there are significant findings of decreased perfusion or hypotension, then
therapy would be reasonable. Otherwise the process is for a slow restoration of the serum
sodium concentration in order to allow the idiogenic osmols to dissipate over a few
days. Similar to other forms of dehydration, if it is necessary to reestablish circulatory
volume to prevent prolonged loss of perfusion to the key organs such as kidney, brain,
gastrointestinal tract, etc., the fluid choices would be isotonic (0.9%) saline (normal
saline) or another isotonic/hypertonic solution such as 5% albumin, Ringer’s lactate,
or a plasma preparation. With the availability of isotonic saline, this is the usual fluid
choice.

Acute — Repletion/Replacement/Restoration Phase — Over 48 h; in this period the
daily fluid/electrolyte maintenance requirements and deficit calculation are derived from
standard estimates. Even though there are objective clinical signs of dehydration and
estimated volume deficits, subjectivity will always to be a factor. For hypernatremic
dehydration there are two basic rules — slow correction and close monitoring. Slow
correction means that the serum sodium concentration should not be reduced by more
than about 10 mEg/day. Correct the patient over 48 h for a serum sodium concentration
of less than 165 mEq/L; correct the patient over 72 h for values above 165 mEq/L.

1. Maintenance fluid/electrolyte calculations for 24 h: Since the patient has a serum
sodium concentration of 161mEq/L, the correction is over 2 days so 2 days of mainte-
nance fluids needs to be added to the total fluid requirements for 48 h.

Calculations based on daily caloric requirements

Water needs mL/100  Electrolyte needs

calories used per mEg/100 calories

Body Caloric needs day — each mL used per day Calories derived
weight Calories/kg equals about (alternate method  from glu-
(BW)inkg BW 1 calorie* is mEq/kg/day) cose/dextrose
3-10 100 100 Sodium = 5 g/100 calories
11-20 1000 + 50 1000 + 50 mL/kg 2.5-3 mEq (or used

calories/kg for each kg above 3 mEq/kg)

for each kg 10 Potassium =

above 10 2-2.5 mEq (or
>20 1500 + 20 1500 + 20 mL/kg ~2 mEq/kg)

calories/kg for each kg above
foreachkg 20
above 20

*Kidney losses are about 45-75 mL/100 calories expended; sweat losses usually 0; stool losses are
about 5-10 mL/100 calories expended, and insensible losses (skin ~30 mL + respiratory ~15 mL) is
about 45 mL/100 calories expended — 100 mL of total daily water losses = 100 calories expended per
day or I mL = 1 calorie.
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For this 8.3 kg infant
Maintenance requirements for 48 h

Water 100 mL/kg x 8.3 kg = 830 mL x 2 days = 1660 mL
Sodium 3 mEq/100 mL x 830 mL = 25 mEq x 2 days = 50 mEq
Potassium 2 mEq/100 mL x 830 mL = 17 mEq x 2 days = 34 mEq

There are two approaches to replace the deficit. Both have a similar intravenous rate
and time period (at least 48 h), they only differ in the method of calculation.

Approach 1: Use Table Below

Deficit replacement of water and electrolytes: in most circumstances the acid—base
disorder is a simple metabolic acidosis, which does not require bicarbonate replacement
unless there is severe tissue/impaired circulatory compromise such as shock (generally
15% dehydration). In general there is only partial replacement of potassium deficits,
which are fully corrected over 2—4 days following resumption of oral intake.

Type of dehydration* Water Sodium Potassium
based on serum [Na] in mEq/L (mL/kg) (mEq/kg) (mEq/kg)
Isonatremic [Na] 130-150 120 10 8
Hyponatremic [Na] < 130 100 10-12 8
Hypernatremic [Na] > 150 100 4 2

*Isonatremic dehydration is the most common accounting for 70-80% of infants and children; hyper-
natremic dehydration accounts for about 15%, and hyponatremic dehydration for about 5-10% of cases.
Adapted from Winter RW: Principles of Pediatric Fluid Therapy, 2nd Ed, Little Brown and Co., Boston,
1982, p 86.

For this 8.3 kg infant with hypernatremic dehydration at 10%

Deficits
Water Pre-illness weight — Illness weight = 8.3 — 7.5 kg = 0.8 kg = 800 mL
Sodium 4 mEq x 8.3 kg =33 mEq

Potassium 2 mEq x 8.3 kg =17 mEq

2. Total 48 h Requirements

The total amount of maintenance (2 days) and deficit amounts are given equally over
the 48 h period with frequent monitoring of electrolytes in order to adjust the intra-
venous rate or sodium concentration based on the rate of decline of the serum sodium
concentration.

Fluid selection — 5% dextrose + 1/4 isotonic saline( ~ 30 — 40 mEq/L of Na)
+ 20 mEq KC1/L at 50 mL/h given equally over 48 h.

Generally the final solution potassium concentration is about 20 mEq/L, it should not
exceed 40 mEqg/L without close intensive care monitoring. The 5% dextrose provides
50 g of carbohydrate per liter of 50 g x ~4 calories/g = 200 calories. This would be
about 20% of the daily caloric intake, which is sufficient to prevent protein breakdown
over a short treatment period (less than one week).



Chapter 1 / Disorders of Water Homeostasis 41

Hourly rate Round
number up or down to the

Component of therapy Water  Sodium Potassium  nearest 5 increment
Maintenance — 2 days 1660 50 34
Deficit 800 33 17

Ongoing losses of
diarrhea or vomiting™
TOTAL 2460 83 51 50 mL/hr

* From clinical experience the gastrointestinal losses tend to resolve or decrease significantly fol-
lowing the initiation of parenteral therapy. If it does continue, these losses will need to be added to the
ongoing loss row.

Approach 2: Use a Free-Water Deficit Calculation
Total 48 h Requirements

The total amount of maintenance (2 days) and deficit amounts are given equally over
the 48 h period with frequent monitoring of electrolytes in order to adjust the intra-
venous rate or sodium concentration based on the rate of decline of the serum sodium
concentration.

Water deficit — 4 mL/kg x body weight
X (Ideal Serum [Sodium] — Actual serum [sodium])

Hourly rate

Round number up or

down to the nearest 5
Component of therapy Water  Sodium Potassium increment

Maintenance — 2 days 1660 50 34

Water deficit 4 mL x 8.3 kg x 564

(162-145 mEq/L)

Sodium deficit 0.56 L x 0.6 x 47

140 mEq/L

Potassium deficit 0.56 L x 0.4 x 26

120 mEq/L

Ongoing losses of diarrhea or

vomiting™*

TOTAL 2224 97 60 46 mL/h
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44 Part I / Disorders of Water, Sodium and Potassium Homeostasis

4 mL/kg is derived from the relationship as follows: How much water is required to
reduce 1 mEq of sodium?

145 mEq/1000 mL = 145 + X/1000mL = 6.9 mEq; 6.9 mEq
x 0.6 (distribution factor) = 4 mL

Water Deficit — 4 mL x (162 — 145 mEqNa/L) x 8.3kg = 560 mL

(37)

SodiumDeficit: 0.56L x 0.6 x 140mEq/L
PotassiumDeficit:  0.56L x 0.4(distributionfactorforpotassium) x 120 mEq/L
(intracellular[K])

* From clinical experience the gastrointestinal losses tend to resolve or decrease signifi-
cantly following the initiation of parenteral therapy. If it does continue these losses will
need to be added to the ongoing loss row.

e 1st 24 h: 24 h of Maintenance + ', deficit = 880 mL + 282 mL = 1162 mL; Na = 25 mEq
(maintenance) + 24 (deficit) = 49 mEq; K = 17 (maintenance) + 13 (deficit) = 30 mEq.
 2nd 24 h: 24 h of Maintenance + %, deficit = 880 mL + 282 mL = 1162 mL; Na = 25 mEq
(maintenance) + 23 (deficit) = 48 mEq; K = 17 (maintenance) + 13 (deficit) = 30 mEq.
¢ Fluid selection — 5% dextrose + Y, isotonic saline (~40 mEq/L of Na) + 30 mEq KCI1 /L

at 46 mL.

In both approaches, it is strongly suggested to monitor serum sodium concentration
every 2-3 h and adjust the fluid rate and sodium concentration as appropriate. In cases
of severe hypernatremic dehydration with marked circulatory compromise or shock, it is
reasonable to provide 5% dextrose with ', isotonic saline without potassium for the first
24 h. If circulatory status is restored, then a lower intravenous concentration of sodium
can be used and potassium can be added, if appropriate, to the solution (37).

Two other viewpoints that are in the literature: Laurence Finberg has suggested the
use of 2.5% dextrose with 25 mEq/L of sodium plus 40 mEq/L of KCI and one ampule
of 10% calcium gluconate per 500 mL of intravenous fluid to prevent hypocalcemia.
The rate would be about 6-7 mL/kg/h.

Some have suggested using a higher sodium concentration — 0.45% isotonic saline
or even isotonic saline to restore extracellular fluid volume then moving to a lower
sodium containing solution to restore the water deficit. This approach may also reduce
the possibility of dropping the serum sodium too quickly and preventing neurological
problems.

Table 13 provides a summary of the treatment for Isonatremic, hyponatremic, and
hypernatremic dehydration.
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2 Disorders of Sodium Homeostasis
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Key Points

1. Renal sodium excretion is the primary determinant of sodium homeostasis.

2. Changes in sodium concentration in extracellular fluid (ECF) are associated with disorders of
water balance.

3. Hypovolemia refers to losses of salt and water from the ECF, whereas dehydration is defined as
primarily water loss from ECF.

4. Hypervolemia results when fluid accumulates in the ECF at a higher rate than the output due to
either sodium and water retention or abnormal sodium and water intake.

5. Activation of sympathetic nervous system, renin—angiotensin—aldosterone, and epithelial sodium
channel contributes to renal sodium and water retention.

Key Words: Isovolemia; atrial natriuretic hormone; hypovolemia; hypervolemia; Starling’s
forces; cirrhosis; congestive heart failure; renin—angiotensin system; nephrotic syndrome;
dehydration

1. SODIUM REGULATION IN ISOVOLEMIA

Regulation of sodium and water homeostasis is one of the major functions of the
kidney (1, 2). Sodium balance is the result of sodium intake, extra-renal sodium loss, and
renal sodium excretion. Renal sodium excretion is the primary determinant of sodium
homeostasis (2). Since sodium is a main cation of extracellular fluid (ECF), changes in
sodium concentration are linked to changes in ECF volume (3) and are associated with
disorders of water balance. The extracellular fluid compartment is subdivided into the
intravascular and interstitial compartment, commonly referred to as a “third space.” The
chemical composition and the interdependence of fluid compartments were discussed in
Chapter 1: Water Homeostasis. Estimates of intravascular volume distribution indicate
that 85% of blood circulates on the low pressure (venous side of the circulation) and an
approximately 15% of blood is on the high pressure (arterial circulation) (4).

Although the term “effective circulatory volume” has been used in medical literature
for decades, its definition remains unclear (4). Peters (5) referred to “effective blood
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volume” as that portion of the total circulating volume that is “somehow sensed,” and
thus responds to too little or too much volume. In an underfilled body fluid compart-
ment, there must be signals, coming from extra-renal locations promoting retention of
sodium and water by the kidney, in response to a decreased effective blood volume (6).
Since the kidney can normally regulate sodium and water (5, 7), if heart failure or cir-
rhosis is reversed (transplantation), the afferent signal for sodium and water retention in
patients with heart failure and cirrhosis must come from extra-renal sites (6). Although
low cardiac output was proposed to explain low effective circulatory volume (§), sodium
and water retention still occur in high-output heart failure and in pregnant women, who
also have an increased cardiac output (3).

The “underfilling hypothesis” was subsequently proposed (9). If 85% of the total
blood volume is on the venous circulation (low pressure) and 15% of the total blood
volume resides on the arterial circulation (high pressure), then an increase in total blood
volume and an “underfilling” of the arterial circulation can occur, by an expansion of the
venous compartment (/0). Underfilling may also occur with low cardiac output (heart
failure) or arterial vasodilatation (pregnancy, cirrhosis, sepsis). When arterial underfill-
ing is the result of arterial dilatation or low cardiac output, the neurohumoral axis is
stimulated and renal sodium and water retention occurs to maintain perfusion to vital
organs (3). These mechanisms include activation of the renin—angiotensin—aldosterone
system, activation of the sympathetic system, and nonosmotic vasopressin release (3),
which initially maintain perfusion, although in patients with advanced edematous states,
sodium and water retention leads to pulmonary edema and ascites (6). The high-pressure
(arterial) circulation response to increase pressure and stretch is mediated by barorecep-
tors located in the aortic arch, left ventricle, carotid sinus, and juxtaglomerular appa-
ratus (glomerular afferent arteriole) (6). Baroreceptors signal the appropriate areas in
the brain leading to the release of arginine vasopressin (AVP) (6). In patients with con-
gestive heart failure, who have hyponatremia and low osmolality along with detectable
serum concentrations of AVP, there is a nonosmotic AVP release similar to the phe-
nomenon in cirrhotic patients (//). When arterial “underfilling” is detected, secondary
to low-output heart failure (arterial baroreceptor stretch) or arterial vasodilatation (high-
output heart failure, cirrhosis), an increase in sympathetic tone and nonosmotic AVP
release occurs (6). The increase in sympathetic tone stimulates the renin—angiotensin—
aldosterone system (RAAS) through renal B-adrenergic stimulation and by an increase
in sympathetic tone and RAAS to increase systemic vascular resistance compensat-
ing for arterial “underfilling” (6). The nonosmotic release of AVP stimulates the Vla
receptors (V1aR) on vascular smooth muscle, which contributes to the compensatory
response to arterial “underfilling” (6). The AVP receptors V2 on the collecting tubules,
when stimulated, activate the adenylate cyclase and cyclic AMP, increasing the number
of aquaporin-2 water channels in the apical membrane of the collective tubules, lead-
ing to an increased water reabsorption responsible for hyponatremia in patients with
edematous states (6).

Low-pressure receptors located in the atria, in response to an increase in trans-
mural atrial pressure, inhibit the release of AVP, decrease vascular resistance in the
kidney, and increase water and sodium excretion (3). Atrial stretch associated with
heart failure results in secretion of atrial natriuretic peptides such as C-terminal-ANP,
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N-terminal-ANP, B-type natriuretic peptide (BNP). This increase in the synthesis of
atrial natriuretic hormones in heart failure patients results in less retention of water,
thereby decreasing edema by inhibition of RAAS and sodium absorption (3). Although
in heart failure atrial pressure is increased, sodium and water retention occurs (3). This
may be explained by “underfilling” that activates arterial stretch receptors, which in turn
activate the sympathetic system and the renin—angiotensin—aldosterone system (RAAS)
as well as nonosmotic vasopressin release, dominating the response, over the atrial pres-
sure receptor reflex in patients with heart failure (3).

In the first trimester of pregnancy, the systemic arterial vasodilatation and decrease in
blood pressure are associated with increased cardiac output (3). When arterial “underfill-
ing” is detected, RAAS is activated, resulting in water and sodium retention and nonos-
motic release of AVP (3). In this scenario, there is an increase in renal blood flow and
glomerular filtration rate, which does not occur in patients with heart failure or cirrho-
sis (3). Estrogen upregulates endothelial nitric oxide synthase (eNOS), increasing nitric
oxide, which may be also responsible for the systemic and renal vasodilatation observed
in pregnancy (3).

ECF volume and total body sodium are assessed by a thorough history, physical
examination and measurement of serum sodium concentration and fractional urinary
sodium excretion (/2). If not corrected, sodium loss causes volume depletion (hypov-
olemia) and increased sodium intake leads to volume expansion (hypervolemia).

2. HYPOVOLEMIA
2.1. Definition and Pathophysiology

Hypovolemia occurs when the loss of fluid from the ECF exceeds the ability to
replenish the deficit by enteral or parenteral sources. Decrease in effective circulating
volume occurs due to losses from the gastrointestinal tract, kidneys, skin, respiratory
system, or third-space sequestration (Table 1).

Table 1

Sources of ECF Volume Loss

Gastrointestinal losses Vomiting, diarrhea, prolonged nasogastric
suction, fistulas, ostomies, bleeding

Renal losses Diuretics, salt wasting nephropathies, osmotic

diuresis, adrenal insufficiency, central or
nephrogenic diabetes insipidus

Skin losses Burns, extensive skin lesions, sweat losses in
endurance exercise
Respiratory losses Large pleural effusions, bronchorrhea

Third space sequestration Crush injuries, intestinal obstruction, acute
pancreatitis, bleeding, sepsis, anaphylaxis
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Volume depletion due to gastrointestinal losses generally leads to a hypotonic state.
In addition, when replacement is hypotonic, this leads to hyponatremia and hypotonic-
ity. The volume depletion stimulates the baroreceptors releasing AVP leading to fluid
retention with an exacerbation of the hyponatremia. Prolonged loss of stomach contents
results in loss of hydrogen and chloride ions resulting in a state of metabolic alkalosis
(see Chapter 9). Since bicarbonaturia obligates excretion of sodium, patients with pro-
longed vomiting have a urine sodium concentration that may be paradoxically elevated.
This is true at the start of the metabolic alkalosis but if losses and volume depletion
persist patients have a paradoxical aciduria and they do not have ongoing bicarbonate
losses, hence increasing serum bicarbonates. In this situation urine chloride concentra-
tion or fractional excretion of chloride is a more reliable marker of volume depletion.
Hypokalemia is also commonly observed with vomiting and diarrhea (2).

Diuretics are known to cause hyponatremia. Thiazide diuretics act at the dis-
tal nephron by inhibiting sodium chloride reabsorption and are more likely to
cause hyponatremia than the loop diuretics (73% vs. 8%; thiazides compared to
furosemide) (3).

Salt wasting nephropathy is frequently found in children with tubular and intersti-
tial diseases, such as medullary cystic kidney disease, obstructive uropathy, hypoplastic
kidneys, and in patients with renal insufficiency. Salt wasting results from tubular epithe-
lium injury causing aldosterone resistance, osmotic diuresis due to increased urea load
on the remaining functioning nephrons, and an inability to “shut off” natriuretic forces
(i.e., atrial natriuretic peptides) when sodium intake is reduced (13, 14).

Primary adrenal insufficiency leads to renal sodium wasting, hypovolemia, and hyper-
kalemia associated with an increased urine sodium concentration (Chapter 14). When
patients ingest hypotonic fluids or are treated with hypotonic fluids intravenously, severe
hyponatremia may develop (6).

Vigorous endurance exercises like running a marathon may result in hyponatremia
either due to excessive loss of sodium and chloride in the sweat or due to overhydra-
tion secondary to excessive hypotonic fluid ingestion, along with AVP secretion (due
to osmotic and nonosmotic stimulation — decreasing water excretion) (/5). The consen-
sus statement of the Second Exercise Induced Hyponatremia conference recommends
to drink liquids only when thirsty and to avoid weight gain during exercise to prevent
hyponatremia (15).

Hypovolemia should not be considered synonymous with dehydration. Hypovolemic
losses usually refer to losses of salt and water from the ECF, whereas dehydration is
defined as primarily water loss from ECF, often resulting in hypernatremia, although
these patients are also hypovolemic (3).

2.1.1. CARDIAC AND RENAL RESPONSES TO HYPOVOLEMIA

Decrease in effective circulating volume elicits cardiac and renal responses to restore
volume back toward normal. Initially hypovolemia results in decreased venous return
to the heart sensed by the receptors in the atria and the pulmonary vessels, triggering
activation of the sympathetic nervous system leading to selective vasoconstriction of
the skin and skeletal muscle’s vasculature. Further volume loss causes a decrease in
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cardiac output and fall in blood pressure activating the baroreceptors in the carotid sinus
and aortic arch. Stimulation of the baroreceptors leads to activation of three major neu-
rohormonal vasoconstrictor mechanisms: increase in sympathetic activity, activation of
renin—angiotensin system, and release of arginine vasopressin. These act in concert to
increase venous return, cardiac contractility, vascular resistance, and renal retention of
sodium and water, leading to normalization of effective circulating volume (Fig. 1) (2).

ECF CONTRACTION

!

DECREASED EFFECTIVE
CIRCULATING VOLUME

!

BARORECEPTOR ACTIVATION

l

INCREASED SYMPATHETIC TONE

INCREASED \
INCREASED VENOUS | | INCREASED CARDIAC ARTERIAL INCREASED RENIN
RETURN CONTRACTILITY & SECRETION
HEART RATE RESISTANCE
INCREASED
ANGIOTENSIN I !
|__{ INCREASED
TUBULAR Na
! REABSORPTION
INCREASED
ALDOSTERONE
INCREASED | INCREASED BLOOD PRESSURE INCREASED EFFECTIVE
CARDIACOUTPUT i CIRCULATING VOLUME

|

Fig. 1. Hemodynamic responses induced by the sympathetic nervous system after effective circulating
volume depletion. (Adapted from Rose BD and Post TW (40) with permission.)

2.1.2. RENAL RESPONSE TO HYPOVOLEMIA

Renal sodium excretion is altered with changes in effective circulating volume. In
states of severe volume depletion the urine is almost devoid of any sodium. Glomeru-
lar filtration rate (GFR) and more importantly tubular reabsorption play a key role in
sodium conservation. With decrease in effective circulating volume, there is increased
circulating norepinephrine and angiotensin II concentrations leading to efferent
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arteriolar constriction and increase in the filtration fraction, which is defined as the ratio
of the glomerular filtration rate (GFR) to the renal plasma flow (RPF). An increase
in filtration fraction results in increased protein concentration and increase in oncotic
pressure in the efferent arterioles and peritubular capillaries surrounding the proximal
tubules contributing to an increase in sodium and water reabsorption. The proximal
tubule and distal tubule/collecting ducts are the primary sites of sodium reabsorption.
Sodium reabsorption is regulated by increased norepinephrine and angiotensin II activ-
ity in the proximal tubule and increased aldosterone in the collecting ducts. If there is a
defect in any of ECF regulation mechanisms, then the phenomenon of pressure natriure-
sis becomes important in maintaining sodium balance. The increase in sodium and water
excretion occurs even with slight elevations of blood pressure. Decreased reabsorption
in the proximal tubule and loop of Henle and increased release of vasodilating renal
prostaglandins and nitric oxide (from the macula densa) are thought to lead to pressure
natriuresis (1, 9).

2.1.3. SERUM SODIUM CONCENTRATION IN HYPOVOLEMIA

Serum sodium concentrations under hypovolemic conditions depend upon a multi-
tude of factors: from underlying etiology of hypovolemia, sodium and water content
of the fluid lost, sodium content of the restoration fluid provided, and co-existing con-
ditions. Restoration fluid provided in severe hypovolemia should be generally isotonic
(0.9% saline) at first, until measurement of serum electrolytes is available, and then
adjusted accordingly. Iatrogenic hyponatremia may develop during administration of
hypotonic fluids. In secretory diarrheas the sodium content is similar to plasma, so serum
sodium concentrations generally do not change. In osmotic diarrheas more water is lost
than sodium, hypernatremia may develop if the thirst mechanisms are not intact. Low
urine sodium concentration or fractional excretion of sodium (FENa) is always an indi-
cator of decreased effective circulating volume, unless there is a defect in the kidney that
precludes sodium reabsorption (/0). In certain conditions like nephritic syndrome, heart
failure, and cirrhosis, patients may develop edema, decreased effective circulating vol-
ume without total body water volume depletion. In these situations, the kidneys respond
by increasing sodium and water reabsorption with a low FENa. Urine sodium concen-
trations can vary in hypovolemia based on the underlying etiology of the hypovolemic
state (Table 2).

2.2. Symptoms and Signs of Hypovolemia

Most of the symptoms are due to the underlying etiology of the hypovolemia. Loss of
fluid from the ECF compartment results in decreased tissue perfusion, which produces
similar symptomatology regardless of the underlying cause (Table 3).

2.3. Diagnosis

Diagnosis of hypovolemia requires a detailed history and physical examination to
elicit the etiology and extent of hypovolemia (Chapter 1). Laboratory tests help to con-
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Table 2
Classification of Hypovolemic Disorders Based on Urine Sodium Excretion
(Chapter 1)

Low urine sodium

concentration Normal or increased urine sodium concentration (UNa
(UNa < 10 mol/L) > 20 mmol/L)

Vomiting Diuretics

Diarrhea Osmotic diuresis (glucose, mannitol, urea)
Nasogastric aspiration Mineralocorticoid deficiency

Fistulae Postobstructive diuresis

Ostomies Non-oliguric acute renal failure
Gastrointestinal bleeding Salt wasting nephropathy

Burns Bicarbonaturia

Extensive skin lesions Ketonuria

Heat exposure

Cystic fibrosis

Large pleural effusion

Third space

Crush injuries

Table 3

Symptoms and Signs of Hypovolemia

Symptoms Signs
Abdominal pain Weight loss

Chest pain Decreased skin turgor/prolonged capillary refill
Confusion Dry mucus membranes
Decreased p.o. oral intake ~ Orthostatic hypotension
Decreased urine output Sunken eyes

Diarrhea Sunken fontanelle (in infants)
Disorientation Tachycardia

Fatigue Weak pulse

Increased thirst

Irritability

Muscle weakness

Postural dizziness

Salt craving (primary
adrenal insufficiency)

Seizures

Vomiting
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firm the diagnosis and the co-existing electrolyte abnormalities. The most direct sign of
volume depletion is weight loss. The severity of volume depletion can be assessed if the
pre-illness and illness weight are known, using the formula

9% Dehydration = (pre — illness weight — illness weight)/pre — illness weight x 100

If the weights are not known, then other clinical signs can be used to approximate the
severity of dehydration.

Laboratory tests help to confirm the diagnosis and the co-existing electrolyte abnor-
malities (Table 4).

Table 4
Laboratory Signs of Hypovolemia

Complete blood count Elevated hematocrit, but possibly low if
bleeding
Serum chemistry Serum sodium, potassium, bicarbonate may be

increased or decreased
Elevated plasma albumin (unless nephrotic

syndrome)
Urine analysis High specific gravity and osmolality
Urine electrolytes Usually less than sodium <20 mEq/L (unless

renal sodium losses) Fractional excretion of
sodium <1%

The goals of treatment are twofold:

* restore normovolemia
* correct electrolyte abnormalities.

2.4. Hypovolemia Clinical Case Scenarios (See Case Scenarios in Chapter 1)

Case Scenario One:

A 9-month-old baby boy has been sick for the past 2 days. He has had fever for 2 days,
temperature maximum of 103°F, four to five loose, non-bloody stools/day, decreased
oral intake, and decreased activity. In the emergency room he refused to take any oral
fluids for the past 12 h. He vomited 2 days ago, but not in the past 24 h. Parents deny
any decrease in urine output.

On physical examination he is afebrile, BP 100/70 mmHg, HR 90/min, RR 26/min.
His weight is 10 kg. Mucus membranes are moist, skin turgor is normal, capillary refill
is <2 s, and he cries on physical examination with tears but is consolable. There is some
urine in his diaper. No prior weight is available. Laboratory studies reveal a normal
CBC, normal chemistries, and a normal urinalysis.

Clinical assessment of this baby suggests mild dehydration. He is given a trial of
Pedialyte p.o. (250 ml over 2 h), which he is able to tolerate without further emesis in
the next 2 h. He has one more episode of diarrhea in the ER, but no emesis. He has urine
output as evidenced by a wet diaper.
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2.4.1. MANAGEMENT

This is a 9-month-old baby boy with gastroenteritis and mild dehydration. He does
not have any vomiting now, so he should be given a trial of p.o. oral rehydration fluids
in the ED. As he tolerated the oral challenge he can be sent home with the following
instructions to the family:

* Give Pedialyte 250 ml over the next 2 h (deficit correction for mild dehydration — 50 ml/kg
over 4 h, he has already received half the correction in the ER).

* For every episode of diarrhea give 100 ml of Pedialyte (10 ml/kg/episode).

* Continue to encourage breast feeding and other foods the baby eats.

* If baby is not taking anything else by mouth, he will need 40ml/hr of Pedialate (mainte-
nance requirement).

* If patient starts vomiting and unable to take p.o., then return to the ER.

e Monitor urine output and other signs of dehydration as explained, similar to Scenario in
Chapter 1.

Case Scenario Two:

A 17-month-old boy with prune belly syndrome and chronic kidney disease presents
to the ER with a 2 day history of fever, vomiting, and diarrhea. His mother reports a
decreased urine output since the morning. He was seen in clinic a week ago and weighed
10 kg and had an estimated GFR of 50 ml/min/1.73 m?. In the ER he was irritable but
consolable, had a blood pressure of 90/70 mmHg, HR 120/min, T 102°F, RR 28/min,
and the weight was 9 kg. Physical examination showed a toddler with dry mucus mem-
branes, decreased tears, sunken eyes, tenting of the skin, and a capillary refill of 2 s.
Patient was given a 10ml/kg intravenous bolus of normal saline after his blood was sent
for analysis. Initial reports showed a serum sodium of 125 mEq/L, K -3.7 mEq/L, HCO3
18 mmol/L, BUN/Cr 71/2.6, CBC showed anemia with hemoglobin of 9.8 g/dL, white
count was normal. UA: SG 1010, pH 7.0, protein 100 mg/dL, large blood, no ketones or
glucose, nitrite positive, leukocytes were positive, many WBCs and RBCs under high
power field. Urine and blood cultures were sent.

2.4.2. MANAGEMENT

A 17-month-old boy with gastroenteritis, 10% dehydration, asymptomatic hypona-
tremia, worsening renal function (estimated GFR 20 ml/min), anemia, and a possible
urinary tract infection.

FLUID AND SODIUM requirements for 24 h (deficit + maintenance + ongoing
losses):

FLUID REQUIREMENTS for 24 h:

Deficit: 10 kgx 100 ml/kg = 1000 ml
Maintenance: 1000 ml
TOTAL fluid requirement = 2000 ml
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SODIUM REQUIREMENTS: Na deficit in hyponatremia patient has two components:

* Na deficit independent of any volume deficit: Na required to normalize serum Na with-
out replacing a volume loss

Deficit: (expected—observed serum sodium) x 0.6 (fraction of total body water) x wt (kg)

* 10 kg non-dehydrated patient with Na 125 mEq/L: Na deficit = (135 mEq — 125 mEq)
x 0.6 x 10 = 60 mEq

* Na deficit associated with volume loss: Na concentration of deficit volume in
isonatremic dehydration is 140 mEqg/L: Na deficit = 140 mEq/L x 1 L (1000 ml) =
150 mEq

* Maintenance sodium: 3 mEq/100 ml = 30 mEq

Hence TOTAL sodium requirement = 60 + 140 + 30 mEq = 230 mEq.

The patient requires 2000 ml of fluid and 230 mEq of sodium in the next 24 h to
correct his hypovolemia and hyponatremia. Half of the correction can be given in the
first 8 h and the rest in the next 16 h. Initial fluid should have a higher sodium content.
There is no need for rapid correction of sodium as patient is asymptomatic. Patient
received a 100 ml bolus of normal saline (has 15.4 mEq sodium), which will be deducted
from the total sodium requirements.

First 8 h: 900 ml of fluid and 120 mEq sodium = 0.78 NS ~ Normal saline

Next 16 h: 1000 ml of fluid and 100 mEq of sodium = 0.68 NS ~ ¥, Normal saline

So give D5 with NS for the first 16 h, and then change to D5 with 1/2 NS for the
next 8 h.

* Monitor serum electrolytes every 3—4 h.

* Replace ongoing losses in addition to the above fluids. Diarrheal fluid usually is close to
half normal saline and that can be used for ongoing losses.

* Once urine output is confirmed add potassium to the fluids as patient is losing potassium
in the diarrheal fluid.

e If the serum bicarbonate is very low, some of the sodium can be added as sodium
bicarbonate.

With the above regimen the patient’s dehydration and hyponatremia were corrected
in 36 h. He required IV antibiotics for an Escherichia coli UTI. His serum creatinine
returned to baseline after 2 weeks.

3. HYPERVOLEMIA
3.1. Definition and Pathophysiology

Hypervolemia results when fluid accumulates in the ECF at a higher rate than the
output due to either sodium and water retention or abnormal sodium and water intake.
Since the ECF volume compartment is largely determined by its quantity of [Na*], the
most reliable way to assess the sodium content in the ECF compartment is to measure the
plasma sodium concentration and to multiply this value by the estimated ECF volume
(quantitative and clinical assessments of the ECF volume were provided in Chapter 1).
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Sodium concentration in the ECF compartment (mEq/L) = Plasma sodium
(mEq/L) x ECF volume (liters) For example, if the serum sodium concentration is
140 mEqg/L in 10 kg child, whose estimated ECF (ECF ~ 0.2 x body weight) is 2
L, then the sodium content of ECF is 2 L x 140 mEq/L = 280 mEq. Another clinically
useful method to assess changes in ECF volume is using hematocrit values. Hematocrit
is defined as the ratio of red blood cells (RBCs) volume to the blood volume. Hema-
tocrit = RBC volume/total blood volume. For example, assuming that patient has no
bleeding, anemia or erythrocytosis, and that normal total blood volume is ~ 80 ml/kg,
if the normal hematocrit is 0.40, then normal blood volume in child with weight of
20 kg is 1600 ml, with RBC volume = 0.4 x 1600 ml = 640 ml, and plasma volume =
0.6 x 1600 ml = 960 ml. In contrast if the measured hematocrit is 0.50, and RBC
volume remains the same (640 ml), his/her plasma volume would be reduced to from
960 ml to 800 ml (0.5 x 1600 ml), or 16.6% (16).

Clinical hypervolemia may result in edema or hypertension. Edema is defined as
the palpable swelling produced by expansion of the interstitial fluid volume. Edema is
usually accompanied by weight gain if it results from increase in total body sodium
content. Increased capillary permeability may be the main mechanism of edema in
inflammatory states (i.e., insect bites), but the edema in these circumstances is usually
localized. For generalized edema (anasarca) there are two main mechanisms that are
required:

1. Disruption of the Starling’s forces : It is an alteration in capillary hemodynamics favoring
movement of fluid from the vascular space into the interstitium.

Net filtration = LpS(A hydraulic pressure — A oncotic pressure), or
Net filtration = LpS[(Pcap — Pint) — (Teap — Tint)]

where L, is the measure of unit porosity and S is the surface area, Pc,p is the hydraulic
pressure in the capillary, Piy is the hydraulic pressure of the interstitium, 7¢yp is the
oncotic pressure in the capillary, and iy is the oncotic pressure in the interstitium
(17). In a physiologic state edema does not form since the forces along the capillary
are balanced so that any net fluid filtration into the interstitial space does not exceed
the ability of the lymphatic system to remove it. Situations favoring edema formation are
increased capillary permeability, decreased capillary oncotic pressure, increased capillary
hydraulic pressure, increased interstitial oncotic pressure, and impairment of lymphatic
drainage.

2. Sodium and water retention by the kidney: Retention of water most commonly occurs
due to conditions that impair renal sodium excretion (6). These conditions result
in increase in ECF volume and are characterized by high concentrations of plasma
arginine vasopressin, despite hypotonicity (the exception is renal insufficiency where
high urea concentration contributes to increased tonicity) (/8, 10). Table 5 lists these
conditions.

In sodium retaining disorders secondary to systemic arterial vasodilatation (cirrho-
sis), the compensatory mechanism includes increase in shortening fraction due to the
reduced cardiac afterload (/9). However, with uncompensated arterial underfilling, there
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Table 5

Hypervolemic Disorders Asso-
ciated with Impaired Sodium
Excretion by the Kidneys

Increased ECF volume

Renal insufficiency
Cirrhosis

Congestive heart failure
Nephrotic syndrome

is a stimulation of sympathetic nervous system and humoral system (vasopressin release
and renin—angiotensin—aldosterone system) resulting in sodium and water retention by
the kidney (20).

Accidental or iatrogenic sodium load may be the result in hypervolemia. This con-
dition may self-correct if the renal function is normal. In edema associated with
primary hyperaldosteronism, aldosterone initially induces sodium and water retention,
followed by a spontaneous diuresis (aldosterone escape), which partially lowers the
extracellular fluid volume toward normal (79, 21). This response is induced by the vol-
ume expansion (217).

3.1.1. HEART FAILURE

Heart failure (HF) is a complex syndrome that results from structural or functional
cardiac disorder that impairs heart ventricle to fill or eject blood (22). In healthy indi-
viduals, increase in total blood volume is associated with increase in sodium and water
excretion by the kidney (23). However, in patients with heart failure, the water and
sodium excretion depends on the integrity of the arterial system, not the total body vol-
ume (23). As mentioned previously, 85% of the total blood volume circulates in the
venous system; therefore in the states of low cardiac output that causes arterial under-
filling, the increase in total body volume occurs mainly in the venous circulation (23).
When there is an increase in sodium reabsorption in the proximal tubule secondary
to the arterial underfilling and neurohumoral activation, there is decreased delivery of
sodium to the distal collecting tubule (site of action of aldosterone and natriuretic pep-
tides). Therefore in patients with heart failure there is an escape from the sodium—water
retaining effect of aldosterone and natriuretic peptides (23). When the neurohumoral
axis is stimulated, secondary to decreased distention of the arterial baroreceptors, renal
sodium and water retention occurs as a compensatory mechanism to maintain adequate
tissue perfusion (3). There is an adrenergic discharge, leading to the activation of the
renin—angiotensin—aldosterone system (RAAS) (23). The adrenergic response and the
elevation of angiotensin II activate the receptors in the proximal tubule, resulting in
the increased absorption of sodium in the proximal tubule and decreasing the delivery
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of sodium to the distal collective tubule (23). The adrenergic discharge is also respon-
sible for the release of the nonosmotic release of AVP, which is responsible for heart
failure-induced hyponatremia (16, 23—25). As mentioned earlier AVP causes activation
of the V2 receptors in the collecting tubule, increasing the number of aquaporin-2 water
channels, but the Vla receptors in the smooth muscle are also activated, leading to
constriction of the coronary vessels, proliferation of cardiac myocytes, therefore,
increasing ventrical wall stress, dilatation, and hypertrophy (22).

The activation of RAAS and the sympathetic nervous system is the normal response
to low cardiac output, which occurs in patients with heart failure (22). This neuro-
hormonal activation of RAAS and the adrenergic discharge increases the afterload by
increasing peripheral vascular resistance and the retention of sodium, potassium, and
water, enhancing the preload (22).

Angiotensin II contributes to the retention of sodium and water by

1. Stimulating the release of aldosterone, causing the reabsorption of sodium in the distal
tubule/collecting duct

2. Renal efferent arteriolar constriction, causing a decreased renal blood flow by increasing
the renal filtration fraction (/)

3. Stimulation of thirst through central nervous system mechanism

An increase in filtration fraction results in an increase in oncotic pressure (increased
protein concentration) in the efferent arterioles and peritubular capillaries around the
proximal tubules (/). This increase in the oncotic pressure has been proposed to
increase the absorption of sodium and water in the proximal tubules (/). Angiotensin
IT also stimulates myocyte hypertrophy and fibrosis, contributing to the deteriora-
tion of the heart function. Therefore, treatment with angiotensin convertase inhibitors
(ACE]i) that inhibit the conversion of angiotensin I to angiotensin Il improves cardiac
remodeling (23).

The natriuretic peptides, atrial natriuretic peptide (ANP) and brain natriuretic peptide,
or B-type natriuretic peptide (BNP), are elevated in patients with heart failure (/). These
hormones have natriuretic properties, vasorelaxant properties, and renin—aldosterone
inhibiting properties (/). BNP is produced by the ventricular myocardium as a response
to stretching of the myocardium; its effects, vasodilatory and natriuretic, oppose the
actions of aldosterone and angiotensin II (26). Atrial natriuretic peptide (ANP) is primar-
ily released from the atria in response to volume expansion. ANP triggers an increase in
intracardiac pressure (27), which is thought to play a counterbalancing role in congestive
heart failure, limiting the accumulation of edema. ANP increases the glomerular filtra-
tion rate (GFR) without raising renal blood flow (28) and directly reduces sodium reab-
sorption in the inner medullary collecting duct, activating cyclic GMP closing sodium
channels in the luminal membrane that normally allow luminal sodium to enter the tubu-
lar cell (29, 30).

Renal prostaglandins do not regulate sodium excretion by the kidney in healthy indi-
viduals (/). Prostaglandin activity is elevated in heart failure patients and is correlated
with the severity of the disease and degree of hyponatremia (/). The exact role of
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prostaglandins in the sodium handling by the kidney in edematous states, similar to
heart failure, is not clear (/).

3.1.2. CIRRHOSIS (SEE CHAPTER 12)

Cirrhosis is commonly caused by hepatitis C or alcoholism in adults and in children
it is due to cholestasis, inborn errors of metabolism, and chronic hepatitis. Ascites is
the most common complication of cirrhosis (37). Splanchnic vasodilatation is the main
factor contributing to ascites (9). In cirrhosis portal hypertension is produced, most
importantly, by nitric oxide, and to a lesser extent, prostaglandins leading to splanch-
nic arterial vasodilatation (32). In these situations there is an up-regulation of endothe-
lial nitric oxide synthase (eNOS) (6). In experimental cirrhosis in rats, inhibition of
eNOS until normal vascular resistance is achieved results in a reversal in the eleva-
tion of plasma AVP, renin, and aldosterone concentrations (33). Splanchnic vasodi-
latation has only a small effect on the effective circulatory volume (ECV), which is
maintained within normal limits secondary to increased cardiac output and plasma vol-
ume. These effects happen early in the onset of cirrhosis. In the late stages of cirrho-
sis, splanchnic arterial vasodilatation causes the ECF volume to decrease markedly
and, subsequently, the arterial blood pressure to fall (37). The dilated circulation acts
as an “underfilled” compartment, stimulating the activation of the renin—angiotensin—
aldosterone system (RAAS) and the sympathetic nervous system, maintaining the arte-
rial blood pressure resulting in sodium and water retention. Portal hypertension and
splanchnic arterial vasodilatation alter the intestinal capillary pressure and permeability,
facilitating the leaking and accumulation of retained fluid within the abdominal space
(31). As the disease progresses, there is an impairment in renal excretion of free water,
causing dilutional hyponatremia, and renal vasoconstriction, leading to the hepatorenal
syndrome (31).

The hepatorenal syndrome results often in irreversible renal failure with a very poor
prognosis. However, the hepatorenal syndrome is a functional, rather than a structural
type of renal failure, as liver transplantation can reverse the syndrome. There is evidence
to support the hypothesis that primary arterial vasodilatation explains the retention of
sodium and water, and the ascites in cirrhotic patients (6). In the splanchnic circula-
tion, there is an elevated concentration of V1a receptors. Therefore, when terlipressin
(V1a agonist) and albumin are provided for about 1 week, the hepatorenal syndrome is
reversed in more than half of cirrhotic patients (6).

Increased sodium reabsorption in the proximal and distal tubule in cirrhotic patients
and in heart failure patients is secondary to activation of the neurohormonal system pro-
moting sodium and water retention, endogenous increased reabsorption by the nephron
segments, and loss of tubuloglomerular feedback (the mechanism increasing glomeru-
lar filtration rate when the distal tubule is reached by a reduced sodium load) (/). An
increase in renal vascular resistance and filtration fraction is frequently observed in
decompensated cirrhotic patients (/). For this reason, decreased hydrostatic pressure and
increased oncotic pressure in the peritubular spaces may be responsible for the increased
sodium and water reabsorption seen in cirrhosis (/).
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Evidence suggests that inhibition of aldosterone with spironolactone, or the removal
of aldosterone source (the adrenal gland), results in natriuresis consistent with the
increased levels of aldosterone contributing to water and sodium retention in the dis-
tal tubule of cirrhotic patients (/).

Nonosmotic release of vasopressin plays an important role in water and sodium
retention in cirrhotic patients. The increased secretion of vasopressin is the major fac-
tor responsible for the inability to excrete water and sodium in the cirrhotic rats (34).
When cirrhotic patients present with ascites and/or edema, they may have an abnormal
response to fluid administration, contrary to cirrhotic patients without ascites or edema,
who can excrete water and sodium adequately (/). Two possible explanations are as
follows:

a) Nonosmotic release of vasopressin.

b) Decrease in water and sodium delivery to the distal tubule since interventions that
improve the delivery of sodium and water to the distal tubule of cirrhotic patients,
like infusion of albumin with saline, mannitol, or water immersion, improve water and
sodium excretion (/).

Similar to patients with heart failure, the escape of the aldosterone effect and the resis-
tance to natriuretic peptides in cirrhotic patients are mediated by the decreased delivery
of water and sodium to the distal tubule (/).

3.1.3. NEPHROTIC SYNDROME

The principal clinical presentation of nephrotic syndrome is edema, and its patho-
genesis remains controversial (35). The classical theory is that edema formation is sec-
ondary to a decrease in plasma oncotic pressure due to loss of albumin in the urine,
causing water to shift into the interstitial space secondary to decreased oncotic pressure.
That reduces the intravascular volume leading to renal hypoperfusion and stimulation
of the renin—angiotensin—aldosterone (RAA) system, leading to increased reabsorption
of sodium, especially at the distal segments of the nephron. This hypothesis is not fully
supported by clinical findings. Plasma volume has been shown to be decreased only
in some children with minimal change disease, particularly during the initial phase of a
relapse, but absent in others and almost always absent in adults with nephrotic syndrome
(36). Studies have failed to demonstrate elevation of RAAS hormones, and increased
sodium reabsorption is still present when albumin or ACEi were given to suppress the
renin production. It has been postulated that there is an intrinsic nephron abnormality
with increased activity of Na/K-ATPase leading to retention of sodium. Patients with
nephrotic syndrome can have several types of intrinsic renal lesions (/). The nephron
site responsible for the increased sodium reabsorption in nephrotic patients is not clear.
From clinical and animal studies, the distal nephron seems to be the site of the increased
sodium retention, although increased sodium retention in the proximal tubule occurs in
selected cases (/). If oncotic and hydrostatic pressures are the primary physical forces
in the peritubular capillaries responsible for the renal water and sodium retention, it
is likely they act at the level of the convoluted proximal tubule (/). The low filtration
fraction, elevated renal plasma flow, and normal vascular resistance observed in patients
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with nephrotic syndrome suggest that other factors, besides the oncotic and hydrostatic
pressures, must be involved in the enhanced sodium retention (/). The role of natriuretic
peptides in patients with nephrotic syndrome is not clear yet, as well as other humoral
factors such as kinins and prostaglandins (/).

In rats with nephrosis induced by aminonucleosides, the decreased plasma volume,
normal GFR, and edema could be prevented with the removal of the adrenal glands
(1). In contrast patients with nephrotic syndrome induced by nephrotoxic serum have
increased plasma volume, low GFR, and edema independently of the adrenal glands (/).
Meltzer et al. (37) identified two groups of patients with nephrotic syndrome. One group
with hypovolemia and with stimulation of RAAS was characterized by minimal change
disease and normal GFR (37). The other group included patients with hypervolemia
who had low or normal plasma renin activity and aldosterone level; this group was
characterized by chronic glomerulopathy and low GFR (37). Patients with nephrotic
syndrome and low GFR usually show enhanced sodium retention (37).

Contrary to heart failure and cirrhosis patients, hyponatremia is not commonly asso-
ciated with nephrotic syndrome (/). Elevated serum lipid concentration may cause pseu-
dohyponatremia. Abnormal water excretion has been shown in children with nephrotic
syndrome (38) and increased levels of vasopressin also contribute to the retention of
water (39). Water immersion and albumin infusion can reduce the plasma concentration
of vasopressin and induce diuresis in these patients (/).

Summarizing, a fall in GFR, changes in oncotic and hydrostatic pressures, stimulation
of sympathetic nervous system and RAAS, and nonosmotic release of vasopressin are
involved in the retention of sodium and water in the nephrotic syndrome (/).

3.1.4. TREATMENT

Diuretics are usually effective in reducing edema of congestive heart failure, although
effective fluid removal should be carefully monitored (26). Patients with heart fail-
ure should be treated with diuretics as part of their initial therapy (27). Loop diuretics
are most often used (furosemide, bumetanide, torsemide). Patients who are chronically
treated with loop diuretics usually require a higher dose in the acute setting (27). The
addition of a thiazide diuretic potentiates the effects of the loop diuretics.

In patients with cirrhosis and ascites, fluid accumulation in the peritoneal cavity is
sufficient to cause discomfort (/7). Free water excretion by the kidney and GFR are
normal in most patients and the serum sodium and creatinine concentrations are within
normal limits (/7). Usually, a negative sodium balance and, subsequently, loss of peri-
toneal fluid are easily achieved with diuretics, in patients with mild to moderate vol-
ume ascites (28). The diuretic of choice is spironolactone or amiloride (/7). Furosemide
is used with caution, because the risk of renal failure secondary to excessive diuresis
and hypovolemia (//), and the response to treatment should be monitored by eval-
uation of urine output and changes in body weight (//). The measurement of urine
sodium may be helpful to assess the response to diuretics (/7). An important part of the
therapy of cirrhotic ascites is the avoidance of non-steroidal anti-inflammatory drugs
(NSAID). These medications inhibit the synthesis of renal prostaglandins, and this leads
to renal vasoconstriction, a lesser response to diuretics, and increased risk of acute renal
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insufficiency (29). In children with nephrotic syndrome, diuretics should only be given
for severe edema and in the absence of intravascular volume depletion. Dietary sodium
restriction (less that 2 g/day in adults) is also recommended (3/), since diuretic effects
may be overcome by high sodium intake. Non-adherence to a low-sodium diet is often
linked to diuretic failure. Another reason for diminished diuretic effectiveness in edema-
tous states may be reduced absorption of oral diuretics due to gastrointestinal mucosal
edema. Reduced blood flow to the kidneys in states with decreased ECF decreases the
amount of sodium delivered to the loop of Henle, and thus loop diuretic effectiveness.
In addition in hypoalbuminemic states loop diuretics that are albumin bound are less
effectively delivered to the site of action. Patients with anasarca or diuretic resistance
may be treated with furosemide (1-2 mg/kg per dose) together with 25% albumin (0.5—
1 g/kg) IV infusion, given over 4 h once to twice a day with careful monitoring of urine
output and respiratory status, as [V albumin has been associated with pulmonary edema
(30). Albumin binds furosemide improving its delivery to site of action in the ascending
loop of Henle increasing sodium excretion. Albumin also prevents intravascular volume
depletion. Spironolactone (1.0-3.5 mg/kg/day, adult maximal dose 400 mg), thiazide
diuretics, and amiloride (0.2-0.625 mg/kg/day, adult maximal dose 20 mg) may be used
in combination with a loop diuretic (317).

Case Scenarios (See Scenarios in Chapter 1)

1. A 7-year-old girl presents to the emergency department with vomiting and cough for 3
days. The mother also reports weight loss, approximately 4 kg over the last 4 months
and the development of bilateral lower extremity edema over the past week. The girl
is urinating, but less than usual. She was a full-term neonate, born by uneventful nor-
mal spontaneous vaginal delivery. The child was diagnosed with acute lymphoblastic
leukemia at 4 years of age. The medical records indicate the use of doxorubicin and
methotrexate as part of the consolidation chemotherapy, and she has responded very well
to the treatment and is in remission. Past family history is significant for maternal grand-
mother with insulin-dependent diabetes mellitus, on dialysis. Initial exam shows a thin
8-year-old girl, 10th percentile for weight and 25th percentile for height, jugular venous
distention is noted to the angle of the jaw when seated at 90°, an S3 gallop and ven-
tricular heave, tachypnea, diffuse rales, and 3+ pitting edema to the mid-calf bilaterally
are present. Electrocardiogram reveals sinus tachycardia, left atrial enlargement, and T-
wave abnormalities. All these findings are clinically diagnostic of left heart failure. The
girl’s symptoms improve after the initial treatment with intravenous furosemide 1 mg/kg
twice a day for 24 h and she is transferred to the cardiology service. Her echocardiogram
demonstrates severe global hypokinesis and a 20% ejection fraction.

Doxorubicin is a drug well known for its cardiac toxicity. The girl’s treatment is likely
the etiology of her heart failure. The compensatory mechanisms associated with low
cardiac output, secondary to left heart failure, include up-regulation of sympathetic tone
and the renin—angiotensin axis, causing increased release of vasopressin, aldosterone,
and atrial natriuretic peptide, leading to sodium and water retention, resulting in volume
expansion.

2. A 12-year-old boy with history of steroid-sensitive nephrotic syndrome, diagnosed when
he was 6 years old, presents to the emergency department with the chief complain of
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abdominal distention and edema of lower extremities. Mother reports that 5 days ago, the
boy had cold symptoms that included runny nose, non-productive cough, and low-grade
fever that resolved. Two siblings had the same symptoms and recovered. The boy noticed
the swelling of both legs 3 days ago. On physical examination, the boy has no fever and is
normotensive. Weight is 55 kg; the last weight according to mom in the pediatrician office
3 weeks ago was 48 kgs. There is pitting edema of both legs to the level of the knees,
and generalized abdominal distension, flank fullness, and shifting dullness, consistent
with ascites. Urine analysis shows a specific gravity of 1.025, no blood detected, and 3+
protein. Urine protein to creatinine ratio is 7. Basic metabolic panel shows normal renal
function and electrolytes.

Albumin 25% — 1 g/kg — is infused over 4 h and furosemide 1 mg/kg is also given 2 h

into infusion and at the end of the infusion. The boy voids approximately 500 ml and
abdominal distention improves; he is also started on prednisone 60 mg/m? for probable
steroid responsive nephrotic syndrome.
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3 Disorders of Potassium Balance

Beatrice Goilav and Howard Trachtman

Key Points
Potassium homeostasis:

e K is the most essential intracellular cation, generating the resting potential in neuronal and
muscle cells.

e Extracellular K* levels are tightly regulated.

* Any disturbances of serum K levels can affect the resting potential and lead to arrhythmias or
muscular abnormalities.

Renal K* handling and changes during maturation:

* The kidneys are primarily responsible for excreting excess K*.

* The goal of adult kidneys is to maintain a zero K* balance, while newborn kidneys retain K*
to allow somatic growth.

* Premature infants are prone to develop hyperkalemia, because they cannot rapidly eliminate
exogenous excess K*.

Disturbances in K* balance:

 Serum K™ levels can be abnormal due to abnormal intake or abnormal excretion of K*, but can
also be caused by abnormal distribution of K* between the extra- and intracellular space.
* Clinical symptoms vary and do not allow distinguishing between hypo- and hyperkalemia.

Hypokalemia:

* Mild hypokalemia is a common finding in clinical practice.
* Administration of diuretics is the most common acquired cause of hypokalemia.
 Decreased intake of K* can lead to total body K* depletion and hypokalemia.

Hyperkalemia:

* Hyperkalemia is rare in individuals with normal renal function.

* ECG findings with hyperkalemia occur individually and cannot be correlated with the serum
K* level per se.

* Medications are a common cause of hyperkalemia in susceptible individuals

This chapter is dedicated to my beloved parents, Florenza and Yoan Goilav-Gliick.
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Key Words: Hypokalemia; hyperkalemia; Gitelman’s syndrome; Bartter’s syndrome;
congenital adrenal hyperplasia

1. GENERAL OVERVIEW OF POTASSIUM BALANCE

Potassium (K™) is the most abundant intracellular cation. About 98% of the total body
K* content in the adult is located within cells, where its concentration ranges from 100
to 150 mEq/L. The remaining 2% resides in the extracellular fluid (7). Extracellular K*
concentration, ranging from 3.5 to 5.0 mEq/L, is tightly regulated by mechanisms that
control the distribution between the intra- and extracellular compartments and whole
body K* balance. The serum K* level is dependent on the net sum of K* intake, dis-
tribution of K* between the intracellular (ICF) and extracellular (ECF) space, and K*
excretion.

K* has two major physiologic functions: (1) the difference in the K* concentration
between intracellular and extracellular fluid is the major determinant of the resting mem-
brane potential of a cell. This transcellular K* gradient is maintained by the action of the
enzyme sodium—potassium—adenosine triphosphatase (Na™—K*-ATPase) located in the
cell membrane (2). The resting potential allows for an action potential to be generated,
which is essential for normal neuronal and muscular function, and exocrine secretion
of hormones. (2) Maintenance of an intracellular K* concentration within the normal
range is essential for a variety of cellular functions, including cell growth and division,
DNA and protein synthesis, enzymatic activity, and cellular volume regulation (2).

Total body K* content depends on the balance between intake and output, the latter
being regulated primarily by renal and, to a lesser extent, fecal excretion. The home-
ostatic goal of the adult is to remain in zero K* balance. Thus, K* excretion matches
dietary intake, with about 90% of the daily K* intake (~1.5 mEqg/kg body weight) elimi-
nated by the kidneys and the remaining 10% lost through the stool (/). Children maintain
a positive net K* balance, because the cation is required for somatic growth.

2. DISTRIBUTION OF POTASSIUM BETWEEN ICF AND ECF

Regulation of the internal distribution of K* between the intracellular and extracellu-
lar spaces is extremely efficient. An ingested K* load initially leads to uptake of most
of the K* by muscle, liver, bone, and red cells. This rapid process is followed by renal
excretion of excess K* that was not mobilized into cells. The net effect is that all excess
K" is excreted within 6-8 h (3).

2.1. Sodium-Potassium-ATPase

The difference between intracellular and extracellular K* concentration is maintained
by the activity of the Na*—K*-ATPase. The pump transports 3 Na* ions out of the cell
in exchange for 2 K* ions into the cell, generating a negative intracellular voltage and
consuming energy (ATP) during this process (Fig. 1) (2). The Na*—K*-ATPase activity
is regulated by hormones as well as the extracellular K* concentration per se (2).
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Fig. 1. Schematic illustration of a cell model for a muscle cell. The Na*—K*-ATPase is located in the
cellular membrane. It continuously moves 2 K* into the cell in exchange for 3Na* out of the cell,
which generates an electrical gradient with the intracellular space being negatively charged relative
to the extracellular space. This difference in electrical gradient allows a cell to depolarize when stim-
ulated. The enzyme is regulated by several different hormones including insulin, epinephrine, and
thyroid hormone. ECF: extracellular fluid; ICF: intracellular fluid; ATP: adenosine triphosphate.
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2.2. Hormones

Catecholamines. Catecholamines influence K* distribution with a-receptors inhibit-
ing and B,-receptors promoting the cellular entry of K*. The f,-receptor-induced stim-
ulation of K* uptake is mediated partly by activation of the Na*—K*-ATPase pump.
Administration of a B;-adrenergic agonist, such as albuterol or dobutamine, can induce
a hypokalemic response. Basal catecholamine levels permissively promote K* entry
into cells and increases in catecholamine levels during exercise enhance cellular K*
uptake (4).

Insulin. Insulin promotes the entry of K* into cells by increasing Na*—K*-ATPase
activity directly (2). Basal insulin levels permissively facilitate K* entry into cells and
enhanced insulin secretion in response to a dietary carbohydrate load further increases
cellular K* uptake (4).

Aldosterone. Aldosterone promotes K* uptake into cells, and increases excretion of
K* in the urine and the gut (5). Hyperkalemia raises aldosterone levels.

Other Hormones. Thyroid hormone, glucocorticoids, and growth hormone also pro-
mote cellular uptake of K* by chronically stimulating Na*—K*-ATPase (6).

2.3. Plasma K* Concentration

After a K* load, intracellular movement of K* occurs independent of hormonal and
other factors (5). On the other hand, loss of K* from the ECF due to increased gastroin-
testinal or renal losses as seen for example in diarrhea or during an osmotic diuresis,
respectively, results first in a fall in the plasma K* concentration followed by the move-
ment of K* from the cells into the ECF. This indicates that the plasma K* concentration
varies directly with total body K* stores and vice versa (7).

2.4. Exercise

Exercise causes release of K* from muscle cells due to depolarization and is followed
by reuptake of K* by the Na*—K*-ATPase pump (2). With strenuous exercise, the reduc-
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tion in ATP within muscle cells leads to opening of K* channels, promoting K* release
from cells (8). However, this effect is counterbalanced by the exercise-induced release
of catecholamines, which in turn decreases extracellular K* levels.

2.5. Extracellular pH

Any changes in acid-base balance can have an effect on the plasma K* concentra-
tion. In metabolic acidosis, excess H* ions are buffered in the cells (9). To preserve
electroneutrality, K™ moves out of the cells. This results in an increase in the plasma K*
concentration. A common rule of thumb is that, for every 0.1-unit decrease in blood pH,
the plasma K* concentration increases by ~0.6 mEq/L (9).

In diarrheal states or renal tubular acidosis, the presence of other factors (increased
gastrointestinal or urinary K* losses, respectively) can modulate the increase in plasma
K* and result in hypokalemia. This is due to net negative K* balance leading to depletion
of K* stores, masking the relative hyperkalemia. Correcting the acidosis may lead to
clinically relevant hypokalemia, unless K* supplements are administered (9).

Conversely, metabolic alkalosis causes a shift of K* ions into the cells in exchange for
H™ ions. However, the change in plasma K* concentration is much less pronounced (0.2—
0.4 mEq/L). This is due to the smaller degree of intracellular buffering and transcellular
movement of H* in this condition. More prolonged metabolic alkalosis can result in
hypokalemia due to a shift of K* into the renal collecting duct cells, and subsequent
urinary K* secretion (10).

2.6. Other Conditions

Hyperosmolality causes a rise of plasma K* by 0.3-0.8 mEq/L for every
10 mosmol/kg increase in effective plasma osmolality (/7). This is attributed to move-
ment of K* out of cells in response to osmotically induced water movement.

3. RENAL POTASSIUM HANDLING

Renal K* excretion plays the dominant role in responding to changes in K* intake and
maintaining serum K* levels within the homeostatic range. In individuals with normal
renal function, dietary K™ is largely excreted in the urine. K* handling by the adult kid-
ney involves three processes: filtration, reabsorption, and secretion (/0). In the healthy
adult kidney, K* secretion predominates over K* absorption. In children, the opposite is
true with the kidneys avidly retaining K* needed for growth.

The following section will detail the processes involved in K* handling by specific
segments of the nephron.

3.1. Proximal Tubule

K* is freely filtered at the glomerulus. Thus, the concentration of K* entering the
proximal convoluted tubule (PCT) is similar to that of plasma. About 50-70% of the
filtered load of K" is reabsorbed along the initial two thirds of the proximal tubule (PT).
Reabsorption of K* along this segment closely follows that of Na* and water. Almost
all K* reabsorption in the PCT is passive (Fig. 2) (12).
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Fig. 2. Schematic illustration of a proximal tubular cell. At this site, there is only passive K absorp-
tion following Na* and water reabsorption and plays only a minor role in the regulation of renal
K* excretion. The tubular lumen contains glomerular filtrate with a K™ concentration similar to the
plasma. K* absorption is passive and follows Na* and water. ATP: adenosine triphosphate.

A number of apical K* channels have been identified in the PT. K* movement from
the cell to the lumen through these channels contribute to the maintenance of the elec-
trical driving force for Na*-coupled transport (glucose and amino acids) in the PT.

The PT does not play a direct role in regulating net renal K* excretion. However,
changes in Na™ and CI~ reabsorption in this nephron segment have considerable effects
on distal tubular flow and distal tubular Na* delivery, with attendant effects on K* secre-
tion and K* balance.

3.2. Thick Ascending Loop of Henle

The thick ascending loop of Henle (TALH) is an important site of K* reabsorp-
tion. Within the TALH, K* reabsorption is mediated, at least in part, by the apical
bumetanide-sensitive Na*—K*—2CI~ cotransporter (NKCC?2) (13). Activity of this trans-
porter is driven by the basolateral Na*—K*-ATPase (13).

Apical secretory K* channels play a central role in K* secretion in the TALH, where
it provides a pathway for K*, taken up into the cell via the NKCC2, to recycle back into
the lumen and thus sustain a lumen-positive potential difference (10, 14). This provides
the electrical driving force for paracellular K* as well as calcium (Ca>*) and magnesium
(Mg?*) reabsorption (Fig. 3) (10).

A considerable fraction of K* secreted by the cortical collecting duct (CCD) is reab-
sorbed by the medullary collecting ducts and then secreted into the late PT or descend-
ing thin limbs of long-looped nephrons (or both). Thus, there is a doubling of luminal
K* in terminal thin descending limbs. This pathway consisting of secretion of K* in
CCD, absorption in the outer medullary collecting duct (OMCD) and inner medullary
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Fig. 3. Graphic illustration of a cell in the thick ascending loop of Henle (TALH). The apical Na*—K*—
2CI™-cotransporter is the main channel for K* uptake in this section of the nephron. CI~ exits the cell at
the basolateral side leaving the intracellular space positively charged. This leads to part of the absorbed
K* exiting back into the tubular lumen. In turn, the tubular lumen is positively charged, generating an
electrochemical gradient to the peritubular capillary, which results in passive paracellular reabsorption
of cations.
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collecting duct (IMCD), and secretion in descending thin limb is called medullary K*
recycling. It results in a marked increase in medullary interstitial K* (/4). This pathway
can be interrupted by loop diuretics, which inhibit Na* absorption in the TALH (Fig. 4).
This leads to an increase in interstitial K* and increased Na* delivery to the connect-
ing tubule (CNT) and CCD, where Na* is then absorbed. The result is an enhanced
lumen-negative potential difference in these tubules and increasing K* secretion (14).

3.3. Distal Nephron

The late distal connecting tubule (DCT), CNT, and CCD in the distal nephron are
considered to be the primary sites of K secretion, contributing largely to urinary K*
excretion. Up to 20% of the filtered K* load can be secreted in this nephron segment
(15). The DCT secretes a constant small amount of K* into the urinary space. Two
morphological distinct cells, principal cells (PC), and intercalated cells (IC) are present
in the CNT and CCD. PC and IC are responsible for K* secretion and for K* absorption,
respectively (10).

4. POTASSIUM SECRETION

The bulk of regulated secretion occurs in PC within the CNT and CCD (10). K*
secretion takes place by a two-step process: K enters the cell via the basolateral
Na*-K*-ATPase and is secreted into the lumen through apical K* channels along
a favorable electrochemical gradient. Any factor that increases the electrochemical
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Fig. 4. Schematic illustration of the action of furosemide, a loop diuretic on the Na*-K*-2CI-
cotransporter (NKCC). By blocking the NKCC, the tubular lumen is less positively charged, which
inhibits paracellular Na* reabsorption. Blocking of the NKCC also lowers the rate of Cl™ reabsorption.
Decreased activity of the NKCC also leads to decreased K* absorption and passive loss of K* into the
tubular lumen. As a consequence, there is increased K* loss in the urine.

gradient across the apical membrane or increases the apical K* permeability will pro-
mote K* secretion (10).

In PC, apical Na* entry via the epithelial Na+ channel (ENaC) generates a lumen-
negative potential difference, which drives passive K* exit through apical K* channels.
Distal K* secretion is therefore dependent on delivery of adequate amounts of luminal
Na* to the CNT and CCD. K* secretion essentially comes to a halt when luminal Na*
drops <8 mEq/L (10). In contrast, excess dietary Na* intake enhances K* secretion (70).

4.1. Potassium Channels

There are two major subtypes of apical K* channels that mediate K* secretion: a
low-conductance (renal outer medulla K, SK/ROMK) channel and a high-conductance,
Ca?*-activated (BK/maxi-K) channel (76).

The SK/ROMK channel, restricted to the PC mediates baseline K* secretion. The
BK/maxi-K channel is activated by cell depolarization, membrane stretch, and increases
in intracellular Ca>* concentration as occurs with increased tubular flow in volume
expansion or diuretic therapy and mediates adaptive increases in K* secretion (17).

SK/ROMK Channel. The SK/ROMK channel alone is capable of mediating the bulk
of K* secretion in the CCD under baseline conditions. Loss of channel function prevents
apical membrane K* recycling with secondary inhibition of Na*—K*-2Cl -cotransport
in the TALH, resulting in a picture similar to diuretic therapy or Bartter’s syndrome.
SK/ROMK channels are pH-sensitive, and a decrease in cell pH from 7.4 to 7.0 com-
pletely inhibits channel activity (18).
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BK/Maxi-K Channel. The BK/maxi-K channel mediates flow-stimulated K* secre-
tion in both the CNT and CCD and is activated by flow-induced increases in intracel-
lular Ca>* concentration. An increase in tubular flow, as elicited by extracellular fluid
volume expansion or administration of diuretics, is a potent stimulus for K* secretion in
the distal nephron (/9). Increases in tubular flow rate transduce mechanical signals (cir-
cumferential stretch, shear) into biochemical responses, including an increase in intra-
cellular Ca%* concentration, which in turn activate BK/maxi-K channels (20). This chan-
nel assumes greater importance in regulating K* homeostasis under conditions where
SK/ROMK channel-mediated K* secretion is limited.

Other Potassium Channels. A multitude of other K* channels are expressed in the dis-
tal nephron, including the K*—Cl-co-transporter and the H*—K*-ATPase, which exist
in two types: colonic H*-K*-ATPase and gastric H*—K*-ATPase. The colonic H*-K*-
ATPase is mainly responsible for renal K* reabsorption and gastric H*—K*-ATPase is
involved in mediating K*-dependent H* secretion in the CCD (21).

5. POTASSIUM ABSORPTION

In addition to K* secretion, the distal nephron is capable of considerable reabsorp-
tion, primarily during restriction of dietary K*. IC reabsorb K* under conditions of K*
depletion and metabolic acidosis via the H*—K*-ATPase that couples K* reabsorption
to H* secretion (21).

6. REGULATION OF DISTAL POTASSIUM TRANSPORT

Sodium Delivery and Absorption. K* secretion is dependent on the amount of Na*
available in the CCD. If the tubular fluid Na* concentrations is <30 mEq/L, K* secre-
tion falls sharply (22). Extracellular volume expansion or administration of diuretics
increases urinary excretion of both Na* and K*. The kaliuresis is mediated not only by
the increased delivery of Na* to the distal nephron, but also by the increased tubular
fluid flow rate, which activates the BK/maxi-K channel. K*-sparing diuretics, such as
amiloride and triamterene, block distal Na™ reabsorption, which reduces K* secretion
(Fig. 5).

Na* delivered to the distal nephron is generally accompanied by CI~. CI~ reabsorp-
tion, which occurs predominantly via the paracellular pathway, tends to reduce the
lumen-negative potential that would drive K* secretion (Fig. 6) (3). When Na™ is accom-
panied by an anion that is less reabsorbable than C1~, such as HCO3 (as in proximal renal
tubular acidosis [RTA]) or p-hydroxybutyrate (in diabetic ketoacidosis) luminal elec-
tronegativity is maintained, resulting in more K* secretion than occurs with a compara-
ble Na* load delivered with CI~ (3). These entities can result in hypokalemia. Penicillin-
related antibiotics are associated with hypokalemia by delivering non-reabsorbable
anions to the distal nephron (23)

Acid—Base Balance. Secretion of K* into the tubular lumen is affected by changes
in acid—base homeostasis. In acute metabolic acidosis, the movement of H' into the
cells from the extracellular space is concomitantly associated with the movement of K*
out of the cells, causing hyperkalemia. Acidemia results in a reduction in intracellular
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Fig. 5. Schematic illustration of the effect of amiloride, a K*-sparing diuretic, on the epithelial Na*
channel (ENaC) in the cortical collecting duct. By decreasing the negative electrical charge of the
tubular lumen, it reduces K* secretion and paracellular absorption of CI~.
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Fig. 6. Na* delivered to the distal nephron is accompanied by CI". CI~ reabsorption, which occurs
predominantly via the paracellular pathway, tends to reduce the lumen-negative potential that would
drive K* secretion. Hence, if more Na™ is delivered to the distal tubule and reabsorbed via the epithelial
Na* channel (ENaC), the lumen is progressively lumen-negative, driving urinary K* loss.

pH, which inhibits activity of the SK/ROMK channel and leads to a fall in urinary K*
excretion (24).

In acute metabolic and respiratory alkalosis, there is an increase in K* excretion (12).
The alkalosis-induced stimulation of K* secretion reflects two direct effects on PC: (1)
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stimulation of basolateral K* uptake and (2) an increase in the permeability of the apical
membrane to K* due to an increased activity of SK/ROMK channels (70).

Diet. Dietary K* intake plays a key role in the regulation of renal K* secretion in the
CNT and CCD. The adult kidney responds to an increase in K* intake with an increase
in urinary K* excretion within 1-2 days.

High Dietary Potassium Intake. High dietary K* intake stimulates aldosterone secre-
tion, which increases activity of both Na*—K*-ATPase and ENaC (25). Both these
effects ultimately stimulate K* secretion. High K* intake also significantly increases
the activity of SK/ROMK and BK/maxi-K channels (25).

Low Dietary Potassium Intake. A reduction in dietary K* leads to a dramatic drop
in urinary K* excretion within 24 h. K* restriction stimulates K* absorption through
enhancing colonic H*—K*-ATPase activity, which results not only in K* retention, but
also urinary acidification and metabolic alkalosis (25).

Vasopressin. Vasopressin has a stimulatory effect on K* secretion by the distal
nephron (26). This effect serves to preserve K* secretion during dehydration and extra-
cellular volume depletion, when tubular delivery of Na* and fluid is reduced. The
stimulation of basolateral V2 receptors (via cCAMP) results in an activation of ENaC,
which increases the driving force for K secretion. In addition, vasopressin activates
SK/ROMK channels directly (26).

7. NEONATAL POTASSIUM REGULATION AND CHANGES
IN THE MATURING KIDNEY

The developing kidney is uniquely adapted to meet the demands of the growing
organism. The kidneys of infants and children are conserving K*, because K* is essen-
tial for cell growth. During fetal life, K* is actively transported from mother to fetus. The
fetal K* concentration is maintained at levels >5 mEqg/L, even in the face of maternal
K* deficiency (27).

In newborns, the renal K* clearance is low, even when corrected for their low
glomerular filtration rate (GFR) (28). Healthy full-term newborns who are fed breast
milk, which has a Na*/K* ratio of about 0.5-0.6, excrete a urine, which has a Na*/K*
ratio of >1. This demonstrates their significant ability to retain K* (28). In contrast, fol-
lowing exogenous K* loading, infants can excrete K* at a rate that exceeds its filtration,
indicating the renal capacity for tubular secretion. However, the rate of K* excretion
in infants when adjusted to body weight is less than that observed in older children
(29). This can place newborns at an increased risk for acute hyperkalemia. In sum, the
limited K* excretory capacity of the immature kidney becomes clinically relevant only
under conditions of K* excess.

To better highlight the developmental changes of the maturing kidney, nephron seg-
ments will be discussed individually.

Proximal Tubule (PT). K* handling in the PT does not undergo significant matura-
tional changes given the passive nature of K* reabsorption in this segment.

Thick Ascending Loop of Henle (TALH). Postnatal maturation of the TALH is char-
acterized by an increase in its capacity for K* reabsorption. While only ~65% of the
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filtered load of K* is reabsorbed in the TALH of the newborn, 90% of K* is reabsorbed
across this segment in the adult (70).

Cortical Collecting Duct (CCD). In the adult, regulated K* secretion by the distal
tubule and the CCD contributes significantly to urinary K* excretion (10). However, in
the newborn kidney, the CCD has only a low K* secretory capacity. The maturational
increase in the basal CCD K™* secretory capacity is due to an increase in the number of
SK/ROMK channels (30).

The distal nephron of K*-depleted adults may reabsorb K*. This process is mediated
by a H*—K*-ATPase that exchanges a single K* for a H*. This channel is very active in
newborns, suggesting that the collecting duct is poised to retain urinary K* early in life.

The appearance of flow-stimulated K* secretion is a later developmental event. It
is mediated by the BK/maxi-K channel, which becomes active in the late newborn
period (30).

The neonatal CCD is relatively resistant to the effects of aldosterone. Therefore,
plasma aldosterone levels in the newborn are high compared to those in the adult (317).

8. CLINICAL ASSESSEMENT OF RENAL POTASSIUM EXCRETION

In the adult, a number of urinary indices can be utilized to assess renal response to
disturbances in K* balance. The traditional approach to assess K* excretion is to mea-
sure the amount of K* in 24-h urine collections. However, in children or infants, the 24-h
urine collection is inconvenient and is prone to errors due to inaccurate timing, incom-
plete collections, and/or calculation errors. More importantly, it is unwise to collect for
24 h during emergency situations and in states with an acute shift of K* into cells.

Spot urine K* concentrations alone might be misleading because K* depletion can
cause polyuria and a relatively low K* concentration could still represent a large urinary
K* loss.

In adults, a spot urine potassium-to-creatinine (K*/Cr) ratio is useful to evaluate the
basis of hypokalemia because of the near-constant rates of creatinine excretion. Adults
normally excrete K* and Cr at rates close to 1 and 0.2 mEq/kg/day, respectively. There-
fore the urine K*/Cr ratio in mEq terms is approximately 5. The urine K*/Cr ratio is
usually <2 when hypokalemia is caused by low K* intake, increased transcellular shift
of K*, and extrarenal or former renal K* loss, whereas this ratio is >3 if renal Kt wast-
ing is ongoing (32). Factors such as chronic kidney disease (CKD), low muscle mass,
severe volume depletion, and marked rhabdomyolysis affect the rate of Cr excretion and
thus the K*/Cr ratio.

In children, the urine K*/Cr is difficult to interpret due to the K*-retaining state of
the growing child and the gradual increase in plasma creatinine with increase in muscle
mass.

Fractional excretion of K* (FEK) relates the quantity of excreted K* to the quantity
of K* that was filtrated. This test is calculated as follows:

FEK (%) = (urine [K*] x plasma [creatinine]) + (plasma [K*] x urine [creatinine])
x 100.

For an individual with normal kidney function with an average dietary K* intake, the
FEK is ~10%. When hypokalemia is due to extrarenal causes, the kidney conserves
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K* maximally with an FEK < 7%. On the other hand, an FEK that is >7% suggests
that there is renal K* wasting (32). In patients with impaired renal function, there is
reduced K™ filtration and an adaptive increase in K* excretion per functioning nephron.
Accordingly, one should utilize a nomogram to interpret the FEK in patients with renal
function impairment.

The transtubular K* gradient (TTKG) is probably the most helpful tool in assessing
the source of K* loss or retention in hypokalemic or hyperkalemic states, respectively.
It is calculated as follows:

TTKG = {(urine [K*] + (urine osmolality/plasma osmolality)} = plasma [K*].

It is a semi-quantitative index that reflects the driving force for K* secretion in the
CCD because it adjusts for the plasma K* concentration and for water reabsorption in
the OMCD (32). This formula is accurate as long as the urine osmolality exceeds that
of the plasma and the urine Na* concentration is >25 mEq/L so that Na* delivery is not
limiting (32).

The TTKG in normal subjects on a regular diet is 8-9, and rises to >11 with a K*
load. Thus, a value <7 and particularly <5 in a hyperkalemic patient is highly suggestive
of decreased renal K* secretion, most likely due to hypoaldosteronism.

With the exception of advanced CKD, the other major cause of persistent hyper-
kalemia is marked effective volume depletion. In this setting, the TTKG is >7. K*
secretion in these disorders is limited primarily by the low urine flow not by the ability
to secrete K* (33).

The following sections will discuss disorders of K* homeostasis. The disorders with
a common pathophysiologic denominator are grouped together. The groups are subdi-
vided into common, uncommon, and rare causes.

9. HYPOKALEMIC DISORDERS
9.1. Definition and Pathophysiology

K* is a predominantly intracellular cation. Accurate assessment of total body K*
stores cannot be done in the clinical setting. Generally, plasma K* measurements cor-
relate with total body K* stores and are a more practical assessment tool. Hypokalemia
is defined as a serum K* concentration < 3.5 mEq/L. Approximately each 1 mEq/L
decrease in serum K" concentration below 3 mEqg/L corresponds to a 200400 mEq
deficit in total body stores in the 70-kg adult (34).

Hypokalemia is one of the most common findings in both outpatient and inpatient
clinical practice settings. Hypokalemia is usually mild, with K* levels in the 3.0-
3.5 mEq/L range, but in up to 25% it can be moderate to severe (<3.0 mEq/L) (35).

9.2. Causes of Hypokalemia
9.2.1. DECREASED POTASSIUM INTAKE

The normal range of K* intake in children is about 1.5 mEq/kg/day. The kidney
is able to lower K* excretion to a minimum of 5-25 mEg/day in the presence of K*
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depletion, but unable to produce K* free urine (36). Decreased intake alone may cause
hypokalemia, when the diet is limited to foods containing a high percentage of carbo-
hydrate or refined sugar, by administration of K*-free parenteral fluids, or when another
problem is superimposed, such as diuretic therapy or the use of hypocaloric, liquid pro-
tein diets for rapid weight loss (36).

9.2.2. REDISTRIBUTION OF POTASSIUM

9.2.2.1. Common Causes. Spurious Hypokalemia. Delayed sample analysis can
cause increased cellular uptake of K*. This commonly occurs if ambient temperature
is increased (37).

Sympathetic Activation. Transient hypokalemia can be caused in any setting in which
there is stress-induced release of epinephrine, as with acute illness or vigorous exer-
cise (3). Occult sources of sympathomimetics such as pseudoephedrine in over-the-
counter cold medicines are an overlooked cause of hypokalemia. Dietary caffeine in
carbonated drinks also decrease K* levels (38). Severe head trauma can cause profound
hypokalemia, with reported serum K* levels of as low as 1.2 mEq/L (39). This obser-
vation is related to a catecholamine effect, which occurs with trauma. Repeat serum K*
levels are usually within normal limits.

Insulin Administration. Endogenous insulin is rarely a cause of hypokalemia. How-
ever, administered insulin is a frequent cause of iatrogenic hypokalemia. The plasma K*
concentration can also be reduced by a carbohydrate load (40).

9.2.2.2. Uncommon Causes. Marked Increase in Blood Cell Production. Patients
with profound leukocytosis due to acute leukemia may present with artifactual
hypokalemia caused by time-dependent uptake of K* by the large white cell mass (3). In
this setting, the measured plasma K* concentration may be <1 mEq/L without clinical
symptoms or ECG changes.

Hypokalemic Periodic Paralysis. Hypokalemic periodic paralysis is a rare disorder,
in which the sudden movement of K* into the cells can lower the plasma K* concentra-
tion to as low as 1.5 mEq/L. It is characterized by potentially fatal episodes of muscle
weakness or paralysis, which can affect the limbs and the thorax (3). Acute attacks are
precipitated by exercise, stress, or a carbohydrate meal. The disorder may be autosomal
dominant or may be acquired in patients with thyrotoxicosis. The oral administration of
KCIl aborts the attacks (3).

9.2.2.3. Rare Causes. [nhibition of Passive K* Efflux. Barium is a potent inhibitor
of K* channels and is found in rodenticides. Accidental or suicidal barium intoxication
can cause hypokalemia by blocking the K* channels that normally allow cellular K*
to diffuse into the extracellular fluid. Treatment of barium poisoning consists of K*
supplementation and hemodialysis (41).

Patients undergoing gastrointestinal or urological functional radiographic procedures
using non-parenteral contrast are not at risk for this complication since the barium sul-
fate does not enter the systemic circulation.

Hypothermia. Accidental or induced hypothermia can drive K* into the cells and
lower the plasma K* concentration to <3.0 mEg/L (37).
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9.2.3. INCREASED GASTROINTESTINAL LOSSES

Loss of gastric or intestinal secretions from any cause (vomiting, diarrhea, or laxa-
tives) is associated with K* losses (3). The K* concentration in lower intestinal secre-
tions is relatively high (20-50 mEq/L) compared to the concentration of K* in gastric
secretions (5—-10 mEq/L).

9.2.4. INCREASED URINARY LOSSES

Urinary K* excretion is primarily influenced by two factors: aldosterone and the distal
delivery of Na* and water (3). Increases in either aldosterone or distal flow, while the
other parameter is at least normal or increased may lead to urinary K* wasting (3).

9.2.4.1. Common Causes. Diuretics. Diuretics are an important cause of
hypokalemia, due to their ability to increase distal flow rate and distal delivery of Na*.
Thiazides generally cause more hypokalemia than do loop diuretics, despite their lower
natriuretic efficacy (42). This is related to the hypercalciuria induced by loop diuretics.
This increases the positive charge in the urinary lumen and as a consequence, the driving
force for K* secretion diminishes.

Polyuria. Normal subjects can, in the presence of K* depletion, lower the urine K*
concentration to a minimum of 5-10 mEq/L (36). However, if the urine output is over
5-10 L/day, this regulatory mechanism is lost and then obligatory K* losses can exceed
50-100 mEqg/day. This problem is most likely to occur in central or nephrogenic diabetes
insipidus.

Metabolic Alkalosis. Vomiting induces an acute metabolic alkalosis, which leads to a
shift of K* into cells in exchange for H. The alkalosis raises the plasma HCO3 concen-
tration and ultimately, the filtered HCO3 load increases above its reabsorptive thresh-
old leading to urinary K* losses. This effect is potentiated by a hypovolemia-induced
increase in aldosterone, which also contributes to urinary K* losses.

Metabolic Acidosis. Metabolic derailments associated with acidemia, such as diabetic
ketoacidosis (DKA), inborn errors of metabolism, or renal tubular acidosis (RTA) lead
to increased urinary K* losses. However, the patient may seem to be hyperkalemic due
to the tendency of acidemia to promote K™ movement out of the cells. Correction of the
underlying metabolic disorder may be complicated by profound hypokalemia.

Hyperaldosteronism. Increases in circulating aldosterone may be primary or sec-
ondary. Primary hyperaldosteronism may be genetic or acquired. Hypertension and
hypokalemia are seen in patients with congenital adrenal hyperplasia (CAH) (43).
Patients typically present at an early age with hypertension. Aldosterone levels are mod-
estly elevated. The patients are normokalemic, but may have a propensity to develop
hypokalemia while on thiazide diuretics (44). The diagnosis is confirmed by dex-
amethasone suppression test. Acquired causes of primary hyperaldosteronism include
aldosterone-producing adenomas (APA) and hyperplastic adrenal glands, all of which
are rare in children (45).

In secondary hyperaldosteronism, increased levels of renin lead to increased
angiotensin II (AIl) and aldosterone, and can be associated with hypokalemia. Causes
include renal artery stenosis and Page kidney (renal compression by a subcapsular mass
or hematoma). The incidence of hypokalemia in renal artery stenosis is <20% (46).
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9.2.4.2. Uncommon Causes. Amphotericin B. Hypokalemia occurs in up to 50%
of patients treated with amphotericin B for systemic fungal infections (47). It leads to
an increase in membrane permeability that promotes urinary K* loss. The hypokalemia
is part of the nephrotoxic profile of amphotericin, which also includes decreased GFR,
urinary loss of Mg?*, renal tubular acidosis, loss of urine concentrating ability, and
Fanconi’s syndrome. Risk factors for amphotericin nephrotoxicity are mainly cumula-
tive dosage and the combination of amphotericin with other nephrotoxic drugs. Mecha-
nisms to prevent nephrotoxicity include the use of liposomal amphotericin B and volume
repletion.

Magnesium Deficiency. Mg?* deficiency results in refractory hypokalemia, partic-
ularly if the serum Mg?* is <0.5 mg/dL. Hypomagnesemia has inhibitory effects on
muscle Na*—K*-ATPase activity, resulting in significant K* efflux from muscle and sec-
ondary kaliuresis (48). Hypomagnesemic patients are thus refractory to K* replacement
in the absence of Mg?* repletion. Mg?* deficiency is commonly seen with hypokalemia,
because many associated tubular disorders as in aminoglycoside nephrotoxicity, may
cause both a kaliuresis and Mg?* wasting. Serum Mg?* must thus be checked on a rou-
tine basis in hypokalemic patients.

9.2.4.3. Rare Causes. Syndrome of Apparent Mineralocorticoid Excess (AME). In
the classic form of AME, recessive loss-of-function mutations in the 118-hydroxysteroid
dehydrogenase-2 (11BHSD-2) gene cause a defect in the peripheral conversion
of cortisol to the inactive glucocorticoid cortisone. The unregulated mineralocorti-
coid effect of glucocorticoids results in hypertension, hypokalemia, and metabolic
alkalosis (49).

Pharmacological inhibition of 118HSD-2 is also associated with hypokalemia. The
best known offender is licorice. The active ingredients (glycyrrhetinic/glycyrrhizinic
acid and carbenoxolone) inhibit 118HSD-2 and related enzymes (50). Licorice intake
remains high in Europe, mostly in Scandinavia. Glycyrrhizinic acid is also a com-
ponent of Chinese herbal remedies prescribed for disorders such as for allergic
rhinitis.

Bartter’s Syndrome (BS). BS is an autosomal recessive disorder with mainly two
major phenotypes and five genotypes. The estimated prevalence is approximately 1 per
million. One group of patients present with antenatal BS, which is caused by defects in
channels involved in the absorption of NaCl in the TALH. The defect reduces the lumen-
positive transepithelial voltage, which impairs passive paracellular reabsorption of Ca>*
and Mg?* in the TALH (5/). This leads to nephrocalcinosis. Because CI~ absorption in
the TALH is crucial for the generation of medullary hypertonicity, affected BS indi-
viduals lose their ability to concentrate urine. Thus, polyhydramnios in the absence
of fetal anomalies and maternal diabetes should raise the suspicion for antenatal BS.
Infants develop hyperkalemia and hyponatremia within the first 3 days of life with
normalization by the end of the first postnatal week. Developmental delay is common
and a mild dysmorphism has been described for some children (prominent forehead
and eyes, large ears). In addition, there is markedly elevated renal prostaglandin (PG)
production.

The second phenotype of BS has an insidious onset with failure to thrive and con-
stipation in the first 2 years of life, hypokalemic alkalosis with high plasma renin and
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aldosterone and normal blood pressure. The patients have polyuria and polydipsia and
developmental delay is also commonly present (52).

Thus far, five genotypes have been described: I, defect in the bumetanide-sensitive
NKCC2; 1I, defect in the ROMK channel; III, defect in voltage-gated CLCNKB CI~
channel; IV, defect in voltage-gated CLCNKB CI™ channel; and V, defect in calcium-
sensing receptor (51, 52). Type IV is a variant of antenatal BS and is associated with
sensorineural deafness (53). Renal salt and water losses are more severe, requiring long-
term parenteral fluid and electrolyte replacement. Hypercalciuria, and nephrocalcinosis
are uncommon, but patients often show progression to CKD. Type V is associated with
hypoparathyroidism due to gain-of-function mutations in the calcium-sensing receptor
(CaSR) located both at the parathyroid gland and at the renal tubular basolateral mem-
brane (54). This results in parathyroid hormone secretion, which is suppressed by lower
than normal serum Ca* concentrations. Activation of the Ca>*-sensing receptor inhibits
the ROMK channel in the TALH (54). This form is distinguished from the classic form
of BS by the presence of hypocalcemia, hypercalciuria, and hypomagnesemia. Hyper-
calciuria during hypocalcemia is an important feature, which is not seen in other variants
of hypoparathyroidism.

There are acquired secondary forms of BS as well as pseudo-BS. Secondary BS is
characterized by the presence of hypokalemic hypochloremic alkalosis, elevated plasma
renin and aldosterone, and abnormally high levels of CI™ in the urine. Typical examples
are patients, who take loop diuretics for a long period of time. An acquired Bartter’s-like
syndrome occurring in association with gentamicin administration has been reported
(55). Pseudo-BS have most, but not all clinical and biochemical abnormalities due to
CI™ deficit. Examples of this condition are cyclic vomiting and laxative abuse.

Gitelman’s Syndrome (GS). GS presents in later childhood. The estimated prevalence
is approximately 1 per 40,000. However, the prevalence of heterozygotes with mild
clinical symptoms, who may be first-degree relatives of affected individuals and who
are partially protected from hypertension through partial genetic loss of function of the
thiazide-sensitive Na—Cl cotransporter (NCCT) (56) may be as high as 1%. GS is an
autosomal recessive disease due to mutations in the gene encoding the NCCT in the
distal tubule (57). A defect in this transporter can account for both Mg?* wasting and
decrease in Ca”* excretion, which is similar to that induced by thiazide therapy.

The diagnosis is generally delayed, because the patients have milder symptoms.
Hypokalemia and alkalosis are mild and the most typical findings are hypomagnesemia
and hypocalciuria (<2 mg/kg/24 h). GS can be associated with serious clinical manifes-
tations and may be mistaken for BS. Cramps, which may be severe, usually involve the
arms and legs and are observed in most patients. They are due in part to hypokalemia
and hypomagnesemia. About 10% of affected patients may also present with tetany,
particularly in association with decreased intestinal absorption of Mg* (e.g., vomiting,
diarrhea) (57). Severe fatigue and a lower than average blood pressure may be seen in
some patients, consistent with salt wasting. Polyuria and nocturia are found in 50 and
80%, respectively. The polyuria may be accompanied by salt craving. However, con-
centrating ability is maintained, since function in the medullary TALH is intact. PG
excretion is normal.
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The diagnosis of the disorder is one of exclusion. Surreptitious vomiting and diuretic
use are the two other major causes of unexplained hypokalemia and metabolic alkalosis
in a normotensive patient. Patients with BS or GS have a urine CI~ concentration >
40 mEq/L, while it is lower in patients who vomit (58).

The treatment of BS consists of NaCl and K* supplementation as well as PG syn-
thetase inhibitors. Patients with GS benefit from a K*-sparing diuretic, such as spirono-
lactone or amiloride, often in higher than usual doses to more completely block distal K*
secretion. This treatment can raise the plasma K* concentration toward normal, largely
reverse the metabolic alkalosis, and partially correct the hypomagnesemia (59). Magne-
sium substitution is necessary in some patients (57) (Table 1).

Table 1
Table summarizing biochemical and clinical features of Gitelman’s and Bartter’s syn-
drome. TALH: thick ascending loop of Henle

Symptom/

pathophysiology Gitelman’s syndrome Bartter’s syndrome

Biochemical Low K*, low Mg2+, Low K*, alkalosis, high
features in alkalosis prostaglandins
serum
Urinary findings High CI-, low Ca** High CI, high K*, high
prostaglandins
Site of nephron Distal tubule TALH

Molecular defect Na*-CI~ cotransporter Na*-K*-2CI" cotransporter

BK/ROMK channel
CI” channel
Blood pressure Low Low
Acts like Thiazide diuretic Loop diuretic
Salt-wasting Yes Yes
Concentrating No Yes
defect
Polyhydramnios No Yes/possible
Time of Later in life Birth or early infancy
presentation
Mental No Yes/possible
retardation
Nephrocalcinosis No Yes
K-sparing Yes No
diuretic useful
Required supple- NaCl, K*, Mg”* NaCl, K*
mentation
NSAIDs useful No Yes
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Liddle’s Syndrome: Liddle’s syndrome constitutes an autosomal dominant gain-of-
function mutation of ENaC, the amiloride-sensitive Na* channel of the CNT and CCD. It
classically presents with the triad of hypertension, hypokalemia, and metabolic alkalosis
in a relatively young patient. The consistent finding among such individuals is decreased
urinary excretion of aldosterone (60).

The differential diagnosis includes congenital adrenal hyperplasia, familial cortisol
resistance, the syndrome of apparent mineralocorticoid excess, and licorice ingestion.
Sporadic cases also occur. Genetic testing is the most reliable test for diagnosis.

Therapy consists of potassium-sparing diuretics, which directly block the Na* chan-
nels. The mineralocorticoid antagonist spironolactone is ineffective, since the increase
in Na* channel activity is not directly mediated by aldosterone in this disorder (60).

Chloride Deficiency. Dietary CI~ deficiency can cause hypochloremic metabolic
alkalosis, hypochloruria, and hypokalemia. This entity was described in babies fed
chloride-deficient cow’s milk formula due to a manufacturing error (6/). The infants
presented with anorexia, muscular weakness, lethargy, vomiting, and dehydration. The
pathogenesis of the hypokalemia was related to volume contraction in the setting of
Cl -deficiency leading to secondary hyperaldosteronism, reduced formula intake, and
alkalosis-induced shift of K* into cells.

9.2.5. INCREASED SWEAT LOSSES

Daily losses of K* in sweat are normally negligible, since the volume is low and the
K* concentration is only 5-10 mEq/L. However, individuals exercising in a hot climate
can produce 10 L or more of sweat per day, leading to K* depletion if these losses are not
replaced (62). Significant loss of K* in sweat can also occur in cystic fibrosis, because
of the high K* concentration (63).

9.2.6. DIALYSIS

Although patients with end-stage renal disease (ESRD) typically retain K* and tend
to be hyperkalemic, hypokalemia can be induced in some patients by maintenance dial-
ysis. Dialysis K* losses can be high in patients on chronic peritoneal dialysis. This
can become clinically important if intake is reduced or if there are concurrent gastroin-
testinal losses (64). A different mechanism may be operative in patients treated with
hemodialysis. In this setting, the metabolic acidosis induced by CKD can result in a rel-
atively normal predialysis plasma K* concentration due to K* movement out of the cells.
Hemodialysis not only removes K* rapidly, but it can also correct the acidemia, leading
to K* entry into cells and a potentially large reduction in the plasma K* concentration.

Plasmapheresis may transiently lower K* concentrations if albumin is used as the
replacement fluid. This problem can be avoided by adding 4 mEq/L of K* to the albumin
solution.

9.3. Symptoms of Hypokalemia

Hypokalemia can cause palpitations, skeletal muscle weakness or cramping, paral-
ysis or paresthesias, constipation, nausea or vomiting, abdominal cramping, polyuria,
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nocturia, or polydipsia, and even psychosis, delirium, hallucinations, or depression.
Life-threatening symptoms are rhabdomyolysis, diaphragmatic paralysis, or cardiac
arrhythmias. The latter complications can run the gamut from bradycardia, tachycar-
dia, premature atrial or ventricular beats, to cardiac arrest. Changes on ECG include
T-wave flattening or inverted T wave, prominent U wave that become more promi-
nent with QT prolongation, ST-segment depression, ventricular arrhythmias, or atrial
arrhythmias (65).

During acute hypokalemia, the ability to appropriately conserve K* by both decreas-
ing distal K* secretion and increasing active distal K* reabsorption is preserved. This
response is important clinically, since it allows measurement of urinary K* excretion to
distinguish between extrarenal and renal losses (66).

The following renal abnormalities, most of which are reversible with K* repletion,
can be induced by hypokalemia (3):

Impaired Urinary Concentration. Nocturia, polyuria, and polydipsia, seen with
chronic hypokalemia at plasma K* levels of <3.0 mEq/L, are due to diminished urinary
concentrating ability. This is secondary to decreased collecting tubule responsiveness to
vasopressin.

Increased Renal Ammonia Production and Net Acid Secretion. Hypokalemia
increases the tubular production of ammonia (NH3) and ammonium (NH4"), which
enter both the tubular lumen and the peritubular capillary. K* then moves out of the
cells to partially replete the extracellular stores, with electroneutrality being maintained
by the entry of H* and Na™ into the cells. The intracellular acidosis stimulates H* secre-
tion and the production of NH3 from glutamine. The increase in acid secretion, both as
free H* ions and as NHy * also promotes net HCO3 reabsorption (67).

Altered Sodium Reabsorption. Mild to moderate hypokalemia can impair the ability
to excrete a Na* load, at least in part by increasing proximal Na* reabsorption (68).
Some patients with severe hypokalemia may present with generalized edema secondary
to this salt-retaining state.

Hypokalemic Nephropathy. Chronic K* depletion produces characteristic vacuolar
lesions in the epithelial cells of the PT and occasionally the distal tubule. This abnormal-
ity requires at least 1 month to develop and is reversible if K* repletion is accomplished.
However, with prolonged hypokalemia, lasting several years, more severe changes,
including interstitial fibrosis, tubular atrophy, and cyst formation that is most prominent
in the renal medulla can be seen. Correction of the hypokalemia can lead to a decrease
in the number and size of cysts, but the tubulointerstitial lesions and associated renal
insufficiency may be irreversible (69).

9.4. Diagnosis of Hypokalemia

Urinary Response. The minimum urine K* concentration that can be achieved is
5-15 mEq/L (38). Values above this level reflect at least a contribution from urinary
K* wasting to the hypokalemia, unless the patient is markedly polyuric. Once urinary
K* excretion is measured, the following diagnostic possibilities should be considered in
the patient with hypokalemia of uncertain origin (3):
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Metabolic acidosis with a low rate of K* excretion is suggestive of lower gastroin-
testinal losses due to diarrhea (70). Metabolic acidosis with K* wasting is most often
due to diabetic ketoacidosis or to type 1 (distal) or type 2 (proximal) RTA. Metabolic
alkalosis with a low rate of K* excretion can be due to vomiting, often seen in bulimia.
Metabolic alkalosis with K* wasting and a low or normal blood pressure is most often
due to vomiting or diuretic use or to Bartter’s/Gitelman’s syndrome. In this setting,
measurement of the urine chloride concentration is often helpful, being low in vomiting
when the excess HCO3 is excreted to maintain electroneutrality. The urine pH usually is
>7.0.

9.5. Treatment

The goals of therapy in hypokalemia are to diagnose and correct the underlying cause,
to prevent life-threatening conditions, and to replete any K* deficit. The urgency of ther-
apy depends on the severity of hypokalemia, associated conditions and settings, and the
rate of decline in serum K*. A rapid drop to <2.5 mEq/L poses a high risk of cardiac
arrhythmias and calls for urgent replacement (7/). Mg>* levels should always be mea-
sured as well to expedite recognition of hypokalemia linked to hypomagnesemia.

Although replacement is usually limited to patients with a true deficit, it should be
considered in patients with hypokalemia due to redistribution (e.g., hypokalemic peri-
odic paralysis) when serious clinical complications such as cardiac arrhythmias are
present or imminent (7/). Overcorrection or rebound hyperkalemia in hypokalemia
caused by redistribution should be avoided because it may lead to fatal hyperkalemic
arrhythmias.

K* replacement is the mainstay of therapy in hypokalemia. However, hypomagne-
semic patients can be refractory to K* replacement alone, such that concomitant Mg?*
replacement is necessary to achieve correction of the serum K* concentration. The
deficit and the rate of correction should be estimated as accurately as possible. The
goal is to rapidly raise the serum K* to a safe range to avoid cardiac complications
and then replace the remaining deficit at a slower rate over days to weeks (40). In the
absence of abnormal K* redistribution, the total deficit correlates with serum K* such
that serum K* drops by approximately 0.27 mEq/L for every 100-mEq reduction in total
body stores (7).

Although the treatment of asymptomatic patients with borderline or low normal
serum K* remains controversial, supplementation is recommended in patients with
serum K* <3 mEq/L (35). In asymptomatic patients with mild-to-moderate hyperten-
sion, an attempt should be made to maintain serum K* >4.0 mEg/L and K* supplemen-
tation should be considered when serum K™ falls <3.5 mEq/L (35).

The easiest and most straightforward method of oral K* supplementation is to
increase dietary intake of K*-rich foods (Table 2). Dietary K* is mainly available in the
form of K* phosphate or K* citrate (7). Salt substitutes are an inexpensive and potent
source of KCI. Each gram contains 10-13 mEq of K* (72). Medicinal K* is available in
many oral forms, and KCl is the one used most frequently. In concurrent metabolic aci-
dosis with hypokalemia, replacing C1~ along with K* is essential in treating the alkalosis
and preventing further kaliuresis.
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Table 2

Short list of common food items with high K* content and low K* content in alphabet-
ical order. (see for more details: http://www.kidney.org). Please note that juices made
of fruits or vegetables with high K* content are also high in K*

Food category High potassium content Low potassium content
Vegetables Artichoke, bamboo shoots, Alfalfa sprout, asparagus,
beans, beets, broccoli, iceberg lettuce, beans
brussel sprouts, carrots, (green), cabbage (red or
Chinese cabbage, lentils, white), celery, corn,
mushrooms, parsnip, potato, cucumber, eggplant, okra,
seaweed, spinach, split peas, onions, parsley, peas (green),
tomato and tomato products, radish, rhubarb, water
squash chestnuts, watercress, yellow
squash, zucchini squash
Fruit Avocado, banana, cantaloupe, Apple, apricot, blackberries,
dried fruit (figs, dates, blueberries, cherries,
prunes), honeydew melon, cranberries, grapes,
kiwi, mango, nectarine, grapefruit, mandarin, peach,
orange, papaya, pear, pineapple, plum,
pomegranate, prune, raisins raspberries, strawberries,
tangerine, watermelon
Meats/Fish Beef, chicken, lamb, pork, Eggs
veal; Tuna in water
Cod, halibut
Others Bran and bran products, Bread and bread products

chocolate, granola, milk,
molasses, nuts, peanut butter,
salt-free broth, salt
substitutes, seeds, wheat
germ, yogurt

except whole grain, cake
(angel), coffee, cookies
without nuts or chocolates,
noodles, pasta, pies (without
chocolate or high-K* fruits),
rice, tea

The usual K* dose is 1-4 mEq/kg/day, divided in 2—4 doses. This dose is effective

in maintaining serum K* in up to 90% of cases (73). In addition to K* supplemen-
tation, strategies to minimize K* losses should be considered. These measures may
include minimizing the dose of non-K*-sparing diuretics, restricting Na* intake, and
using a combination of non-K*-sparing and K*-sparing medications, e.g., angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers, K*-sparing diuretics, and
B-blockers. The use of a K*-sparing diuretic is of particular importance in hypokalemia
resulting from primary hyperaldosteronism and related disorders, such as Liddle’s
syndrome (74). K* supplementation alone may be ineffective in these settings. In
patients with hypokalemia due to loss through upper gastrointestinal secretion (con-
tinuous nasogastric tube suction, continuous or self-induced vomiting), proton-pump
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inhibitors are reportedly useful in helping to correct the metabolic alkalosis and reduce
hypokalemia.

Parenteral (IV) K™ administration should be limited to patients unable to utilize the
enteral route or when the patient is experiencing associated signs and symptoms. The
usual IV dose is 2040 mEq of KCI/L. The rate is 0.5 mEqg/kg/h over 1-2 h with ECG
monitoring. As a general rule and to avoid venous pain, irritation, and sclerosis, concen-
trations of >40 mEq/L should not be given through a peripheral vein (77). Exceptions are
feasible in patients with central lines and who are hospitalized in intensive care settings.

9.6. Hypokalemia Case Scenario

A 5-year-old boy presents to the pediatric emergency department complaining of
pain in his legs. The mother states that over the past few days, the boy had a low-grade
fever and occasional loose stools, but no vomiting. The boy is the product of a full-term
uncomplicated pregnancy. His development has been unremarkable except for toilet
training being achieved one year later than his older siblings. The mother also states that
he likes to drink water and that he produces large amounts of urine. He also frequently
craves salty foods. The boy is afebrile and has no dysmorphic features. The blood pres-
sure is 85/53 mmHg and the pulse is 92 bpm. On examination of the lower extremities,
both calf muscles are tense, but not hypertrophied. He denies perioral tingling. Labo-
ratory tests reveal K* 2.5 mEq/L, bicarbonate 29 mEq/L and Mg”* 1.0 mEq/L, with
normal serum creatinine, calcium, and phosphorus levels. A urinalysis is negative for
blood and protein with a specific gravity of 1.005. A spot urine calcium to creatinine
ratio is 0.01 (normal range in this age group: 0.1-0.28).

Polyuria and polydipsia, as well as hypokalemia, metabolic alkalosis, hypomagne-
semia, and hypocalciuria suggest Gitelman’s syndrome. The patients do not have an
intrinsic urinary concentrating defect, but due to renal salt wasting, they have concomi-
tant water loss. These patients have renal K* and Mg?* wasting due to a genetic mutation
in a Na*—CI~ co-transporter in the distal tubule, resulting in a clinical picture similar to
administration of hydrochlorothiazide. Intercurrent illnesses leading to increased loss of
gastrointestinal secretions worsens the hypomagnesemia and hypokalemia and can pro-
voke symptoms in otherwise well children. The finding of hypocalciuria distinguishes
Gitelman’s patients from those with Bartter’s syndrome, who have marked hypercalci-
uria and nephrocalcinosis. The age of presentation for this boy is also typical of Gitel-
man’s syndrome as opposed to patients with Bartter’s syndrome who may present as
early as in utero.

10. HYPERKALEMIC DISORDERS

Hyperkalemia is extremely rare in normal individuals, because cellular and renal
adaptive mechanisms do not permit significant elevations of serum K* levels. Gradual
increase in K* intake leads to so-called K* adaptation. This mechanism leads to more
rapid elimination of K* in the urine and enhanced extrarenal disposal of K* (3).
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10.1. Definition and Pathophysiology

Hyperkalemia is usually defined as a K* level of 5.5 mEq/L or higher (75). Hyper-
kalemia has been reported in 1-10% of all hospitalized patients, with ~1% of patients
having significant hyperkalemia (>6.0 mEq/L) (75). Hyperkalemia is associated with
a higher mortality rate (14—41%). In most hospitalized patients, the pathophysiology
of hyperkalemia is multifactorial, with reduced renal function and medications being
the most common contributing factors (75). In patients with ESRD, the prevalence of
hyperkalemia is 5-10% (76). Hyperkalemia is a significant factor in 2-5% of deaths
among patients with ESRD and it is the reason for emergency hemodialysis in 24% of
patients with ESRD. CKD is the most common cause of hyperkalemia diagnosed in the
emergency room (76).

10.2. Consequences of Hyperkalemia
10.2.1. EXCITABLE TISSUES: MUSCLE AND HEART

Hyperkalemia constitutes a medical emergency, primarily due to its effect on the
heart.

Cardiac Conduction Abnormality. Hyperkalemia has no premonitory clinical man-
ifestations. Classically, a tall peaked T wave with shortened QT interval is the first
change seen on the ECG in a patient with hyperkalemia. This is followed by progressive
lengthening of the PR interval and QRS duration. The P wave may disappear, and ulti-
mately the QRS widens further to a “sine wave.” Ventricular standstill with a flat line on
the ECG ensues. Ventricular fibrillation or standstill are the most severe consequences.
There is large variability in the actual K* level leading to progression of ECG changes
with worsening hyperkalemia. The severity of the electrophysiological abnormalities
may be related to the presence or absence of concomitant hypocalcemia, acidemia, or
hyponatremia (77). Thus, measuring serum electrolytes and pH and monitoring of the
ECG are essential (3).

Hyperkalemia potentiates the blocking effect of lidocaine on the cardiac Na* channel,
such that use of this agent may precipitate asystole or ventricular fibrillation in this
setting.

Severe Muscle Weakness Or Paralysis. Muscle weakness usually begins with the
lower extremities and progresses to the trunk and upper extremities. If severe, it can
progress to flaccid paralysis and can mimic Guillain—Barré syndrome (78). It is rare
to have respiratory muscle weakness, and patients usually have normal cranial nerve
examination. Weakness resolves with correction of the hyperkalemia.

10.2.2. RENAL CONSEQUENCES

Hyperkalemia has a significant effect on the ability to excrete an acidic urine, due
to interference with the urinary excretion of ammonium (NH4*). The NH4* produced
by the PT in response to acidosis is reabsorbed across the TALH, concentrated in the
medullary interstitium, and secreted in the collecting duct. Hyperkalemia inhibits renal
acid excretion by competing with NH4* for reabsorption by the TALH. This may be a
major factor in the acidosis associated with various defects in K* excretion (79).
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10.3. Diagnosis

There are very few symptoms or signs of hyperkalemia and they generally occur
at plasma K* concentration >7.0 mEq/L, unless the rise in K* concentration is very
rapid (3).

The differential diagnosis of persistent hyperkalemia consists of those disorders in
which urinary K* excretion is impaired. The most common causes of this problem are
advanced CKD and marked effective volume depletion.

In addition to measurement of plasma renin and aldosterone levels, calculation of
the TTKG can help in the diagnosis of the cause of hyperkalemia (3). Hyperkalemic
patients, in whom all of these tests are normal and in whom renal function is not
markedly impaired, probably have a selective K* secretory defect or the hyperkalemic
form of type 1 renal tubular acidosis (3).

10.4. Causes of Hyperkalemia
10.4.1. REDISTRIBUTION OF POTASSIUM

10.4.1.1. Common Causes. Pseudohyperkalemia: Factitious or pseudohyper-
kalemia is an artifactual increase in serum K* due to the release of K* during or after
venipuncture.

There are also hereditary forms of pseudohyperkalemia, caused by increase in passive
K* permeability of erythrocytes (80).

Tissue Necrosis: Tissue necrosis is an important cause of hyperkalemia, which com-
monly occurs with thabdomyolysis, due to the large store of K* in muscle. In many
cases, volume depletion, medications (statins in particular), and metabolic predisposi-
tion contribute to the genesis of rhabdomyolysis (817).

10.4.1.2. Uncommon Causes. Tumor Lysis Syndrome. Massive release of K* and
other intracellular contents may occur as a result of acute tumor lysis (82). This is a
well-known side-effect of chemotherapy and preventive measures such as aggressive
parenteral hydration have reduced the incidence of this entity.

Hypertonicity of Serum. Increases in serum K* due to hypertonic mannitol or hyper-
tonic saline are due to a “solvent drag” effect, as water moves out of cells in response
to the osmotic gradient (3). The use of hypertonic IV contrast dye in patients with CKD
may also lead to considerable increases in serum K* (83).

10.4.1.3. Rare Causes. Bufadienolide Intoxication. The skin and venom gland of
the cane toad Bufo marinus contains high concentrations of bufadienolide, a glycoside
similar to digoxin. The direct ingestion of such toads or of toad extracts can result in fatal
hyperkalemia (84). Certain herbal aphrodisiac pills contain appreciable amounts of toad
venom. Treatment with digoxin-specific Fab fragment may be effective and life-saving
in bufadienolide toxicity.

Fluoride. Fluoride ions inhibit Na*—K*-ATPase, such that fluoride poisoning is typi-
cally associated with hyperkalemia.

Succinylcholine. Succinylcholine depolarizes muscle cells, resulting in the efflux
of K* and a rapid, but transient hyperkalemia. The use of this agent is contraindi-
cated in patients who have sustained thermal trauma, neuromuscular injury, or muscular
dystrophy, disuse atrophy, or prolonged immobilization in an ICU setting, because the
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efflux of K* is enhanced in these patients and can result in significant hyperkalemia
(85).

10.4.2. INCREASED POTASSIUM INTAKE

Increased intake of K* be it iatrogenic or due to intake of dietary sources rich in K*,
may provoke hyperkalemia in patients in CKD. However, there are situations, in which
patients with normal renal function may be at risk for hyperkalemia as well.

10.4.2.1. Common Causes. Transfusions. Red blood cell transfusions are a well-
described cause of hyperkalemia in children (86). Risk factors for transfusion-related
hyperkalemia include rate and volume of the transfusion, the use of a central venous
infusion and/or pressure pumping, the use of irradiated blood, and the age of the blood
infused.

10.4.2.2. Uncommon Causes. KCI Supplementation. Sustained-release KCl tablets
can cause hyperkalemia in suicidal overdoses. Such pills are radio-opaque, and may be
seen on radiographs. Whole bowel irrigation is indicated for gastrointestinal decontam-
ination (87).

10.4.2.3. Rare Causes. Sports Beverages. Marked intake of K*, for example in
sports beverages, may provoke severe hyperkalemia in individuals free of predisposing
factors (88).

Hidden Sources. Occult sources of K* must also be considered, including alternative
medicines and alternative diets (89).

Pica. Geophagia with ingestion of K*-rich clay, and cautopyreiophagia (ingestion of
burnt matchsticks), are two forms of pica that have been reported to cause hyperkalemia
in dialysis patients (90).

10.4.3. REDUCED RENAL POTASSIUM EXCRETION

10.4.3.1. Common Causes. Nonsteroidal Antiinflammatory Drugs (NSAIDs). PGs
produced in the kidney partially mediate renin secretion. NSAIDs lower renal renin
secretion and consequently increase serum K* levels (97). Hyperkalemia is a well-
recognized complication of NSAIDs. NSAIDs also cause hyperkalemia by decreasing
GFR and increasing Na* retention. The flow-activated apical BK/maxi-K channel is also
activated by PGs; hence NSAIDs will reduce its activity and the flow-dependent compo-
nent of K* excretion (92). They also blunt the adrenal response to hyperkalemia, which
is at least partially dependent on PGs.

ACE-Inhibitors (ACEIs). ACEIls diminish aldosterone release (93) Thus, an ACEI
may decrease both ATII- and K*-mediated aldosterone release (93). Renin is increased
with ACEIs. ACEIs usually raise the plasma K* concentration by less than 0.5 mEq/L in
patients with relatively normal renal and cardiac function. ARBs appear to have a lesser
effect on plasma K* in patients with renal insufficiency. The patients at risk for the
development of hyperkalemia in response to drugs that target the RAAS axis, singly or
in combination therapy, are those in whom the ability of kidneys to excrete the potassium
load is markedly diminished due to one or a combination of the following: (1) decreased
delivery of Na* to the cortical collecting duct, (2) decreased circulating aldosterone,
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(3) inhibition of amiloride-sensitive Na* channels in the CNT and CCD, (4) chronic
tubulointerstitial disease, and (5) increased K* intake.

Potassium-sparing Diuretics. K*-sparing diuretics are probably the most common
cause of hyperkalemia related to aldosterone deficiency. These drugs antagonize the
action of aldosterone on the collecting tubule cells. Spironolactone competes for the
aldosterone receptor and amiloride and triamterene act to close the Na* channels in
the luminal membrane (9). Inhibition of apical ENaC activity in the distal nephron by
amiloride and other K*-sparing diuretics predictably results in hyperkalemia.

Trimethoprim (TMP) and Pentamidine. TMP and pentamidine can cause hyper-
kalemia by closing Na* channels (ENaC) due to their structural similarity with amiloride
(94). TMP-induced hyperkalemia is dose-dependent. Originally, this complication was
seen primarily when very high doses were used in patients with pneumocystis pneumo-
nia in the setting of AIDS. However, TMP can raise serum K" levels at conventional
doses as well (94). The peak effect is after 4-5 days of therapy. Patients with mild CKD
may be at risk for more severe hyperkalemia.

Heparin. Aldosterone synthesis is selectively reduced by heparin, with a 7% inci-
dence of hyperkalemia associated with heparin therapy (95). Heparin has a direct toxic
effect on the adrenal zona glomerulosa cells (3). Heparin reduces the adrenal aldos-
terone response to both ATII and hyperkalemia, resulting in hyperreninemic hyperal-
dosteronism (Table 3). Both unfractionated and low-molecular weight heparin can cause
hyperkalemia (95). Even low-dose heparin can lead to a substantial reduction in plasma
aldosterone levels.

Table 3
Aldosterone and renin levels in various hyperkalemic states
Entity Aldosterone Renin
Pseudohyperkalemia Normal Normal
High K intake Normal or slightly elevated =~ Normal or low
Congenital adrenal hyperplasia Low High
Pseudohypoaldosteronism Type I~ High Low
Pseudohypoaldosteronism Low Low
Type II (Gordon’s syndrome)
Hypoaldosteronism Low High
Hyporeninemic Low Low
hypoaldosteronism
NSAIDs Low Low
ACE-inhibitors Low High
Cyclosporine, Tacrolimus Low Low
Primary adrenal insufficiency Low High
Potassium-sparing diuretics Low High
Heparin High High

Severe illness Low Low
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Cacineurin Inhibitors. Cyclosporine A (CsA) and tacrolimus cause hyperkalemia.
CsA leads to hyperkalemia in 15-25% of renal transplant recipients, due in part
to diminished secretion of, as well as responsiveness to, aldosterone (96). The risk
of sustained hyperkalemia may be higher in renal transplant patients on tacrolimus
than in those on CsA. CsA causes hyporeninemic hypoaldosteronism and inhibits the
SK/ROMK channel in the CCD in addition to the basolateral Na*—K*—APTase (96).
CsA causes redistribution of K* and hyperkalemia, particularly when used in combina-
tion with p-blockers.

10.4.3.2. Uncommon Causes. Congenital Adrenal Hyperplasia (CAH). Hypoal-
dosteronism can result from a deficiency of enzymes required for aldosterone synthesis,
which may or may not be associated with concurrent abnormalities in cortisol and andro-
gen production. The clinical presentation is typical of aldosterone deficiency: affected
infants have recurrent dehydration, salt wasting, and failure to thrive. The usual defect
in this disorder is in the activity of the terminal enzyme in the aldosterone biosynthetic
pathway, aldosterone synthase (97). Children have low serum aldosterone concentration,
normal cortisol concentration, and a high plasma renin activity (PRA). The diagnosis is
usually made based on the newborn screen, but genetic testing is now available.

10.4.3.3. Rare Causes. Pseudohypoaldosteronism (PHA) Type I. PHA type | is a
rare hereditary disorder, which is associated with a decreased response to aldosterone
effects, leading to hyperkalemia and metabolic acidosis. Two different modes of inher-
itance have been described (98). The milder autosomal dominant form is due, at least
in some patients, to mineralocorticoid receptor mutations. This form may improve with
age. Loss-of-function mutations in the ENaC Na* channel cause the autosomal reces-
sive variant of type I PHA, which is more severe and affects aldosterone action in many
organs, including sweat glands, salivary glands, the respiratory tract, the gut, and the
kidney. Hyperkalemia persists after birth and is always associated with metabolic acido-
sis. The affected individuals present in infancy with Na* wasting, hypovolemia, and
hyperkalemia. Plasma aldosterone levels are markedly elevated (99). Impairment of
extrarenal Nat channel activity often leads to frequent lower respiratory tract infec-
tions and, together with increases in sweat NaCl concentrations, may result in a clinical
picture mimicking cystic fibrosis (98).

Initial therapy of PHA type I consists of a high salt diet, which prevents volume deple-
tion and, by enhancing Na* delivery to the K* secretory site in the collecting tubules,
increases K* excretion and lowers the plasma K* concentration. Most patients require
use of K* binding resins. High dose fludrocortisone can be added if a high salt intake is
ineffective or not well tolerated (100).

PHA Type II. PHA type Il is also rare and is known as Gordon’s syndrome. It has been
described in patients who present with hypertension, hyperkalemia, metabolic acidosis,
hypercalciuria, and low bone density, but normal renal function, and low or low-normal
PRA and aldosterone concentrations, making it in many respects the mirror image of
Gitelman’s syndrome (98). The defect is transmitted as an autosomal dominant trait.
PHA type II behaves like a gain-of-function in the thiazide-sensitive Na*—CI~ cotrans-
porter NCC, and treatment with thiazides results in resolution of the entire clinical
picture (101).
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Hypoaldosteronism. Aldosterone release from the adrenal most often is reduced due
to autoimmune diseases, infections, or medications. Primary hypoaldosteronism may be
genetic or acquired (102).

Infection with the human immunodeficiency virus (HIV) is the most important infec-
tious cause of adrenal insufficiency. The most common cause of adrenalitis in HIV
disease is cytomegalovirus or mycobacterium avium intracellulare (/03). Although the
adrenal involvement in HIV is usually subclinical, adrenal insufficiency may be precip-
itated by stress or drugs such as ketoconazole that inhibit steroidogenesis. Administra-
tion of pentamidine, heparin, or trimethoprim—sulfamethoxazole may also contribute to
hyperkalemia in HIV-infected patients.

Patients with adrenal insufficiency should receive replacement therapy with fludro-
cortisone and hydrocortisone or prednisone as clinically indicated.

Severe Illness. Hypoaldosteronism due to decreased adrenal production can occur in
critically ill patients. Volume expansion may play a contributory role in some patients.

Distal Renal Tubular Acidosis (RTA). Unlike hyporeninemic hypoaldosteronism,
hyperkalemic distal RTA is associated with a normal or increased aldosterone level
and/or PRA. Urine pH in these patients is >5.5 and they are unable to increase acid
or K* excretion. The development of overt hyperkalemia is most common in patients
with other risk factors that further impair the efficiency of K* excretion, such as renal
insufficiency, reduced renal perfusion, or the administration of drugs that interfere with
K* handling such as ACEIs, ARBs, or renin inhibitors. The hyperkalemia is associated
with a mild metabolic acidosis with a normal anion gap (i.e., hyperchloremic acidosis)
unless there is concurrent renal insufficiency. Classic causes include SLE and sickle cell
anemia (/04).

Hyporeninemic Hypoaldosteronism. The syndrome of hyporeninemic hypoaldostero-
nism is characterized by decreased angiotensin II production and an intraadrenal defect,
both of which contribute to the decline in aldosterone secretion (3). This disorder is most
common in children with volume expansion due to acute glomerulonephritis (GN), such
as postinfectious GN or in SLE, and is also seen in diabetes mellitus, and renal insuf-
ficiency (105). The hyperkalemia responds to mineralocorticoid replacement. Recovery
of renal function within 1-2 weeks is associated with restoration of normal K* balance
(105). About 50% of patients have an associated acidosis, with a reduced renal excretion
of NH4, a positive urinary anion gap, and urine pH <5.5. Many patients will respond to
either NaCl restriction or furosemide with an increase in PRA meaning that renin is
secondarily rather than pathologically suppressed (106).

10.4.3.4. Other Causes. Prematurity. Non-oliguric hyperkalemia is a common and
potentially life-threatening complication in preterm neonates in the intensive care set-
ting. Hyperkalemia affects up to 50% of very low birth weight (<1000 g) prema-
ture infants (/07). It often causes cardiac arrhythmias and can lead to periventricular
leukomalacia and death. This hyperkalemia has been shown to be unrelated to leak-
age of intracellular K* following cell membrane disruption associated with bruising,
intracranial hemorrhage, hemolysis, perinatal asphyxia, or acidosis (/07). It is defined
as a serum K* concentration of >6.5 mEq/L resulting in shifting of K* from the
intracellular to the extracellular compartment (/08). The higher cut-off used to define
hyperkalemia in premature babies is due to the higher baseline K* levels in these babies.
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The immature kidney, the relative resistance to aldosterone, and the need to preserve
K* for cellular growth result in serum K* levels of up to 5.8 mEq/L to still be con-
sidered normal. Non-oliguric hyperkalemia is transient, because gradually the activity
of the Na*—K*-ATPase increases in all body cells. Administration of steroids prena-
tally can prevent nonoliguric hyperkalemia by upregulating the enzyme activity in the
fetus (109).

Insulin and dextrose have been successfully used to lower serum K* levels. Treatment
with ion exchange resins can have a mortality rate of up to 80%, due to complications
including impaction and/or rectal perforation (/70).

10.5. Treatment of Hyperkalemia

The first priority in the management of hyperkalemia is to assess the need for emer-
gency treatment based on ECG changes and K* >6.0 mEq/L. This should be followed by
a comprehensive workup to determine the cause. Initial laboratory tests should include
electrolytes, BUN, creatinine, serum osmolality, Mg2+, and Ca*, a complete blood
count, and urinary pH, osmolality, creatinine, and electrolytes. Careful monitoring of
the ECG and muscle strength is indicated to assess the functional consequences of the
hyperkalemia. Patients with a value <6 mEg/L can often be treated with a low K* diet
and diuretics. Any extra source of K* intake should be eliminated and any potentiating
drugs should be discontinued. An asymptomatic patient with a plasma K* concentration
of 6.5 mEq/L whose ECG does not manifest signs of hyperkalemia can be treated with a
cation exchange resin alone. At a plasma K* > 7.0 mEq/L, severe muscle weakness, or
marked ECG changes are potentially life threatening and require immediate treatment.
If these complications are noted, urgent treatment is warranted, regardless of the degree
of hyperkalemia (/11).

Treatment of hyperkalemia is threefold: (1) antagonizing the membrane effects of
K*, (2) driving extracellular K* into the cell, and (3) removing excess K* from the
body (3).

10.5.1. ANTAGONISM OF MEMBRANE EFFECTS OF POTASSIUM

Calcium. Ca®* directly antagonizes the membrane actions of hyperkalemia. It antag-
onizes the depolarizing membrane effect of hyperkalemia (//2). The protective effect
of Ca®* begins within minutes, but is relatively short-lived. Therefore, Ca’* infu-
sions are indicated for severe hyperkalemia like widening of the QRS complex or
loss of P waves, but not peaked T waves alone. Such ECG changes indicate that it is
potentially dangerous to wait the 30—60 min needed for more long-lasting measures
to lower K* to start acting. Ca’* can be given as either Ca’*-gluconate or CaCl,.
CaCl, contains three times the concentration of elemental Ca’* compared to Ca>*-
gluconate. Ca>* gluconate is infused slowly over 2—-3 min, with constant cardiac moni-
toring. The dose of either formulation can be repeated after 5 min if the ECG changes
persist.
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10.5.2. SHIFT OF POTASSIUM TO INTRACELLULAR SPACE

Insulin and Glucose. Insulin and glucose lower the plasma K* concentration by driv-
ing K* into the cells. Effective therapy usually leads to a 0.5-1.5 mEq/L fall in the
plasma K* concentration, an effect that begins in 15 min, peaks at 60 min, and wears off
by 1-3 h (8).

NaHCOj3. The use of NaHCOs is controversial in the management of hyperkalemia.
The only setting, in which the authors make use of this measure, is in patients who
have advanced CKD with severe hyperkalemia and acidosis. However, NaHCO3 has
generally produced little acute reduction in the plasma K* concentration and may even
delay life-saving interventions (8). Controlled studies are required to show a beneficial
role for NaHCO3 in the management of hyperkalemia. Until then, the authors do not
recommend its use in this setting.

B2-Adrenergic Agonists. Br-agonists like epinephrine drive K* into the cells by
increasing Na—K*-ATPase activity. These drugs can be effectively used in the acute
treatment of hyperkalemia, lowering the plasma K* concentration by 0.5-1.5 mEq/L.
The peak effect is seen within 30 min with IV infusion, and at 90 min with
nebulization (113).

10.5.3. REMOVAL OF EXCESS POTASSIUM

The above modalities only transiently lower the plasma K* concentration. Therapy
is required to remove K* from the body. This can be achieved in normal subjects with
loop or thiazide diuretics.

Loop or Thiazide Diuretics. Diuretics have a relatively modest effect on urinary K*
excretion in patients with CKD, particularly in an acute setting. However, these medica-
tions are useful in correcting hyperkalemia in patients with the syndrome of hyporenine-
mic hypoaldosteronism, and selective renal K* secretory problems that occur after trans-
plantation or administration of TMP (114).

In patients with impaired renal function, use of the following agents is recommended:
(1) oral diuretics with the highest bioavailability (e.g., torsemide) and the least renal
metabolism (e.g., torsemide, bumetanide) in order to minimize the chance of accumula-
tion and toxicity, (2) IV agents (short-term treatment) with the least hepatic metabolism
(e.g., furosemide rather than bumetanide), (3) combinations of loop and thiazide-like
diuretics for better efficacy, and (4) use of the maximal effective dose (174).

Cation Exchange Resin. The major available cation exchange resin is sodium
polystyrene sulfonate (SPS). In the gut, this resin takes up K* and releases Na*. Each
gram of resin may bind as much as 1 mEq of K* and releases 1-2 mEq of Na*. Thus, a
potential side effect is exacerbation of edema due to Na* retention. The discrepancy is
caused in part by the binding of small amounts of other cations (Ca** and Mg?*) (115).
Studies demonstrating efficacy with SPS have documented a K*-lowering effect after
multiple doses were given over 1-5 days. In patients with advanced CKD, use of SPS
in sorbitol is reasonable as a temporizing maneuver during preparation of the patient for
hemodialysis. Ischemic colitis and colonic necrosis are the most serious complications
of SPS (116). Although data are limited, SPS in sorbitol should not be used in patients
in a perioperative setting. SPS can be given either orally or as a retention enema (needs
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to stay 30—60 min, preferably 2—4 h). The oral dose is usually 1 g/kg/dose. The dose can
be repeated every 4—6 h as necessary. SPS is generally well tolerated and can be given
one to three times per day to control chronic mild hyperkalemia in patients with renal
insufficiency. Its effect on K* is slow, and the full effect may take between 4 and 24 h
(3). Thus it should be used only in conjunction with other measures in the management
of acute hyperkalemia.

Dialysis. Dialysis can be used if the conservative measures are ineffective, if the
hyperkalemia is severe, or if the patient has marked tissue breakdown and is releas-
ing large amounts of K* from the injured cells (3). All modes of acute renal replace-
ment therapies are effective in removing K*. Continuous hemodiafiltration is increas-
ingly used in the management of critically ill and hemodynamically unstable patients.
Hemodialysis is the preferred mode when rapid correction of a hyperkalemic episode is
desired. In most patients, the greatest decline in serum K* and the largest amount of K*
removed occur during the first hour; the serum K* usually reaches its nadir at about 3 h.
The amount of K* removed depends primarily on the type and surface area of the dia-
lyzer used, blood flow rate, dialysate flow rate, dialysis duration, and serum to dialysate
K* gradient. The acute induction of hypokalemia can cause potentially life-threatening
arrhythmias (117).

10.5.4. PREVENTION OF HYPERKALEMIA

Most patients with persistent hyperkalemia have advanced CKD. There are several
measures that can help prevent hyperkalemia in patients with CKD. These include (1)
use of a low K* diet and (2) avoiding the use of drugs that raise the plasma K* concen-
tration such as ACEIs or ARBs and nonselective f-blockers (718). f1-selective blockers
are much less likely to cause hyperkalemia.

10.6. Hyperkalemia Case Scenario

A 1-week-old boy is brought in to the pediatrician’s office with a 2-day history of
inconsolable crying and irritability. The mother states that he is being breast fed, but
that she has to supplement the feeds with formula, because he seems to be very hungry,
and most of the feeds are followed by non-projectile vomiting. The mother has one older
boy who is healthy and she says that compared to the sibling, the boy is producing signif-
icantly more wet diapers. The boy was born full-term and his birth weight was 3.3 kg. In
the office, he weighs 2.8 kg and the physical exam is notable for dry mucus membranes.
The blood pressure cannot be obtained, because of the baby’s constant movements and
shrill crying. He is making tears as he cries and he has no facial dysmorphism. The
remainder of the physical exam is remarkable for loss of subcutaneous fat. There is no
organomegaly or rash. A CBC is normal; Na* 123, K* 7.8 mEq/L, and there is metabolic
acidosis with a bicarbonate level of 15 mEqg/L on a venous blood gas. Analysis of the
newborn screen is consistent with congenital adrenal hyperplasia (CAH). Genetic testing
confirms a mutation in the gene encoding CYP21. All symptoms resolve once supple-
mentation with NaCl, fludrocortisone, and hydrocortisone are initiated. On a follow-up
visit 2 weeks later the baby weighs 3.2 kg and sleeps peacefully throughout the office
Visit.



98 Part I / Disorders of Water, Sodium and Potassium Homeostasis

This baby presented with the classic salt-wasting form of CAH. The onset of symp-
toms occurs typically in the first week of life, when the baby presents with vomiting
and progressive weight loss. Renal salt wasting leads to increased urine volume and
worsening dehydration. Aldosterone levels are low in these patients, leading to hyper-
kalemia. Typically, renin levels are elevated. Supplementation with salt and hormones
leads to immediate improvement of the clinical picture and allows the child to thrive
normally. However, special care has to be given to these children with intercurrent ill-
nesses because they may require hospitalization and intravenous substitution of salt and
hormones, if they do not tolerate oral intake.
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4 Disorders of Calcium Metabolism

Charles P McKay

Key Points

1. Three organ systems are involved in the transport of calcium into the extracellular fluid: gastroin-
testinal, renal, and bone.

2. Two interdependent endocrine systems are responsible for the control of the concentration of
extracellular calcium: parathyroid and vitamin D axis.

3. For disorders of extracellular calcium concentrations in complicated patients, measure ionized
calcium rather than relying on “corrected” calcium measurements.

4. 25(OH)vitamin D and not 1,25(OH);vitamin D concentration is the best measure of vitamin D
deficiency.

5. In refractory hypocalcemia, especially in infants, hypomagnesemia should be considered as a
possible cause.

6. Hypercalcemia generally results from increased absorption from the gastrointestinal tract,
decreased excretion by the kidneys, or an imbalance of bone mineralization and resorption.

7. In contrast to adults where primary hyperparathyroidism and hypercalcemia of malignancy
account for the vast majority of cases of hypercalcemia, these conditions are relatively rare in
childhood.

Key Words: Calcium; hypercalcemia; hypocalcemia; parathyroid hormone; bisphosphonates;
vitamin D

1. INTRODUCTION

Calcium plays several very diverse roles in the body. In the skeleton where 99% of
the calcium lies, calcium crystals provides structural integrity, in the extracellular fluid
ionized calcium modulates enzymatic processes and acts as an important intracellular
second messenger. To provide these functions, its concentration in the extracellular and
intracellular fluids must be tightly regulated and calcium balance must be maintained
to assure skeletal integrity. Calcium balance is achieved by transport across three organ
systems: the intestine, the kidney, and bone. Two hormones are primarily responsible
for regulation of the control of the calcium fluxes across the membranes of these organs:
parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D (1,25(OH),D).
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2. DISTRIBUTION OF CALCIUM IN THE BODY

The total amount of calcium in the body increases from 30 g at birth to about 1300 g
in adulthood (7). It is the most abundant electrolyte in the body but 99% is in the
mineral phase of bone where the majority exists in crystalline form as hydroxyapatite
[Cajo(PO4)6(OH),]. The other 1% is in the teeth, soft tissues and extracellular space.
It is the 1 g of calcium in the plasma and extravascular space that is responsible for the
control of multiple biologic systems and is regulated by PTH and vitamin D (2, 3).

2.1. Serum Calcium

Normal serum calcium concentrations range from 9.0 to 10.5 mg/dL, although nor-
mal values vary by age and from laboratory to laboratory (4, 5). About 50% of the
total calcium exists in the ionized form (Ca>*), 40% is bound to protein, and 10% com-
plexed with phosphate, citrate, bicarbonate, and lactate. The ionized and complexed
fractions together make up the ultrafilterable calcium, which can cross membranes such
as the glomerular basement membrane. lonized calcium is the physiologically important
moiety. It can freely exchangeable across membranes, is responsible for regulation of
cellular processes, and is highly regulated by PTH and vitamin D.

The percentage of Ca2* can be altered by a number of factors including the concen-
tration of albumin, the complexing anions, and blood pH. The most important variation
in the fraction of ionized calcium occurs with changes in the concentration of albumin,
which accounts for 75-90% of the protein bound calcium. Protein bound calcium acts
as a rapidly available reserve pool during periods of rapid change in total calcium. Each
gram of albumin binds approximately 0.8 mg of calcium. In hypoproteinemic states such
as nephrotic syndrome, total calcium may be low but the concentration of Ca®* remains
in the normal range. Since calcium binding to albumin is pH dependent, changes in
serum pH will affect the concentration of ionized calcium without altering the level of
total calcium. During alkalosis, binding to albumin increases so the concentration of
ionized calcium can drop resulting in physiologic changes such as tetany while mea-
surements of total calcium remain in the normal range. The levels of the complexing
anions are less commonly associated with physiologically important changes in the ion-
ized calcium but there are rare circumstances such as with “citrate lock” where very high
levels of citrate are associated with high total serum calcium but low ionized calcium. In
general changes in total calcium are equally distributed across all three fractions. Since
only about 10-15% of the albumin binding sites for calcium are occupied, albumin has
the capacity to bind extra calcium in hypercalcemic states.

2.2. Distribution Across Cellular Membranes

In contrast to extracellular fluids where Ca2* is 103 M, the concentration of cytosolic
calcium is 107 M (2). The level of Ca?* is maintained by a series of pumps and trans-
porters that extrude calcium from the cell, intracellular organelles which sequester cal-
cium and by the binding of calcium to organic and inorganic compounds in the cytosol.
The two major mechanisms responsible for the transport across the cell membrane or
into the organelles are the Na*—Ca”* exchanger (NCX) and Ca’*-ATPase (PMCA).
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These cellular processes must protect the level of intracellular Ca%* despite a 1000-
fold gradient of calcium across the plasma membrane and a 50-mV electrical gradient
that also favors entry of calcium into the cell. The mitochondria and the endoplasmic
reticulum can also sequester calcium. There is a Ca-uniporter in mitochondria that can
trap calcium in the form of amorphous tricalcium phosphate and help maintain cytosolic
Ca”*. Without proper functioning of these processes, toxic levels of calcium would enter
the cell and lead to cell death. Inside the cell, calcium also performs important intracel-
lular signaling function by the opening of Ca’* channels by the second messenger IP3.

2.3. Calcium Distribution During Neonatal Period

The fetus accumulates 120-150 mg of calcium per kilogram body weight from across
the placenta during the third trimester resulting in approximately a whole body calcium
content of 30 g in the normal full term infant (/, 6). The concentration of serum total
and ionized calcium falls after birth. The normal total calcium in cord blood from term
infants starts above 10 mg/dL and falls to a nadir at 24 h whereas in preterm infants
the concentration starts slightly lower but falls to a much lower nadir at 48 h of life and
may not return to the baseline concentration until the 5th day of life (Table 1). A rise
in the concentration of phosphorus and bicarbonate also may cause a physiologically
significant fall in ionized calcium as the proportion of complexed calcium increases.

Table 1
Mean Serum Calcium Concentrations (mg/dL) in Term
and Preterm Infants Over First 5 Days of Life

Age Term Preterm
Birth (Cord Blood) 10.2 8.96
Day 1 9.0 7.76
Day 2 9.56 7.4
Day 5 9.84 8.88

3. HOMEOSTASIS

After birth, calcium enters the body from absorption of dietary calcium in the intes-
tine (7). The calcium can be excreted by the kidneys through the processes of filtration
and reabsorption or it can enter the skeleton, which is the largest repository of calcium.
Calcium fluxes in and out of bone through the processes of bone mineralization and
bone resorption but there is also a significant rapidly exchangeable calcium pool. Dur-
ing development, the body must protect the concentration of calcium in the serum and
extracellular fluid while maintaining sufficient calcium intestinal absorption and reten-
tion by the kidneys to allow skeletal growth. The body must adjust for variability of
dietary calcium and factors that affect renal calcium handling. The adaptations to these
challenges are mediated largely by PTH and 1,25(OH),D although there is also a role
for growth hormone and the sex steroids.
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3.1. Systemic Transport of Calcium
3.1.1. INTESTINE

The intestine is the only organ system by which calcium enters the body (7). The net
amount of calcium absorbed normally equals the amount deposited in bone and lost in
the urine and sweat. The net absorption of calcium is approximately 30% of the normal
dietary intake with variation from 20 to 60% depending on the intake and the age of
the individual with net absorption in the normal newborn approaching the upper range.
The balance of calcium must also account for the 100-200 mg/day of calcium secreted
from pancreatic and biliary juices and mucosal secretion. Intestinal absorption occurs
by both passive and active transport and at low intakes the active transport is stimulated
by 1,25(OH);,D increasing net absorption.

Active transport across the intestinal mucosa is transcellular and occurs in the duo-
denum and upper jejunum, which are normally responsible for 90% of the calcium
absorption (8). The duodenum is the segment most responsive to stimulation of active
transport by 1,25(OH);D. The cellular processes of active transport involve transport of
calcium across the apical membrane, movement across the cytoplasm and then extru-
sion across the basolateral membrane into the interstitial fluid. Influx of calcium into
the cell is mediated by the calcium transport protein 1 (TRPV6). Calcium then is trans-
ported along the microvillar stalk by calmodulin/myosin to the glycocalyx where it is
then bound to vesicles containing the calcium binding protein calbindin 9K. This com-
pound is involved in the transport of calcium across the cytosol while protecting the cell
from potential toxic effects of concentrations of calcium. On the basolateral surface, cal-
cium is extruded from the cell by low-affinity, high capacity Na*—Ca®* exchanger and
energy-dependent, high affinity, limited capacity Ca>*-ATPase. To move calcium across
the intestinal cell requires a “pump” action that is provided by Ca>*-ATPase.

In contrast to the active transport, passive absorption occurs by diffusion from the
lumen to the blood by diffusion via a paracellular pathway. This pathway becomes more
significant as calcium intakes increase in part due to inhibition of 1,25(OH),D levels.
Factors that increase calcium absorption include the young age, low calcium and phos-
phorus intake, vitamin D, and PTH through activation of 1,25(OH);D formation. Glu-
cocorticoids can also decrease calcium absorption.

Calcium absorption in preterm infants fed human milk has been measured to be as
high as 60-70% with formula fed infants absorbing 35-60% (1, 6, 9). Net retention
of calcium though is limited by phosphorus content and other mediators of solubility.
In preterm infants the fatty acid content of most preterm formulas may limit calcium
absorption, a problem that is ameliorated with fat blends that do not result in calcium
soap formation. Even with optimal feeding, the preterm infant cannot match the accre-
tion of calcium achieved during the last trimester of pregnancy with calcium transport
across the placenta.

3.1.2. KIDNEY

Renal calcium handling is the product of filtration at the glomerulus and reabsorption
by the renal tubule (2, 3). The ionized and complexed fractions of calcium combined
make up the “ultrafilterable” portion and this fraction that is equal to about 60% of the
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total calcium, which is freely filtered. Approximately 8 g of calcium are filtered daily
in the adult, which exceeds by about 10-fold the calcium content of the non-skeletal
calcium. After filtration, about 98% of the filtered load is normally reabsorbed resulting
in the adult of 150-200 mg of calcium appearing in the urine. By matching the amount of
calcium absorbed by the intestine, renal excretion in the adult keeps calcium in balance.
In contrast, in the growing child, calcium excretion is less than net intestinal absorption,
which results in net retention of calcium and accretion by the skeleton.

Calcium is reabsorbed by the different segments in the renal tubule in the follow-
ing proportions: 65% proximal tubule, 20% thick ascending limb, 10% distal tubule,
and 2% collecting duct. The proximal convoluted tubule (PCT) is responsible for the
majority of the reabsorption of calcium. The mechanisms responsible include solvent
drag, increased tubular concentration of calcium as result of sodium and water reab-
sorption and as result of the transepithelial potential difference. Whereas the majority
of the reabsorption is passive and paracellular, there is also evidence of an active tran-
scellular component as well. In the proximal straight tubule, which includes the parts of
the S, and S3 segments, the reabsorption is passive in S and active in S3. Ca?*-ATPase
(PMCA) appears to play the predominant role in straight portion of the proximal tubule
with there being involvement of the Na*—Ca?* exchanger (NCX).

The thick ascending limb of the loop of Henle is very important for calcium reab-
sorption and its control (/0). This segment, which accounts for about 20% of cal-
cium reabsorption, is the site of regulation of calcium excretion by PTH and calcitonin.
There appears to be both active transcellular and passive paracellular mechanisms. The
reabsorption is coupled to sodium reabsorption and is inhibited by the loop diuretics:
furosemide, bumetanide, and ethacrynic acid. The calcium sensing receptor, CaSR, has
also been linked to the control of calcium as well as sodium and magnesium reabsorption
in this segment of the renal tubule. Finally, recent studies have shown that the epithelial
tight junction protein paracellin-1 (PCLN1) also plays an important role in both cal-
cium and magnesium reabsorption. Under resting conditions, calcium transport across
the thick ascending limb is driven by the transepithelial potential difference with the
lumen being positive as generated by sodium reabsorption by the Na—K-2Cl transporter.
Decreased activity of this transporter by the loop diuretics lowers the potential differ-
ence and calcium reabsorption. Paracellin-1 allows selective permeability for calcium
and magnesium while otherwise establishing a tight junction for the passage of other
ions.

Calcium reabsorption in the distal convoluted tubule is interesting for a number of
reasons including its disassociation from sodium reabsorption in certain circumstances.
The epithelial transport is all transcellular and is against the electrochemical gradient.
Entry of calcium into the cells from the apical membrane involves the calcium channel
(TRPV6) and has been suggested to be the rate-limiting step for calcium transport in
this segment. The insertion of these calcium channels into the membrane is increased
by agents such as PTH and calcitonin that stimulate calcium reabsorption. Calcium dif-
fuses across the cytosol while being bound by the vitamin D stimulated calcium binding
protein, calbindin Dygk. At the basolateral surface, calcium is extruded from the cell by
PMCA, possibly with the involvement of the calcium binding protein, calbindin Dok.
The presence of the CaSR in the basolateral membrane of the DCT cells suggests a
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possible role in this segment as well. One of the interesting features of calcium trans-
port across the distal tubule is the stimulation by thiazide diuretics. These agents, which
inhibit the entry of sodium across the apical membrane by the Na*—Cl~ cotransporter,
have been shown to activate apical calcium entry through calcium channels and extru-
sion of calcium across the basolateral surface by a Na*—Ca’* exchange.

There is further transport in the connecting tubule and collecting duct accounting for
about 1-2% of total calcium reabsorption. This transport is stimulated by amiloride,
which inhibits the apical sodium channel suggesting a mechanism involving a sodium
calcium exchange that drives calcium exit across the basolateral membrane. Other mech-
anisms described in the distal nephron include active transport involving either the Na*—
Ca”* exchanger (NCX) or Ca>*-ATPase (PMCA).

3.1.3. BONE

Bone is the repository of more than 99% of the total body calcium (7). Skeletal
calcium exists in both a rapidly exchangeable pool as well as a much more slowly
exchangeable pool. The latter refers to calcium in the form of hydroxyapatite that is
deposited with collagen fibers whereas the rapidly exchangeable pool is much more
poorly characterized but includes calcium at the site of active bone formation. The pro-
cesses of bone formation and bone resorption are generally well coordinated or “cou-
pled.” Due to the large amount of calcium constantly entering and leaving bone, disease
states that disturb the coupling of bone resorption and mineralization can overwhelm
other physiologic systems in the body to maintain calcium homeostasis.

Osteoblasts, the cells responsible for bone mineralization, arise from bone marrow
derived osteoprogenitor cells and are also responsible for activation of osteoclasts (11).
Osteoblasts activated by PTH (Section 3.2.1) express the ligand (RANKL) for a recep-
tor on osteoclasts and their precursors termed “receptor for activation of nuclear factor
kappa B” or RANK (/2). PTH also increases the production of macrophage-colony
stimulating factor (M-CSF), which is also required for osteoclastic differentiation. The
activity of RANK is also normally suppressed by a decoy receptor for RANKL called
osteoprotegerin (OPG), which is formed by osteoblasts and whose secretion is also
decreased by PTH. Osteoblasts therefore in response to PTH stimulate osteoclasts to
differentiate and to resorb bone by expressing RANKL, secreting M-CSF, and decreas-
ing levels of the inhibitor OPG. This coupling between osteoblasts and osteoclasts is
responsible for the increases and decreases in mineralization and bone resorption that
occurs during skeletal remodeling.

3.1.4. PLACENTA

Transport of calcium across the placenta is an active process for transfer of calcium
from the mother to the fetus (6, /3). The mechanism is active transport by a calcium
pump in the basal membrane of the placental cells that normally maintains a posi-
tive fetal-maternal gradient. This process is regulated by parathyroid hormone related
protein (PTHrP), which appears to be produced in the placenta as well as the fetal
parathyroid glands. Fetal PTH otherwise controls the level of serum calcium in the fetus
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and is involved in bone mineralization. During the third trimester of pregnancy, 120—
150 mg calcium/kg fetal weight is transported daily across the placenta. This move-
ment of calcium is critical for normal fetal bone accretion and cannot be matched in the
extremely preterm infant through other routes. This very large influx of calcium into the
exchangeable pool of calcium is lost at the time of birth and homeostatic mechanisms
must be in play to avoid the development of severe hypocalcemia.

3.2. Regulation of Calcium Metabolism
3.2.1. PARATHYROID

The parathyroid gland plays the central role in the control of calcium metabolism
through the secretion of parathyroid hormone (PTH) (/4). The primary regulator of
serum PTH levels is serum calcium, which inhibits PTH secretion through activation
of the calcium-sensing receptor (CaSR). CaSR is a G-protein coupled receptor on the
surface of parathyroid cells that responds to changes in extracellular calcium by actions
on a series of effects depending on duration of effect (/5). There is an increase in the
secretion of preformed PTH in seconds to minutes, an increase PTH gene expression
over several hours to a few days then finally an increase in the number of parathyroid
cells through cell proliferation in a time period taking days or longer. There have been
described activating and inactivating defects of the CaSR gene, which lead to states
of hypo- and hyperparathyroidism. The CaSR is also the target of a class of medica-
tions called “calcimimetics” or “calcilytics,” which suppress or activate PTH secretion,
respectively.

Other regulators of PTH secretion include 1,25(OH),;D and extracellular phosphate,
both of which inhibit secretion. The mechanism for suppression of PTH by vitamin D is
through the vitamin D receptor, which acts as a nuclear transcription factor. The effects
of vitamin D and phosphate on PTH secretion are more long-term than calcium and
predominantly affect PTH gene expression and cell proliferation.

The actions of PTH in the body are mediated by through the PTH/PTHrP receptor
(PTHI1R), which is a G-protein coupled receptor that then activates adenylate cyclase
or phospholipase C (3). Many tissues express PTHIR but the kidney and bone have the
greatest physiologic relevance for mineral homeostasis. Defects in the Gog peptide as
found in pseudohypoparathyroidism type 1, result in hypocalcemia, hyperphosphatemia,
and a variety of bone defects. In bone, osteoblasts and their precursors are directly
activated by PTH where they stimulate the differentiation and activation of osteoclasts
through activation of RANK (Section 3.1.3). In response to PTH, there is release of cal-
cium from the rapidly exchangeable pool at the surface of bone in minutes and from
a more slowly exchangeable pool within hours. As osteoclasts are stimulated to resorb
bone, phosphate and collagen degradation products are released into bloodstream.

In the kidney, PTH receptors are found along the renal tubule where it activates
PTHIR leading to a variety of actions. PTH regulates mineral metabolism in the kid-
ney by stimulating calcium reabsorption, phosphate excretion, and 1,25(OH),;D forma-
tion. PTH stimulates calcium reabsorption by activating paracellular mechanisms in
the thick ascending limb and transcellular processes in the distal convoluted tubule
(Section 3.1.2). Despite the fact that PTH stimulates calcium reabsorption, in
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hyperparathyroid states with hypercalcemia, calcium excretion is elevated as result of
the increased filtered load resulting from calcium released from bone and absorbed from
the intestine.

In response to hypocalcemic stresses, PTH stimulates both calcium and phospho-
rus release from bone (directly) and absorption from the intestine (indirectly through
1,25(0OH),D formation (3). To maintain serum calcium, the excess phosphate must be
excreted and PTH stimulates phosphaturia by blocking the sodium-dependent phosphate
in the proximal renal tubule through inhibition of expression of the phosphate transporter
NPT-2a. In hyperparathyroid states, hypophosphatemia is the result. PTH increases cal-
cium by stimulating the synthesis of 25-hydroxyvitamin D3-1-a-hydroxylase found in
mitochondria of the proximal renal tubule. This process over hours increases the for-
mation of 1,25(OH);D that stimulates calcium absorption in the intestine and calcium
release from bone.

3.2.2. VITAMIN D AXIS

Vitamin D through its biologically active form 1,25(OH),D plays a central role in
calcium homeostasis (/4). 1,25(OH),D stimulates absorption of dietary calcium and
recruits stem cells in bone to form osteoclasts, which can then release calcium from the
skeleton. 1,25(OH),D acts as a hormone in the body whose formation in the kidney is
highly regulated by PTH, calcium, phosphate and other factors. There are now well-
described non-calcemic functions for vitamin D where local formation of 1,25(OH),D
leads to autocrine and paracrine effects.

Vitamin D can either be formed in the skin or be absorbed in the diet but the latter
pathway usually requires supplementation because of the paucity of natural sources. For-
mation in the skin involves the transformation of 7-dehydroxycholesterol (provitamin
D3) by sunlight to previtamin D3, which is rapidly isomerized to vitamin D3 (cholecal-
ciferol). Continued or excessive sunlight leads to the conversion of vitamin D3 to inert
products, which prevents toxic amounts of vitamin D from resulting from sun exposure.
Many factors can modulate the cutaneous formation of vitamin D3 including the amount
of melanin in the skin, the intensity of the suns rays, the age of the patient, and the use
of sunscreens. The vitamin D3 that is formed is then bound to vitamin D-binding pro-
tein in the blood. Dietary vitamin D usually comes from certain foods such as oily fish
but more commonly comes from either supplements or fortified foods. Fortified foods
such as milk usually contain vitamin D, (ergocalciferol) but supplements can contain
either vitamin D3 or vitamin D;. Whereas in the past, these two forms were thought to
be biologically equal, more recent evidence suggests that vitamin D3 may be 2-3 times
more potent.

To become biologically active, vitamin D must undergo two hydroxylation steps
(16). The first occurs in the liver where one of several cytochrome P450-vitamin D-
25-hydroxylases converts vitamin D to 25(OH)D in substrate dependent, non-regulated
process. This compound is then transported in the blood to the kidney and other tis-
sues where it can undergo further metabolism. In the proximal renal tubule, where
it is bound to 25(OH)D-DBP and taken in to the cell where the cytochrome Pysp-
mono-oxygenase, 25(OH)-1-a-hydroxylase (CYP27B1) converts it to 1,25(OH);,D.
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The conversion from 25(OH)- to 1,25(OH),D is stimulated by PTH, low serum phos-
phate and low calcium. Other regulators include fibroblast growth factor-23 (FGF-
23) that lowers 1,25(OH);D formation and IGF-1 that increases it. Another important
determinant of 1,25(OH),D concentration is metabolism by the renal 24-hydroxylase
(CYP24), which can act on both 25(OH)D and 1,25(OH),D to form 24,25(0OH),D and
1,24,25(0OH)3D, respectively.

1,25(OH),D works to maintain serum calcium by its affects on the intestine and bone.
This steroid hormone binds to the vitamin D receptor (VDR) in the cytoplasm in its
target tissues after it translocates to the nucleus and forms a heterodimeric complex
with RXR. This complex then is able to bind to chromosomal VDR response element
(VDRE) where after binding other initiation factors, and the transcription of vitamin D
responsive genes are either enhanced or inhibited. In the intestine, such genes as the
TRPV6, calbindin 9 K, and other proteins promote calcium transport across the intesti-
nal epithelial cell. In bone, the proteins induced by activation of VDR by 1,25(0OH),D
in osteoblasts include RANKL, alkaline phosphatase, osteocalcin, and osteoprotegerin.
The stimulation of bone mineralization by vitamin D is through its ability to maintain
adequate levels of calcium and phosphorus rather than by direct effects on bone.

3.2.3. OTHER

Calcitonin is a peptide hormone secreted by the C cells in the thyroid in response to
elevated levels of serum calcium (/7). It can inhibit osteoclasts although the exact phys-
iologic significance in human mineral metabolism is unclear. There are reports of ele-
vated calcitonin in certain hypocalcemic conditions. Parathyroid hormone-related pro-
tein (PTHrP), which is part of the PTH gene family and can activate a common receptor
(PTHI1R), functions primarily in the fetus where formation of the cartilaginous growth
plate, transport of calcium across the placenta, and development of the teeth. Postnatally,
the most important function for PTHrP appears to be the development of the mammary
gland and transport of calcium into breast milk. Clinically though, PTHrP is important
as the most common mediator of hypercalcemia of malignancy.

4. CLINICAL ASSESSMENT OF CALCIUM
DISORDERS - INTRODUCTION

Evaluation of calcium disorders requires proper measurement and interpretation of
the divalent ions, calcium, phosphorus, and magnesium. Secondly the evaluation of the
calcium regulating hormones, parathyroid hormone (PTH), vitamin D metabolites and
in hypercalcemia, parathyroid hormone-related protein (PTHrP) is essential to evaluate
their role in or response to changes in serum calcium. Studies of renal calcium handling
may be helpful but is a less useful tool than the previous mentioned studies. Finally
radiologic studies of the skeleton may help pinpoint certain diagnoses. Markers of bone
turnover, bone density measurements, and bone biopsy are important in the evaluation
of skeletal health but do not add significantly to the evaluation of disorders of calcium
metabolism.
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5. MEASUREMENT OF DIVALENT IONS

5.1. Serum Calcium

Serum calcium is made up by three fractions: protein-bound, complexed, and ionized.
The ionized portion, representing about 50% of the total, is the only one that is phys-
iologically important (7). Ionized calcium helps maintain normal blood coagulation,
membrane stability, bone mineralization, and other process and is the only portion that
is regulated by PTH and 1,25-dihydroxyvitamin D (1,25(OH3)D). Disorders of serum
calcium are often expressed by deviation of total calcium from normal although it is the
level of ionized calcium that is clinically relevant. Therefore changes in ionized calcium
are the product of the total serum calcium and relative distribution between the three
fractions.

Total serum calcium is measured by most laboratories using automated spectrophoto-
metric analysis using dyes such as o-cresolphthalein as an indicator (4). In most clinical
use in the United States, the calcium concentration is expressed as mg/dL. With an
atomic weight of 40.08 and valence of 2, this value can be easily converted to mmol/L.
(mM) and mEqg/L by dividing by 4 and 2, respectively. The normal value for total cal-
cium ranges from about 9-10.4 but can vary by age with greater values in infants and
young children (Table 2). Total calcium should be measured either in serum or hep-
arinized plasma whereas plasma from samples using citrate, oxalate, or EDTA that form
complexes with calcium should be avoided. Hemolysis, icterus, and lipemic samples
can also interfere with the normal spectrophotometric analysis.

Table 2

Total (mg/dL) and Ionized (mM) Calcium Serum Concen-
trations in Childhood

Age (years) Total calcium Ionized calcium
Infants 0.25-1 8.8-11.3 1.22-14
Young child 1-5 9.4-10.8 1.22-1.32
Older child 6-12 9.4-10.3 1.15-1.32
Adolescents 9-10.2 1.12-1.3

Total calcium measurements also display both postural and circadian increases of
up to 0.5 mg/dL. during midday when an upright position leads to increased albumin
concentrations, which accounts for up to 90% of protein bound calcium (/8). Improper
tourniquet technique causing venous stasis can also increase albumin and total calcium
(19). The proportion of total calcium that is protein-bound to albumin is also altered
by changes in pH that changes the conformation of albumin. An increase in pH of 0.1
will increase the protein-bound form of calcium by about 1.2 mg/dL resulting in the
lowering of the physiologically and clinically relevant ionized portion of 0.05 mM (20).
The shifting of calcium to the protein-bound fraction with alkalosis is a common cause
of hypocalcemia and tetany in the patent with a borderline ionized calcium level. Disease
states that are associated with low levels of serum albumin such as nephrotic syndrome
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or liver cirrhosis characteristically have low total calcium but normal ionized calcium
levels.

To better evaluate the clinically relevant ionized portion of the total serum calcium
a number of formulas have been suggested to “correct” the serum calcium for changes
in albumin including: corrected serum calcium (mg/dL) = total calcium (mg/dL) + 0.8
(4) — serum albumin (g/dL) (2). It has been found that these “corrected” values poorly
predict the changes in ionized calcium in many individuals. Changes in pH, the com-
plexing anions citrate, and phosphate, and other factors can all alter ionized calcium in
ways not appreciated with “corrected” values. With the availability of semi-automated
instruments using ion-specific electrodes to measure ionized calcium, it is now recom-
mended to directly measure ionized calcium in the sick and hospitalized patients (21).
Routine use of total calcium measurements in relatively well outpatients is usually ade-
quate. The normal levels of ionized calcium do vary by age but not to the extent as
total calcium (Table 2). There are minor circadian effects on ionized calcium and sam-
ples should be collected anaerobically to avoid pH effects. Heparinized plasma samples
for rapid analysis are best collected with either 50 IU/ml of calcium-titrated heparin or
15 U/ml of lithium heparin and the tubes completely filled to avoid dilutional and hep-
arin effects.

5.2. Serum Phosphate

The measurement of serum phosphate is covered more comprehensively in later chap-
ters but is considered briefly here because of its importance in evaluation of calcium
disorders. It is the inorganic phosphorus in the form of phosphate in blood that is mea-
sured and is expressed as phosphate (4, /8). Again serum is preferred but heparinized
samples can be used but the values are 0.2—-0.3 mg/dL lower. Citrate, oxalate, and EDTA
that interfere with the analysis method should be avoided. Serum or plasma should be
rapidly separated from red blood cells that contain greater amounts of phosphorus and
can artifactual increases. Phosphorus levels are usually expressed in mg/dL or with its
atomic weight of 30.98, in mM by dividing by 3.1. To express in mEq/L, the value is
pH dependent since there is a mixture of monovalent and divalent ions with a compos-
ite valence of 1.8 at pH 7.4. Therefore at normal pH, the mEq of phosphorus can be
calculated by multiplying the mM by 1.8.

There is both a significant circadian rhythm to serum phosphate levels as well as a
dietary effect that can increase phosphorus levels by 1.2 mg/dL. The optimal time to
measure phosphate is a morning, fasting sample. Factors that can redistribute phospho-
rus into cells such as insulin, glucose, and other carbohydrate loads, respiratory alkalo-
sis and epinephrine, all can acutely lower phosphorus levels as much as 2 mg/dL. Much
more than calcium, there is strong role of age in phosphorus levels. Normal phosphorus
levels fall from a normal range of 4.8-7.4 mg/dL in infants to 4.5-6.2 mg/dL young
children to a range of 3.5-5.5 mg/dL in older children till late adolescence.

5.3. Serum Magnesium

Serum magnesium has three fractions as calcium but in different proportions (see
also Section 5, Chapter 8, Clinical Assessment of Magnesium Metabolism in Infants
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and Children). The protein-bound portion of magnesium is only 30%, complexed por-
tion makes up 15%, and the ionized portion represents 55% of total serum magnesium
(4). Like calcium, it is the ionized portion that is physiologically and clinically impor-
tant since it involved in neuromuscular and cardiovascular function. Unlike calcium, the
measurement of ionized magnesium is not measured in clinical situations. The normal
serum concentration of magnesium is 1.6-2.4 mg/dL and does not vary significantly
with age. With a molecular weight of 24.31 and valence of 2, to convert the concentra-
tion of magnesium from mg/dL to mM, the value is divided by 2.4 and by 1.2 to derive
the concentration in mEq/L (19).

6. MEASUREMENT OF CALCIOTROPIC HORMONES
6.1. Parathyroid Hormone

The normal inverse relationship between serum calcium and PTH secretion makes
measurement of PTH an invaluable tool in the evaluation of disorders of serum calcium.
If control of PTH secretion is intact and not part of the primary cause of the distur-
bance in serum calcium, PTH levels should be suppressed in hypercalcemia and ele-
vated in hypercalcemia. PTH is now routinely measured by 2-site assays that recognize
the “intact” PTH molecules and not fragments as were recognized by older “mid-region”
and “carboxy-terminal” assays (21). There are both immunoradiometric assays (IRMA)
that use radioactive tracers and immunochemiluminometric assays (ICMA) that have
the advantage of not needing radioactivity. The normal ranges for each assay are lab-
oratory specific but the normal adult range are usually about 10-65 pg/ml. Over the
last few years, “third generation” PTH assays that measure “whole molecule” has been
promoted for use with renal failure, but there is no current indication for their use with
hypo- and hypercalcemic disorders.

PTH as measured by the intact PTH assays has a very short half-life (2—4 min) and
has been shown to demonstrate pulsatile secretion (22). Because of the inverse relation-
ship between calcium and PTH secretion, PTH levels should be performed with simul-
taneous calcium levels. In the presence of non-parathyroid hypercalcemia, PTH values
are below the normal range in 70-80% of patients and below 25 pg/ml in the rest. In
patients with primary hyperparathyroidism, 90% will have elevated PTH levels by the
intact assay with the rest having PTH levels inappropriately elevated for the degree of
hypercalcemia. In patients with hypocalcemia and hypoparathyroidism, PTH levels are
usually below the normal range or inappropriately low for the level of calcium in con-
trast to non-parathyroid causes of hypocalcemia where secondary hyperparathyroidism
with high PTH levels are expected.

6.2. Vitamin D

The two vitamin D metabolites with assays available for measurement are 25-
hydroxyvitamin D (25(OH)D) and 1,25(0OH;)D. 25(OH)D is the major circulating form
of vitamin D and reflects vitamin D nutrition including cutaneous formation (16). In
contrast, the levels of biologically active 1,25(OH3)D normally reflect the highly regu-
lated renal formation that is stimulated by high PTH and low phosphorus and calcium
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levels. 25(OH)D is measured most often by a competitive protein-binding assay after
chromatography over a C-18 silica column (23). The normal values are 10-80 ng/ml
(25-200 nmol/L) but can vary seasonally with higher levels in summer and fall after sun
exposure (20). Lower levels are often seen in people with greater skin pigmentation or
who live at higher latitudes. 1,25(OH2)D normally circulates in concentrations of 20—
60 pg/ml (50-150 pmol/l) and where it is not affected by season, there are higher levels
recorded in infants and children. Vitamin D exists in two forms: cholecalciferol (vita-
min D3) and ergocalciferol (vitamin D). Cholecalciferol is naturally formed in the skin
whereas ergocalciferol is artificially derived from yeast. Despite the ability of certain
assays to differentiate between vitamin D, and D3, in general for both 25(OH)D and
1,25(0OH>)D, both D, and D3 are measured because the total is most clinically relevant.

Measurement of 25(OH)D is useful in determining the presence of vitamin D defi-
ciency or excess in hypocalcemia and hypercalcemia, respectively (20, 23). In vitamin
D deficiency, serum 25(OH)D levels are less than 8 ng/ml whereas in hypercalcemia
due to vitamin D intoxication, levels greater than 200 ng/ml are required. In contrast to
25(0H)D, 1,25(0OH,)D is usually normal in vitamin D deficiency and its measurement
is only useful in selective clinical situations. Levels can be high in the presence of hyper-
calcemia due to extrarenal production of 1,25(OH;)D by certain lymphomas and gran-
ulomatous disorders such as sarcoidosis. Levels are characteristically low in patients
with vitamin D dependent rickets type 1 who lack the renal 25(OH)-1-a-hydroxylase
and very high in vitamin D dependent rickets type 2 in which there is the lack of the
vitamin D receptor leading to hypocalcemia, secondary hyperparathyroidism, and stim-
ulation of 1,25(OH3)D formation. For the most part, measurement of 1,25(OH,)D in
disorders of serum calcium is inappropriate and not cost-effective.

6.3. Parathyroid Hormone-Related Protein

Parathyroid hormone-related protein (PTHrP) plays a number of important roles in
the fetus and in the postnatal period, but after birth it is measurable only in certain
rare disease states (24). It is most associated with certain cancers and the syndrome of
humoral hypercalcemia of malignancy, which is characterized, by severe hypercalcemia,
low serum phosphate, suppressed PTH, and elevated PTHrP. The most common assay is
an immunoradiometric assay (IRMA) with an antibody directed against the N-terminal,
which shares homology with PTH as well as mid-region that recognizes an area distinct
from PTH so the assay can distinguish between PTH and PTHrP (25). Whereas normal
individual have levels of <1 pmol/L but most humoral hypercalcemia of malignancy
(HHM) patients have levels >5 pmol/L. PTHrP is a very labile molecule and proper
handling of the sample is required.

7. CLINICAL EVALUATION OF RENAL DIVALENT HANDLING

The assessment of renal function in patients with disorders of renal handling is three
fold. First, is the proper assessment of glomerular filtration rate (GFR) since renal fail-
ure may be a cause of hypocalcemia or acute and chronic renal failure may be the result
of calcium disorders especially hypercalcemia? For most clinical purposes, serum cre-
atinine is an adequate measure of GFR and normally rises from 0.3 mg/dL after a few
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weeks of age to adult levels of about 0.8—1 mg/dL by early adolescence. Secondly,
assessment of renal calcium excretion gives valuable information about calcium bal-
ance and may point to the etiology of hypo- and hypercalcemia as well as the possible
role of the kidney. Renal calcium excretion is equal to gastrointestinal calcium absorp-
tion minus skeletal calcium balance. In normal healthy children, calcium excretion is
less than the calcium absorbed in the GI tract. Conditions associated with low calcium
absorption are very low calcium intake, vitamin D deficiency, malabsorption (states pos-
sibly associated with hypocalcemia), and familial benign hypocalciuric hypercalcemia
where the kidney contributes to the hypercalcemia. In contrast hypercalciuria is usu-
ally present in vitamin D induced hypercalcemia, hyperparathyroidism and immobiliza-
tion and humoral hypercalcemia of malignancy. Under these conditions, hypercalcemia
occurs when the kidney can no longer excrete calcium released from bone or absorbed
from the GI tract.

Normal calcium excretion can be expressed in relation to body weight with the nor-
mal values being less than 4 mg calcium/kg body weight/day. Simultaneous measure-
ment of creatinine should be performed to assess the completeness of the collection and
should equal 15-25 mg/kg/day (20). Alternatively, calcium excretion can be expressed
as a ratio of creatinine excretion but these results are age dependent (Table 3). Finally,
since calcium excretion is dependent on the filtered calcium load, a useful measure
of calcium handling is the ratio of calcium clearance to creatinine clearance, which
can be calculated in a spot urine sample where the urine volumes cancel out to equal:
Ca./Cr¢ = (Cay x Cr)/(Cry x Cag). This index is especially helpful in evaluation of
familial hypocalciuric hypercalcemia where the index is typically less than 0.01 (26).

Table 3

Calcium Excretion by Age

Age (years) Ca/cr (mg/mg) 95th percentiles
0.5-1.0 <0.81

1-2 <0.56

2-3 <0.5

4-5 <0.41

5-7 <0.3

7-17 <0.25

8. HYPOCALCEMIA - INTRODUCTION

Hypocalcemia in infants and children is a relatively common disorder especially in
the neonate. Hypocalcemia is the result when the influx of calcium in the extracellular
fluid does not keep pace with calcium efflux into bone, excretion into the urine or less
commonly as deposits into the soft tissue. The level of intravascular calcium is regu-
lated and protected by the parathyroid and vitamin D systems and their effects on bone
resorption, renal excretion, and gastrointestinal absorption of calcium. Acute hypocal-
cemia can cause life-threatening events especially through disordered neuromuscular
and cardiovascular physiology.
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CASE SCENARIOS

Case Scenario 1: Hypocalcemia in a school aged child.

An 8-year-old boy has been admitted with cramping of his hands and feet that began
with a recent illness. He has been healthy except for a chronic infection of his skin and
nails for which he sees a dermatologist. Your physical exam of this normal appearing
boy includes Chvostek’s and Trousseau’s signs, both of which are positive. Labs come
back with a normal CBC, normal renal function, and electrolytes but a total serum cal-
cium of 7.2 mg/dL, phosphorus of 7.9 mg/dL, and an albumin of 3.9 g/dL.

What is the most likely diagnosis and what studies would you like to perform
next? What should your initial treatment be? What other illnesses do you need to be
monitoring?

Case Scenario 2: Infant with new onset seizures and heart disease.

An 8-day-old full-term infant with the diagnosis of congenital heart disease from a
VSD is found to have a creatinine of 1.4 mg/dL, calcium 6.9 mg/dL, and a phosphorus
of 10.2 mg/dL. He is just starting to feed and has been on a standard infant formula. The
mother is healthy and is on no medications. On physical exam he has an unusual facies
and is extremely jittery. EKG shows an abnormal QT interval.

What is the most likely diagnosis and what studies would you like to order? What
would your initial treatment be?

9. DEFINITION OF HYPOCALCEMIA

The lower limits of normal for total serum calcium in children range from 8.8 mg/dL
in infants to 9.4 mg/dL in pre-adolescents and dropping back to 9 mg/dL in adolescents
(Table 2) (18). The most important fraction — ionized calcium — does not exactly follow
total calcium with lower limits of normal of 1.22 mM or 4.9 mg/dL until age 6 years
and then it drops slightly to 1.15 in older children and 1.12 in young adults. Some of the
variation with age is due to changes protein-bound and complexed fractions of calcium.
The latter occurs when serum concentrations of lactate, sulfate, and citrate are elevated.
Measurement of total calcium is adequate in most stable out-patients but variations of
low serum albumin are an important cause of “pseudohypocalcemia” in which total
serum calcium is low but ionized calcium is normal (27). In contrast, changes in pH
or excessive levels of citrate can give a picture of normal or even high total calcium
in the presence of significant drops in ionized calcium. Total serum calcium can be
“corrected” for alterations in serum albumin and pH although in ill or complex patients
or in those patients known to have changes in albumin, pH, or one of the complexing
anions, ionized calcium should be measured directly.

10. CLINICAL FEATURES

The clinical symptoms related to hypocalcemia are mainly related to affects on the
cardiac and neuromuscular systems (Table 4) (28). Some signs and symptoms such as
abnormal calcification may be more common in states of abnormal PTH function. The
two classic signs are those of Chvostek and Trousseau (27). Chvostek’s sign is elicited
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Table 4
Clinical Manifestations of Hypocalcemia

Cardiovascular
Prolonged QT interval on EKG
Heart failure
Neuromuscular
Parasthesias, perioral tingling
Muscle cramps, tetany
Laryngospasm
Trousseau’s sign
Chvostek’s sign
Seizures (all types)
Irritability, abnormal mental function
Basal ganglion calcifications
Other
Cataracts, papilledema
Coarse skin, brittle nails

by tapping with three fingers over the facial nerve anterior to the ear. A positive sign
can be arranged from twitching of the lip at the angle of the mouth to twitching of
nasolabial fold, lateral angle of the eye or finally all of the facial muscles on that side.
The mildest response can be seen in 8% of normocalcemic individuals but more dra-
matic twitching is specific for hypocalcemia. Trousseau’s sign is elicited by pumping a
sphygmomanometer cuff 20 mmHg above the systolic BP for 5 min to produce ischemia
of the ulnar nerve. A positive sign is when the metacarpophalangeal joints flex, interpha-
langeal joints extend, and the thumb adducts. Neither of these signs are 100% sensitive.

11. CAUSES OF HYPOCALCEMIA

Normally the body is protected from hypocalcemia by the actions of parathyroid
hormone (PTH) and 1,25(OH);vitamin D (1,25(OH),D). Hypocalcemia results when
there abnormal secretion of these two hormones or the body cannot adequately respond
to them either because of congenital or acquired conditions (29). PTH acts to lower
phosphorus by its actions on the kidney and 1,25(OH),D increases it by its action on
bone and the GI tract. The level of phosphorus therefore is a useful clue to the cause
of hypocalcemia because it is elevated in abnormal parathyroid states and low in vita-
min D dysfunction (28). Other hypocalcemic conditions can be the result of hyperphos-
phatemia from endogenous and exogenous sources or be associated with hypophos-
phatemia as calcium and phosphorus are being deposited in bone (Table 5).

11.1. Hypoparathyroidism

Hypoparathyroidism is characterized by hypocalcemia, hyperphosphatemia, and
inappropriately low PTH levels for the calcium level (30, 31). There are transient
hypoparathyroid states that are common in young infants and which will be covered
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Table 5
Causes of Hypocalcemia

Hyperphosphatemia
Hypoparathyroidism
Congenital hypoparathyroidism
DiGeorge and related syndromes
Maternal hyperparathyroidism
Calcium receptor activating mutations
Acquired hypoparathyroidism
Autoimmune
Surgical removal or damage
Hypomagnesemia
PTH resistance
Pseudohypoparathyroidism
Hypomagnesemia
Phosphorus loads
Endogenous
Tumor lysis, rhabdomyolysis
Renal failure
Exogenous
Phosphorus containing enemas
High phosphorous formulas

Hypophosphatemia

Vitamin D deficiency

Lack of sun and dietary

Malabsorption

Renal failure

Increased metabolism

Vitamin D Dependent Rickets (VDDR) Type I
Resistance to vitamin D — VDDR Type 11
Deposition of Ca and P into tissues

Hungry bone syndrome

Other

Sepsis and other critical illness
Drugs

Pancreatitis

Altered bound calcium-citrate

under Neonatal Causes (Section 11.5). The major categories of hypoparathyroidism are
agenesis as in DiGeorge syndrome, destruction by surgery, radiation, infiltrative dis-
ease, or autoimmune processes and functional such as with severe hypomagnesemia.
The causes of hypoparathyroidism can be often be recognized by history and associated
findings. With acute surgical hypoparathyroidism, a sudden drop in the PTH level can
lead to a condition called “hungry bone syndrome” can develop as result of interrupted
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bone resorption in the presence of continued bone mineralization. In “hungry bone
syndrome” there can be hypophosphatemia in addition to hypocalcemia, which is
unusual for other hypoparathyroid states.

There are a number of syndromes associated with agenesis or hypoplasia of the
parathyroid glands (Table 6) that usually present in the first week of life with hypocal-
cemia and tetany (32). The most common is DiGeorge syndrome, which can occur in
1:500 live births. DiGeorge syndrome is due to abnormal development of the 3rd and
4th branchial pouches and can include hypoparathyroidism, immunodeficiency, congen-
ital cardiac defects, and a distinctive facies. In greater than 90% of cases it is due to a
microdeletion of chromosomal band 22q11.2 and has been termed “CATCH 22" to refer
to the Cardiac, Abnormal facies, Thymic aplasia, Cleft palate, Hypocalcemia with 22q
deletion (33). The clinical spectrum may include a Shprintzen (velocardiofacial) syn-
drome or conotruncal anomaly face syndrome. Genetic diagnosis can be made in most
cases with cytogenetic analysis for the 22q11.2 using fluorescence in situ hybridiza-
tion (FISH). Other chromosomal abnormalities have been associated with a DiGeorge
syndrome including deletions of 10p. The degree of the defects can vary in patients
with DiGeorge syndrome including normocalcemic infants with normal PTH levels but
who cannot respond adequately to a hypocalcemic stress with increased PTH secretion.
Other syndromes associated with congenital hypoparathyroidism include Kenny—Caffey
(skeletal dysplasia and dwarfism), Kearns—Sayre (mitochondrial myopathy, cardiac con-
duction defects, and ocular abnormalities), Barakat (nephrosis and sensorineural deaf-
ness), and Sanjad—Sakati (IUGR, dysmorphic facies, skeletal defects, and developmen-
tal delay) (30).

An autosomal dominant form of hypoparathyroidism results from activating of the
gene for the calcium receptor, CaSR. This disorder is the mirror image of familial
hypocalciuric hypercalcemia (FHH) and is characterized by hypocalcemia, hypercal-
ciuria, and hypoparathyroidism (34). Recognition of the condition is important to avoid
hypercalciuria and nephrocalcinosis with treatment. Another familial hypoparathyroid
disorder that can present in either an autosomal dominant or recessive form is due to a
PTH gene defect resulting in decreased secretion of normal PTH.

Table 6
Syndromes with Parathyroid Dysgenesis™

DiGeorge syndrome
Chromosomal — del(10p), del(22q)
Monogenetic — autosomal dominant, autosomal recessive,
“Catch 22 syndrome”

Isolated hypoparathyroidism (11p15)

X-linked hypoparathyroidism

Kenny—Caffey syndrome

Barakat syndrome

Kearns-Sayre syndrome (mitochondrial)

MELAS (mitochondrial)

*chromosomal defect shown if known
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In adults, relatively common causes of acquired hypoparathyroidism are due to dam-
age after thyroid or parathyroid surgery, radiation to the neck or infiltration of the
parathyroid by cancer, heavy metals, or granulomatous disease. In children, destruc-
tion by autoimmune disease is more common especially in a condition variably referred
to as HAM (hypoparathyroidism, Addison’s disease, monilial infection), APS1 (autoim-
mune polyendocrinopathy syndrome, type 1), or PGA (polyglandular autoimmune) dis-
ease, type 1 (35). PGA type 1 is an autosomal recessive disorder caused by abnormali-
ties of the AIRE-1 gene on chromosome 21q22.3 that regulates autoimmunity. Many
endocrine and non-endocrine tissues can be affected but the classic triad is chronic
mucocutaneous candidiasis followed by hypoparathyroidism followed by Addison’s
disease. It occurs equally in males and females and its incidence varies in different
populations but has been reported to be as high as 1:25,000 among the Finnish and
1:9000 in Iranian Jews. The age of onset of the hypoparathyroidism is usually between
6 and 9 years and about 4 years after the onset of candidiasis. For those affected with
Addison’s disease, its onset is typically about 5 years after the hypoparathyroidism. In
the classic study by Blizzard et al, in 32 patients with idiopathic hypoparathyroidism,
66% had candidiasis and 56% had Addison’s disease. Other less common features of
the syndrome include diabetes mellitus, gonadal failure, hypothyroidism, pernicious
anemia, dermal abnormalities, and autoimmune hepatitis. The management of these
patients includes careful surveillance for signs of other organ involvement. The mani-
festations of hypoparathyroidism are greatly influenced by those of untreated Addison’s
disease but with glucocorticoid replacement, hypocalcemia may become severe and life
threatening.

An important cause of refractory hypocalcemia is that due to hypomagnesemia,
which will be described in more detail in Chapter 8. Hypomagnesemia causes hypocal-
cemia by the dual mechanisms of inhibiting PTH secretion as well as blocking the action
of PTH on bone and kidney (27). Whereas mild decreases in the divalent cation mag-
nesium stimulate PTH secretion in a similar fashion as calcium by decreasing the inhi-
bition of secretion by the CaSR, severe hypomagnesemia (Mg < 1.0 mg/dL) blocks the
ability of the parathyroid cell to secrete PTH. Hypomagnesemic hypocalcemia can be
demonstrated in neonates such as in infants of diabetic mothers as well as in children
such as in those with celiac disease and malabsorption. Treatment of hypocalcemia in
these patients must begin with at least partial correction of the hypomagnesemia or other
measures are likely to prove ineffective.

11.2. Parathyroid Resistance

Resistance to PTH can occur with severe hypomagnesemia or hypovitaminosis D but
is usually associated with the genetic disorder pseudohypoparathyroidism (PHP). PHP
is a disease in which abnormal components of the G protein-coupled receptors such
as the PTH/PTHrP receptor for PTH prevent normal formation of second messengers
such as cAMP (36). In PHP Type 1a, deficiency of Gs is responsible for preventing
the formation of the second messenger cAMP in response to activation of the PTH1
receptor by PTH as well as other G-protein-coupled receptors including those for TSH,
gonadotropins, and glucagon. The chromosomal defect is on chromosomal fragment
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20q13.3. Recent studies show that the tissue specificity is the result suppression of the
paternal gene and expression only of the maternal gene due to imprinting in the affected
tissues. Patients with PHP Type 1a also demonstrate a characteristic phenotype known as
Albright’s hereditary osteodystrophy (AHO), which includes a round face, short stature,
obesity, mental retardation, subcutaneous calcifications, and brachydactyly. The latter
is due to short metacarpals and metatarsals that result in the knuckle dimple sign when
these individuals make a fist. In some kindreds with PHP Type 1a, there are individu-
als who express the AHO phenotype but have normal PTH responsiveness, a condition
referred to as pseudo-pseudohypoparathyroidism. There are other types of PHP due to
other genetic defects. PHP Type 1b lacks the features of AHO and whereas there is resis-
tant to PTH in the kidneys, there is responsiveness in bone leading to osseous changes
of hyperparathyroidism. PHP Type 1c is not due to a defect in G or G; but there remains
resistance to PTH. Finally, in PHP Type 2, there is normal cAMP excretion but no phos-
phaturia in response to PTH.

Biochemically, the affected individuals with PHP have hypocalcemia, hyperphos-
phatemia as in hypoparathyroidism but in contrast display elevated PTH levels. Mag-
nesium and 25(OH)D levels should be measured to rule out these conditions as possible
causes of PTH resistance. Formerly, tests for cAMP production by PTH were performed
using the Ellsworth-Howard test but now for PHP Type la, genetic testing is now
available.

11.3. Vitamin D Disorders

Hypocalcemia secondary to abnormalities of vitamin D are the result of the precur-
sors of active 1,25(0OH),D as result of nutritional or metabolic reasons or two rare
genetic disorders termed vitamin D dependent rickets (37). The features of hypovita-
minosis D are typically hypophosphatemia, secondary hyperparathyroidism, elevated
alkaline phosphatase and variably hypocalcemia. The reason for the latter is that sec-
ondary hyperparathyroidism is often able to compensate for deficiency of the precursors
of 1,25(OH);,D. Once thought to be a condition of the past, classic vitamin D deficiency
is reemerging due to the combination inadequate sun exposure and inadequate vitamin
D in the diet, especially breast milk. Low vitamin D can be seen in a variety of GI disor-
ders including Crohn’s disease, celiac disease, pancreatic insufficiency, cystic fibrosis,
and hepatobiliary disease. The etiology of hypovitaminosis D in these conditions is fat
malabsorption or interruption of the enterohepatic circulation. In addition to malabsorp-
tion, vitamin D levels may be low due to increased metabolism to inactive metabolites
by hepatic microsomal P-450 oxidases that can be induced by phenobarbital, Dilantin,
and other agents. In each of these disorders, the diagnostic test of choice to evaluate
vitamin D stores is that of circulating 25(OH)D and not the level of 1,25(OH);D. Disor-
ders affecting the renal proximal renal tubule including acute and chronic renal failure
and Fanconi syndrome can cause decreased formation of 1,25(OH),D and contribute to
hypocalcemia by this mechanism.

Two rare inherited disorders of vitamin D are so called vitamin D-dependent rick-
ets type 1 (pseudo-vitamin D-deficiency) and vitamin D-dependent rickets type 2.
The former is an autosomal recessive disorder the enzyme responsible for formation
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of 1,25(0OH),D: 25-hydroxyvitamin D la hydroxylase. In this illness, there is low
circulating 1,25(OH);D and the patient can be cured by physiologic doses of
1,25(OH),D. In vitamin D-dependent rickets type 2, there is an abnormality of the vita-
min D receptor leading to an end-organ resistance. The management of hypocalcemia
in some of these patients with mild defects is with large doses of oral 1,25(OH),D and
calcium but the most severely affected require parenteral calcium.

11.4. Critical Illnesses and Other Causes

Hypocalcemia is a common complication in a variety of severe illnesses including
sepsis and toxic shock syndrome (27, 38). Hypoalbuminemia is common in severe acute
and chronic disease so pseudohypocalcemia with normal ionized calcium must be ruled
out. Massive tissue breakdown as seen in tumor lysis syndrome and rhabdomyolysis
releases intracellular phosphate which through precipitation of calcium in soft tissues
and other mechanisms can cause hypocalcemia. Acute pancreatitis can cause hypocal-
cemia by several proposed mechanisms including fat necrosis and calcium soap forma-
tion as well as decreased PTH secretion. In all of these conditions, hypocalcemia is a
bad prognostic sign.

Certain medications can lead to hypocalcemia (38, 39). Phosphate containing enemas
can lead to severe hypocalcemia and hyperphosphatemia, especially if there is concur-
rent renal failure. Citrate given parenterally as an anticoagulant with massive transfu-
sions or during extracorporeal procedures like ECMO can cause an unusual situation in
which the total calcium is elevated but the ionized calcium is low. This is because of
an increase in the complexed fraction of calcium. Bisphosphonates are a useful class of
drugs for the treatment of hypercalcemia but there may be an overshoot with the devel-
opment of hypocalcemia. This is particularly true in the presence of other factors such
as vitamin D deficiency.

11.5. Neonatal Causes

Neonates can suffer from hypocalcemia from many of the causes described above
but there are also a group of disorders described under the term ‘“neonatal hypocal-
cemia” (40— 42). These conditions are largely due to abnormalities in the transition
from fetal to postnatal life when the placenta that supplies the fetus with calcium is
suddenly removed. The fetus goes from being hypercalcemic to a physiologic period
of mild hypocalcemia in the first 2 days of life and returns to normal levels over the
next several days. Premature infants often demonstrate a greater fall than term infants.
Neonates who are sick, preterm, asphyxiated or are infants of diabetic mothers are at
greatest risk for hypocalcemia. Due to a fall in serum albumin after birth as well, mea-
surement of ionized calcium is important in the diagnosis of true hypocalcemia. A total
calcium level less than 8 mg/dL in term infants and less than 7 mg/dL in preterm infants
is considered abnormal but an ionized calcium less than 1.0 mM or 4 mg/dL in both is
considered low. The symptoms of hypocalcemia in the neonate are similar to those in
older children (Table 1) but also include apnea, cyanosis, tachypnea, tachycardia, and
vomiting.
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Table 7
Causes of Neonatal Hypocalcemia

Early (Days 1-4 of life)
Prematurity
Perinatal distress/asphyxia
Infants of diabetic mothers
Intrauterine growth restriction
Late (Days 5-10 of life)
High phosphate load
Transient hypoparathyroidism
Other hypoparathyroid conditions
Maternal hyperparathyroidism
Transient PTH resistance
Hypomagnesemia
RTA Type 1
Primary hypomagnesemia
Maternal hypomagnesemia
Maternal vitamin D deficiency
Late-Late hypocalcemia (2—4 mo of age if premature)
Other-low ionized calcium, normal total calcium
Alkalosis
Citrate from blood transfusions

Neonatal hypocalcemia has usually been described by time of onset (Table 7).
Early hypocalcemia occurs in the first 3—4 days of life and is an exaggeration of the
normal transition period. It occurs typically under 3 conditions: prematurity, infant of
diabetic mothers (IDM), and intrauterine growth restriction (IUGR). The mechanism is
usually a lack of response by the immature kidney to respond to PTH but lack of feed-
ing, rise in calcitonin, renal failure, and hyperphosphatemia all may contribute. With
IDM, an exaggerated physiologic drop is often seen with maternal and resultant neona-
tal hypomagnesemia play a causative role (Chapter 8). Hypocalcemia in IDM correlates
with severity of maternal diabetes and can be particularly severe in preterm IDM with
IUGR. Late neonatal hypocalcemia is defined as occurring after 4 days of age and is
usually due to high dietary phosphate intake and an inadequate parathyroid response
that may be transient or be the presentation of one of the disorders described in Sec-
tion 11.1. Hypoparathyroidism at this point may also be the result of maternal hyper-
calcemia as seen with maternal hyperparathyroidism. Maternal hypercalcemia can lead
to fetal hypercalcemia and fetal hypoparathyroidism that may take weeks to resolve
after birth. Hypomagnesemia may be the result of IDM or of one of the conditions
described in Chapter 8. Maternal vitamin D deficiency as a result of lack of sunlight
or vitamin D intake is an important cause of neonatal hypocalcemia. Finally, hypocal-
cemia can be seen in infants, especially prematures, as a result of many other causes
including sepsis, pancreatitis, and citrate administration with blood transfusions, or
ECMO.
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12. HYPOCALCEMIA - DIAGNOSTIC EVALUATION

The first step in the evaluation of a child with hypocalcemia is to confirm that they
truly have the condition. We recommend direct measurement of ionized calcium in any
patient who is acutely or chronically ill or is likely to have abnormalities of serum albu-
min or pH. The initial diagnostic studies should include electrolytes, magnesium, BUN,
creatinine, and phosphorus. If associated clinical conditions do not point to the likely
diagnosis then the laboratory studies can be helpful in narrowing down the diagnosis.
Hypomagnesemia and renal failure are important diagnoses that should be recognized
immediately. It must be remembered that mild decreases in serum magnesium stim-
ulate PTH secretion but hypocalcemia is more likely associated with levels less than
1 mg/dL. Serum phosphorus can be used in a diagnostic strategy to narrow the diagnosis
(Table 5). High phosphorus levels in the absence of renal failure suggest abnormal
PTH function (decreased secretion or decreased action) or endogenous or exogenous
phosphorus load. Low serum phosphorus suggests abnormalities of vitamin D action or
movement of calcium and phosphorus into bone or the soft tissues.

The second level of testing includes PTH and 25(OH)D levels (Table 8). PTH lev-
els are low or inappropriately normal in states of decreased secretion and are elevated
with resistance to its action (pseudohypoparathyroidism) as well as most other states
where its secretion is being stimulated. To investigate for vitamin D deficiency whether
due to decreased intake, malabsorption or increased metabolism, 25(OH)D levels and
not 1,25(0OH),D levels are the test of choice to evaluate for vitamin D deficiency.
1,25(OH),D levels are usually in the normal range with classic rickets but inappro-
priately low in light of the hypocalcemia, hypophosphatemia, and secondary hyper-
parathyroidism that are usually present. Rarely in states of decreased proximal renal
tubular function or even more rare vitamin D-dependent rickets type 1 are 1,25(OH),D
diagnostic.

Table 8

Laboratory Features of Hypocalcemic Syndromes

Condition PO4 PTH Vitamin D
Hypoparathyroidism 1 U 1,25(OH);D nl to |
Pseudohypoparathyroidism 1l T 1,25(OH);D nl to |
Tumor lysis syndrome 1l T <

Vitamin D deficiency U 1 25(OH)D |
Vitamin D dep. rickets type 1 U 1 1,25(0H),D |
Vitamin D dep. rickets type 2 U 1 1,25(0OH),D 1
Hypomagnesemia nl to {} U 1,25(0OH);D nl to |

13. MANAGEMENT OF HYPOCALCEMIA

In children with severe, symptomatic hypocalcemia, emergency treatment with intra-
venous calcium is indicated (Table 9) (40, 43). In older children and adults, 10-20 ml of
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Table 9
Treatment of Hypocalcemia in Children-Common Forms of Calcium, Magnesium,
Vitamin D
Agent Concentration Dose Comment
Calcium 100 mg/ml 50-75 mg/kg/day-+q6 h Oral-liquid
carbonate™ suspension
200, 300, 400, Oral-tabs
500 mg
Calcium 115 mg/5 ml 50-75 mg/kg/day-+q6 h Oral-syrup
glubionate*
Calcium citrate*  53.5, 200 mg 50-75 mg/kg/day+q6 h Oral tabs-use with
achlorhydria
Calcium 100 mg/ml 10-20 mg/kg/dose v
gluconate* injection
Magnesium 500 mg/ml 50-100 mg/kg/dose v
sulfate” injection
Ergocalciferol 8000 IU/ml 800-8,000 IU/day Oral-liquid
50,000 IU 50,000 IU/2—4 weak Oral-tablet
Cholecalciferol 1000, 2000 TU 1000-8000 IU/day Oral-tabs (OTC)
1,25(OH),D 0.25,0.5 mcg 0.25-1 mcg/day Oral-capsules
1 mcg/ml Oral-liquid
1,25(0OH),D 1.0 mcg/ml 0.25-1 mcg/day v

* elemental calcium; " elemental magnesium

10% calcium gluconate (10 ml ampules) over 10—15 min is often sufficient to stop the
acute manifestations including seizures. In younger children and neonates, the dose is
10-20 mg/kg or 1-2 ml/kg or 10% calcium gluconate at a rate no greater than 1 ml/min
using constant cardiac monitoring. Hypomagnesemic hypocalcemia will be refractory
to this treatment and should be treated with 0.1-0.2 ml/kg of 50% magnesium sulfate
(50-100 mg/kg) IV over a 10-min period, a dose that can be repeated every 12-24 h.
Calcium infusions can be given for persistent hypocalcemia in children by mixing ten
10 ml calcium gluconate ampules in 1 L D5W and given at a rate of 50-75 mg/kg/day
(44). It is imperative that it is only given in a well-functioning IV to avoid chemical
burns with calcium extravasation into the tissues and with continuous cardiac monitor-
ing to avoid bradycardia. Calcium can be given on the chronic basis orally at a dose
14 g of elemental calcium daily depending on the body size. The form of oral calcium
generally is not clinically relevant except for states achlorhydria in the stomach where
calcium carbonate does not dissolve and calcium citrate in preferable.

For infants with late hypocalcemia and hyperphosphatemia, low phosphorus feeding
such as breast milk or Similac PM 60/40™ is important (41). With severe acute hyper-
phosphatemia as with tumor lysis especially with renal failure, hemodialysis or other
renal replacement therapy may be necessary. In vitamin D deficiency states, ergocalcif-
erol (vitamin D) or cholecalciferol (vitamin D3) can be given at a dose of 800-8000
units daily. In young infants the dose should be no more than 2000 units daily. Calcium,
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phosphorus, and 25(OH)D levels are useful guides to therapy in hypocalcemia patients
with severe hypovitaminosis D. In the presence of renal failure, hypoparathyroidism,
active 1,25(OH),D can be given orally or by IV at a dose of 20—40 ng/kg/day or in older
patients 0.25-1 pg/kg/day. In hypoparathyroidism, especially that due to CaSR disor-
ders, hypercalciuria may develop with normalization of serum calcium. In those states,
the minimal amount of calcium to keep the serum calcium in the low normal range
should be give to avoid nephrocalcinosis or renal stones. Thiazide diuretics (1 mg/kg)
can be given cautiously to increase calcium reabsorption and support the serum calcium
in hypoparathyroidism.

CASE SCENARIO DISCUSSIONS

Case Scenario I: Hypocalcemia in a school aged child. This child has symptomatic
hypocalcemia with a low serum calcium and high serum phosphorus. The high phos-
phorus points to likely dysfunction of PTH secretion or function but the normal body
habitus suggests that he does not have Albright’s Hereditary Osteodystrophy (AHO) as
with pseudohypoparathyroidism. He does not have renal failure and the normal CBC
makes tumor lysis less likely. You look for hypomagnesemia that could cause this pic-
ture but the magnesium level is normal and an EKG shows prolonged QT interval. Other
studies that are sent off with the initial labs are PTH and 25(OH)D levels. Because he is
not having serious manifestations like seizures or tetany, you choose to start treatment
with oral calcium to both raise the serum calcium and to act as a phosphate binder. You
choose a dose of 500 mg of elemental calcium four times daily as calcium carbonate
and you place the patient on a low phosphate diet of 800 mg/day or less. As soon as the
phosphorus level starts to come down you start active 1,25(OH),;D at a “physiologic”
dose of 0.5 mcg daily. The PTH level comes back in the low normal range, which is
inappropriate for the level of calcium consistent with hypocalcemia and the 25(OH)D
level is normal. The rash turns out to be chronic Candida infection and the diagnosis of
polyglandular autoimmune syndrome (PGA) type 1 is strongly suggested. Since a high
percentage of PGA type 1 patients will go on to develop Addison’s disease, you must
carefully monitor for this potentially life-threatening condition, which can present with
electrolyte abnormalities such as hyponatremia, hypokalemia, and acidosis. A random
cortisol of less than 18 pg/dL is suggestive of adrenal insufficiency but a cortisol stimu-
lation test may be required. In addition to Addison’s disease, other disorders associated
with PGA 1 should be suspected if other clinical abnormalities develop.

Case Scenario 2: Infant with new onset seizures and heart disease. This infant
presents as a “late” neonatal hypocalcemia with a heart defect and an abnormal facies.
The possibility of “late” neonatal hypocalcemia includes high-phosphate dietary load,
maternal vitamin D, or magnesium deficiency, and maternal parathyroid disease do not
appear to be present. Initial studies should include magnesium, ionized calcium, CBC
with differential and PTH. In this case, the magnesium is normal but the ionized cal-
cium confirms the hypocalcemia and the PTH comes back just above the lower limit of
10 pg/ml suggesting hypoparathyroidism with an inappropriate response to the hypocal-
cemia. The diagnosis of DiGeorge Syndrome should be considered even though the
VSD is not one of the classic aortic arch or cardiac outflow lesions usually described
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with this syndrome. Karyotypes with fluorescence in situ hybridization (FISH) studies
should be sent to look for microdeletions in the 22q11.2 (CATCH-22) and 10p regions
(HDR). The initial treatment was with 10 ml/kg of calcium gluconate (parenteral), which
improved the serum calcium and the neuromuscular symptoms. This child also had
renal failure with a normal renal ultrasound (pointing away from the renal dysplasia
of Barakat syndrome), which improved as the hypocalcemia was corrected suggesting
a prerenal (or decreased perfusion) etiology related to heart failure. Long term manage-
ment is with oral calcium (up to 1000 mg/day in divided doses), low phosphorus diet
(breast milk or Similac PM 60/40™), and possibly 1,25(OH),D (0.04-0.08 mg/kg/day).

14. HYPERCALCEMIA - INTRODUCTION

Hypercalcemia is a relatively uncommon disorder in children. The diagnosis is most
commonly made with the incidental finding of elevated serum calcium on routine mea-
surement of serum electrolytes. Clinical sign and symptoms of hypercalcemia are usu-
ally vague and non-specific but their recognition can be important in certain clinical set-
tings. The determination of the etiology of the hypercalcemia requires investigation of
the mechanisms that regulate the level of serum calcium and the known causes that dis-
rupt these mechanisms. Treatment should include both non-specific measures to lower
the level of serum calcium as well as specific therapies to address the primary cause.

CASE SCENARIOS

Case Scenario 1: Hypercalcemia in a healthy adolescent

You have consulted psychiatry on a 16-year-old male who is depressed and lethargic
while in the hospital for an injury of his leg. He is very tearful about being kept in the
hospital and not being able to go home to his friends and family. He is not eating and
has not had a bowel movement in 3 days. This formerly athletic male had been admitted
4 weeks prior after being thrown from a four-wheeler and suffering a displaced femur
fracture with soft tissue injury. He is in traction and on antibiotics for infection of the
wound. He has a poor appetite and is constipated and has lost 8 kg since admission.
His vital signs show a pulse of 110/min, BP of 140/95, temperature of 37.5, and normal
respiratory weight. On examination, he appears somewhat cachectic despite the history
of being on the football team prior to his injury. Routine labs which show a normal CBC
are sent but the chemistry panel shows a BUN 22 mg/dL, creatinine 1.4 mg/dL, and a
serum calcium 15.2 mg/dL, phosphorus 4.2 mg/dL, albumen 4.8 g/dL. Urinalysis shows
a specific gravity of 1.005 and small blood on the dipstick.

What are the signs and symptoms that suggested the patient had hypercalcemia? What
is the basic etiology of his hypercalcemia and what are the contributing factors in its
development? What studies would you order? How would you treat him?

Case Scenario 2: Neonatal hypercalcemia

Thirty-four-week gestation SGA infant develops mild respiratory distress requiring
oxygen on day 2 of life. Chest X-ray shows evidence of abnormal, washed out clavi-
cles, and ribs. Skeletal survey shows diffuse demineralization of the long bones with no
rachitic changes at the metaphyses and the skull shows no evidence of wormian bones.
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Chemistry profile: sodium 135 mEq/L, potassium 4.8 mEq/L, bicarbonate 19 mEq/L,
chloride 98 mEq/L, BUN 5 mg/dL, creatinine 0.9 mg/dL, calcium 12.5 mg/dL, phos-
phorus 3.8 mg/dL, albumen 2.9 g/dL.

What are the studies that you want to order? What is the most likely direct cause of
the hypercalcemia? How would you manage this patient?

15. DEFINITION OF HYPERCALCEMIA

Hypercalcemia can be defined as a total serum calcium level in a child greater than
10.3 mg/dL but as has been explained in Sections 2.1 and 5.1, it is the ionized calcium
that is physiologically and clinically significant (/8, 34). Total serum calcium may not
reflect the level of ionized calcium in states that alter either the protein-bound frac-
tion with changes in the serum albumin level or the complexed fractions with changes
in the concentrations of either serum phosphate or citrate. Methods to “correct” total
serum calcium are too often inaccurate in the sick hospitalized patient and so it is rec-
ommended to at least initially directly measure serum ionized calcium and levels >
1.35 mmol/(5.5 mg/dL) in the child or >1.4 mmol/L (5.6 mg/dL) in the neonate can be
considered elevated. The degree of hypercalcemia has diagnostic, prognostic and thera-
peutic significance with more severe hypercalcemia requiring more aggressive diagnosis
and treatment. In terms of total calcium (mg/dL), hypercalcemia can therefore be clas-
sified as mild (10.5-11.2), moderate (11.3—-13.5) and severe (>13.5).

16. HYPERCALCEMIA - CLINICAL FEATURES

The signs and symptoms of hypercalcemia are typically vague and non-specific but
do relate to the severity of the hypercalcemia with the patient with more severe hyper-
calcemia (calcium > 14 mg/dL) being more likely to be symptomatic (45, 46). The
symptoms are listed in Table 10 and can be broken down into cardiovascular, gastroin-
testinal, neuromuscular, renal, and general. By increasing cardiac repolarization, high
calcium can cause a shortened Q-T interval, which can be a classic sign. The gastroin-
testinal symptoms are a very common presentation but are totally non-specific as are the
neuromuscular symptoms. The renal manifestations of polyuria, polydipsia, and noc-
turia are not so significant for their prominence but the ensuing dehydration can lead to
increasing inability of the kidney to excrete calcium leading to a vicious cycle of wors-
ening hypercalcemia and renal dysfunction. This sequence can be especially important
in the presence of poor oral intake that can exacerbate the dehydration. Prolonged severe
hypercalcemia can cause renal calcification in the form of stones and nephrocalcinosis.
In young children unlike adults, a common presentation of chronic hypercalcemia is
poor growth and failure to thrive.

17. CAUSES OF HYPERCALCEMIA
17.1. Parathyroid Disorders

There are two disorders whose pathophysiology is an inappropriately elevated secre-
tion of PTH for the level of serum calcium, which is due to the loss of the normal
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Table 10
Clinical Manifestations of Hypercalcemia

Cardiovascular
Shortened QT interval on EKG
Hypertension
Bradycardia
Gastrointestinal
Nausea and vomiting
Constipation
Peptic ulcer
Pancreatitis
Neuromuscular
Lethargy
Depression
Stupor
Confusion
Muscle weakness
Renal
Polyuria and polydipsia
Decreased concentrating ability
Hypercalciuria
Nephrocalcinosis
Nephrolithiasis
General
Weakness
Metastatic calcifications
Failure to thrive

feedback by calcium on PTH secretion (Table 11). The first is primary hyperparathy-
roidism (HPT), one of the two most common causes of hypercalcemia in adults
but a fairly rare cause of hypercalcemia in children. The second condition is famil-
ial hypocalciuric hypercalcemia (FHH), a generally benign disorder of the calcium
receptor CaSR with the exception being when it presents in the neonatal period (see
Section 17.6.1).

17.1.1. PRIMARY HYPERPARATHYROIDISM

The incidence of HPT in children is 2-5 per 100,000, which is only about 1% of
that in adults (47, 48). This may contribute to the fact that there is often a delay in
the diagnosis of HPT in children who present with non-specific symptoms (Table 1)
as compared to adults. As a result, almost 79% of the children were symptomatic in
one study and 44% had some sort of end-organ involvement, which is different from
adults who most often have asymptomatic hypercalcemia. Also in children, only 65%
of children are found to have an adenoma of a single parathyroid gland versus 80% in
adults leaving about 30% children with four-gland hyperplasia (49). The reason is the
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Table 11
Infections and Granulomatous Causes of
1,25(OH) Mediated Hypercalcemia

Infectious
Tuberculosis
Coccidiomycosis
Cat-scratch disease
Histoplasmosis
Candidiasis

Inflammatory
Sarcoidosis
Wegener’s granulomatosis
Crohn’s disease
Silicone-induced granulomatosis
Subcutaneous fat necrosis

Lymphoproliferative
B-cell lymphoma
Hodgkin’s disease

relatively higher incidence of familial HPT in children that accounts for over 50% of
the children with four-gland hyperplasia. In contrast to other causes of hypercalcemia,
children with HPT are more likely to present with kidney stones or bone involvement
including fractures.

Primary HPT can present as one of several familial disorders (50) including the mul-
tiple endocrine neoplasia Types 1 (MEN1) and 2A (MEN2A), hyperparathyroidism-jaw
tumor syndrome (HPT-JT), familial isolated hyperparathyroidism, and fore-mentioned
neonatal severe HPT (NSHPT), which will be discussed below. MEN1 is a rare auto-
somal dominant disorder in which there is an inactivating germ-line mutation of the
tumor suppressor gene MENI on chromosome 11q13 leading to the development of
tumors of the parathyroid, anterior pituitary, pancreatic islets as well as other tissues.
HPT in this condition can begin as young as 8 years of age, often with symptomatic
hypercalcemia. MEN 2A is more associated with medullary thyroid carcinoma (90%)
but can also have HPT (20%) and pheochromocytoma (40%). This autosomal domi-
nant disorder arises from a germ-line mutation of the RET proto-oncogene and is more
likely to be associated with asymptomatic HPT. HPT-SJ, a is a very rare syndrome in
which there may be ossifying fibromas of the mandible or maxilla as well as possibly
renal cysts, hamartomas or even Wilm’s tumor. The mutation in this condition is on
chromosome 1q.

The diagnosis of HPT is based on the presence of an elevated PTH level in the pres-
ence of hypercalcemia (47). The standard test for PTH is measurement of intact PTH by
IRMA or ICMA (see Section 6.1). About 15% of children with HPT may have PTH val-
ues in the upper range of normal and high serum calcium levels, which should be asso-
ciated with PTH levels below the mean. Other associated laboratory findings include
low or low normal serum phosphorus; elevated markers of bone formation and bone
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resorption such as serum alkaline phosphatase and urinary N-telopeptide/creatinine,
respectively, and increased urinary calcium excretion as result of increased circulating
1,25(OH);,vitamin D (1,25(0OH);D). Measurement of serum phosphate and urinary cal-
cium is clinically useful, measurement of markers of bone turnover and 1,25(OH),D are
not since they do not distinguish between other causes of hypercalcemia (see Section 5).
Other studies in HPT may include X-rays for bone involvement but these are not cost
effective and do not add to the direct measurement of PTH.

Treatment of HPT includes the non-specific management of hypercalcemia (Section
19) but in children should include surgical removal of the abnormal parathyroid tissue
(32, 48). Controversy remains over the role of pre-operative imaging of the parathy-
roid, which can include ultrasound, CT, MRI, and scintigraphy with technetium-99m-
sestamibi. The latter is the most common study because of its ability to localize a single
adenoma but it can be combined with adjunctive modalities such as single photon emis-
sion computed tomography (SPECT) to more precisely localize the parathyroid tissue.
An axiom of parathyroid surgery has been that the most important factor is to have an
experienced surgeon perform the exploration because of the great variability in loca-
tion of the parathyroids, which can include the mediastinum or multiple locations in the
neck. The surgical procedure of choice is to remove any adenomas, a procedure that
should be accompanied by a drop of PTH levels intraoperatively by 50%. If the drop in
PTH levels is less, there is likely to be more hyperplastic parathyroid glands, especially
in children. In multiglandular disease the choice is to mark and leave a small piece of
parathyroid tissue in situ or to remove all of the parathyroid tissue and autotransplant
a portion in the non-dominant forearm. After surgery a brief period of hypocalcemia is
expected requiring either oral or intravenous calcium or possibly 1,25(OH),D. If both
severe, prolonged hypocalcemia and hypophosphatemia develop post-operatively, this
is a likely sign of “hungry bone” syndrome in which there is a transient high turnover of
bone. After surgery bone resorption is suppressed with the loss of PTH stimulation but
activated bone mineralization continues for a period of time.

17.1.2. FAMILIAL HYPOCALCIURIC HYPERCALCEMIA

Familial hypocalciuric hypercalcemia (FHH), which is also know as familial benign
hypercalcemia, is an autosomal dominant loss of function abnormality of the calcium
receptor (CaSR) (51). The majority of cases have abnormalities of the CaSR locus on
chromosome 3q. Most patients who have a heterozygous CaSR defect in the parathyroid
and the renal tubule require a higher serum calcium levels to suppress PTH secretion
(increased set point) and demonstrate increased tubular reabsorption of calcium. The
latter defect helps maintain serum calcium levels at a higher level even in the absence
of PTH but is also responsible for the relative hypocalciuria in this condition. Homozy-
gous CaSR defects result in the massive, life-threatening neonatal severe primary hyper-
parathyroidism covered under “Hypercalcemia in Infants” (Section 17.6.1).

Children with FHH present with mild asymptomatic hypercalcemia with serum mag-
nesium levels in the high normal range and phosphorus levels in the low range. Char-
acteristically, calcium excretion is low for the level of serum calcium and can be mea-
sured by the ratio of calcium clearance to creatinine clearance. Similarly, magnesium
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excretion is also increased, leading to the mild hypermagnesemia. The diagnosis of
FHH can usually be made in the presence of autosomal dominant inheritance of hyper-
calcemia, hypocalciuria and normal PTH levels. Currently genetic testing for FHH is
only able to detect 70% of affected kindreds so false negatives remain a possibility. The
management for most cases of FHH is to avoid parathyroidectomy except for the neona-
tal form covered below and rare cases with serum calcium greater than 14 mg/dL. There
is a possible future role for calcimimetics that has yet to be determined.

17.2. Vitamin D Mediated

Vitamin D can cause hypercalcemia by stimulating calcium absorption from the GI
tract and resorption from bone (52, 53). Toxicity can result from intoxication by vita-
min D or one of its active analogues can result from endogenous formation of active
1,25(0OH),D in a variety of disease states. Characteristically, both serum calcium and
phosphorus will be elevated since the actions of vitamin D elevate both minerals, and
serum PTH levels should be suppressed. Another effect is increased excretion of cal-
cium, which may precede hypercalcemia, but other factors such as thiazide diuretic use
may trigger frank hypercalcemia by limiting the ability of the kidneys to excrete the
excess calcium. The measurement of vitamin D metabolites may be helpful in these
disorders. In states of intoxication by regular vitamin D, or D3, the level of 25(OH)D
but not 1,25(OH),D is high, whereas in other vitamin D disorders described below, the
formation and serum levels of 1,25(OH);D are elevated.

17.2.1. VITAMIN D INTOXICATION

Hypercalcemia from vitamin D supplements is a fairly rare disorder (54). Despite
recommended upper limits of intake of 2000 IU/day, intakes of 10,000 IU/day are well
tolerated in adults. Most reported cases are due to consumption of vitamin D in amounts
greater than 100,000 units daily for a period of time as a result of an error in the pro-
duction of supplemented products or a bizarre intake of huge amount of vitamin D. In
these cases, it is the level of 25(OH)D but not 1,25(OH),D that is elevated, and recent
expert opinion suggests that levels greater than 100 ng/ml are necessary for toxicity.
The mechanism is unclear but likely includes competition for the vitamin D receptor,
elevated free 1,25(OH), D, interference with vitamin D metabolism and upregulation of
the vitamin D receptor. The half-life of 25(OH)D3 is 7-30 days and so the duration of
the hypercalcemia may be for weeks. In cases where the parent compound, vitamin D2
or vitamin D3 is elevated, the duration of hypercalcemia can last as long as 18 months
due to large stores of fat soluble vitamin in adipose tissue. Treatment for severe cases
can include the use of corticosteroids and low calcium diet. More commonly, hyper-
calcemia from vitamin D intoxication is the result of administration of active forms of
vitamin D in renal failure or other metabolic conditions. In these cases, 1,25(OH),;D
or another active metabolite are the culprits. Due to their short half lives of more like
24 h, resolution of the hypercalcemia will occur in days after discontinuation of the
medication and is usually all that is required in the treatment.
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17.2.2. GRANULOMATOUS DISORDERS

Hypercalcemia has been long associated with certain infectious and granulomatous
disorders with sarcoidosis as the classic example (55). The enzyme responsible for for-
mation of 1,25(OH);D, 25(OH)D-1a-hydroxylase is known to be expressed in many
extra-renal tissues including monocytes and macrophages. In these tissues, formation
of 1,25(OH),D is not stimulated by PTH, low calcium and low phosphorus as in the
kidney rather by immune mediators and cytokines such as IL-2 and y-interferon. In
a number of these states (Table 11), increased levels of 1,25(OH),D appear to be the
cause of the hypercalcemia and its measurement can be diagnostic. Hypercalcemia in
certain lymphoproliferative diseases and subcutaneous fat necrosis in infants appear to
have a similar pathogenesis. The malignancies most often associated with increased
1,25(0OH),D formation are Hodgkin’s and non-Hodgkin’s lymphomas. Treatment of
1,25(0OH),D mediated hypercalcemia includes control of the primary disease or reduc-
tion of 1,25(OH),D production by the macrophages/monocytes by glucocorticoids or in
refractory cases by chloroquine, hydroxychloroquine, and ketoconazole.

17.3. Bone-Related

Release of calcium from bone is associated with most hypercalcemic disorders
but under certain conditions this is not secondary to increases in PTH or vitamin D.
Increased resorption of bone by osteoclasts combined with the suppression of min-
eralization by osteoblasts (uncoupling) can lead to massive release of calcium from
bone, which can overwhelm the homeostatic mechanisms to maintain normal serum
calcium.

17.3.1. HYPERCALCEMIA OF MALIGNANCY

Hypercalcemia associated with malignancy is much less common in children than
adults where it is one of the two most common causes of hypercalcemia (56). Malig-
nancy associated hypercalcemia is often severe (total calcium >14 mg/dL) and can be
life threatening. Unlike adults where 30-day survival is only about 50% with this con-
dition, the prognosis in children appears to be better which is related to the kind of
associated cancers in children (57). There are several described mechanisms, including
1,25(0OH),D formation described with certain lymphomas (Section 3.2.2). Local oste-
olytic hypercalcemia (LOH), typified by breast cancer with extensive metastatic disease
to bone, is caused by local production by the cancer cells of cytokines and PTHrP, which
activate local resorption of bone by osteoclasts. Leukemias, including ALL, which cause
hypercalcemia, may have a similar mechanism. The biochemical features of LOH are
hypercalcemia, normal to high serum phosphorus, low PTH, hypercalciuria, and sup-
pressed 1,25(OH),D levels.

The second syndrome is “humoral hypercalcemia of malignancy” in which there is
little evidence of direct skeletal metastases. Once thought due to ectopic secretion of
PT, it was found in the majority of cases to be due to PTHrP. The majority of tumors
associated with PTHrP such as squamous cell carcinoma of the lung, esophagus, head
and neck, and cervix, are rare in the pediatric age group but there are still many reported
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cases of cancer in children due to PTHrP. Whereas PTH and PTHrP act through similar
receptors, patients with HHM share with those with HPT of having hypercalcemia, and
hypophosphatemia but differ in that 1,25(OH), D formation is not elevated and that bone
formation by osteoblasts is suppressed by PTHrP in contrast to PTH.

There are some non-malignant illnesses that have been associated with PTHrP and
hypercalcemia including SLE, HIV, lymphedema, massive mammary hyperplasia, and
certain benign tumors including pheochromocytoma.

17.3.2. IMMOBILIZATION

Hypercalcemia in children who have been immobilized is a relatively common and
is the result of the sudden suppression of osteoblastic bone mineralization simultaneous
with a striking increase in osteoclastic bone resorption (58). With a growing child or
adolescent who is physically active, this uncoupling of bone mineralization and resorp-
tion in a skeleton that is rapidly turning over can lead to hypercalciuria in a few days
and hypercalcemia in a few weeks. The immobilization may be the result of spinal cord
injury, femur fractures, or other acute injury. Symptoms of nausea, loss of appetite,
lethargy, and depression caused by the hypercalcemia are often attributed to the cir-
cumstances and missed as a sign of hypercalcemia. The laboratory evaluation should
show hypercalcemia, hypercalciuria along with a suppressed PTH level. The treatment
is remobilization but treatment with hydration and bisphosphonates may be required
(Section 19).

17.3.3. OTHER

Thyrotoxicosis or excessive administration of thyroid hormone can lead to hyper-
calcemia by accelerating bone turnover with bone resorption exceeding mineraliza-
tion (58). Vitamin A intoxication can also stimulate osteoclastic activity and cause
hypercalcemia. Enhanced osteoclastic reabsorption has also been reported with type
1 Gaucher’s disease, juvenile idiopathic arthritis, and other non-specific inflammatory
disorders.

17.4. Renal Induced

Excretion of calcium by the kidneys acts as an essential defense by ridding the body
of excess calcium absorbed by the GI tract or released by bone (46). Hypercalciuria is
often an early warning of impending hypercalcemia when the calcium entering the extra-
cellular fluid exceeds the ability of the kidney to excrete it. Hypercalcemia can cause a
decrease in its own excretion by direct effects on glomerular filtration and by disrupting
urinary concentrating ability leading to a dehydration and increased calcium reabsorp-
tion. In any acute or chronic renal failure disorder, the loss of normal calcium excretion
makes the individual more susceptible to hypercalcemia. Other causes of hypercalcemia
described above including PTH and PTHrP activate renal reabsorption of calcium as
part of the mechanism by which they increase serum calcium. Thiazide diuretics, which
enhance renal tubular reabsorption of calcium, have been associated with hypercalcemia
when given to patients on vitamin D or other potential causes of hypercalcemia.
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17.5. Diet

Increases in dietary calcium leads to decreased fractional absorption by feedback
mechanisms involving PTH and vitamin D. An exception is the once common entity
milk—alkali syndrome in which massive amounts of milk was consumed for peptic ulcer
disease (59). With the advent of H-antagonists and proton pump inhibitors, this syn-
drome is rarely seen today but still reported with the ingestion of calcium carbonate in
amounts of 2-8 g of day. The clinical features are hypercalcemia, alkalosis with hyper-
phosphatemia, and progressive renal failure. The pathophysiology involves the effect of
inhibition of calcium excretion by alkalosis and renal failure. Another dietary cause
of hypercalcemia is with total parenteral nutrition, when there are excessive amounts
of calcium or vitamin D in the formulation. Aluminum contamination of amino acids in
TPN solutions was once a common cause of hypercalcemia but this should be a condi-
tion of the past.

17.6. Hypercalcemia in Infants

The causes of hypercalcemia that present in infancy deserves special consideration
because many of the conditions are unique to that period because of such factors as
maternal influences on the fetus, decreased ability of the immature kidneys to excrete a
calcium load and the role of high bone turnover. There are other conditions in which the
severity is so great that potentially life-threatening hypercalcemia presents during the
first few weeks to months of life (7, 60).

17.6.1. NEONATAL HYPERPARATHYROIDISM

Hyperparathyroidism (HPT) in the neonate is the result of diminished calcium trans-
port across the placenta resulting in stimulation of fetal parathyroid tissue and disorders
of the CaSR, especially the homozygous form (517, 60). In addition to the non-specific
signs of hypercalcemia that include dehydration, hypertension, lethargy, hypotonia, con-
stipation and respiratory distress, neonates with HPT also present with bone manifesta-
tions including decreased mineralization, fractures, and assorted bone deformities. The
biochemical features of HPT besides elevated PTH levels include hypercalcemia that
can be in the 15-30 mg/dL in neonatal severe primary hyperparathyroidism (NSHPT),
mild hypophosphatemia, high alkaline phosphatase, and anemia. In the most severe
cases, nephrocalcinosis may be present.

Neonatal HPT can be a secondary adaptive phenomenon as result of inadequate
transport of calcium across the placenta. The most common reason for this is maternal
hypocalcemia as result of such conditions as poorly controlled maternal hypoparathy-
roidism, pseudohypoparathyroidism, or renal tubular acidosis. We recently described
three cases of neonatal HPT in infants with mucolipidosis II disease where the primary
disorder appeared to interfere directly with placental calcium transport (617). Infants with
secondary HPT due to maternal hypocalcemia characteristically are not as hypercal-
cemic as other causes of neonatal HPT but can have severe demineralization. With good
supportive care, the secondary hyperparathyroidism usually resolves, as does the bone
disease by 6 months of age.
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Disorders of the CaSR, which are discussed under FHH (Section 17.1.2), are the
most common cause of neonatal HPT (7, 57). Infants are more likely than adults to
have symptomatic hypercalcemia and bone disease with the heterozygous form of the
CaSR defect, especially if the infant is the offspring to an affected father but normal
mother. In this setting the normocalcemic mother cannot transport adequate calcium
across the placenta to maintain the fetal calcium concentration at a level that will sup-
press the fetal parathyroid glands expressing the abnormal CaSR. Infants expressing
homozygous CaSR abnormalities have neonatal severe primary hyperparathyroidism
that should be considered a life-threatening emergency because of the extreme degree
of hypercalcemia coupled with renal and skeletal findings. The diagnosis may be sus-
pected due to family history or prenatal skeletal changes and will develop the most
profound symptoms as described above. With a reported mortality rate of 25% in
the literature, the treatment of choice has been emergency total parathyroidectomy.
However a role for intravenous pamidronate to stabilize the patient has recently been
suggested.

17.6.2. SUBCUTANEOUS FAT NECROSIS

Subcutaneous fat necrosis (SFN) is a relatively common disorder observed in full
term infants after a traumatic or difficult delivery with resulting areas of indurated sub-
cutaneous nodules typically found on the buttocks, trunk, thighs, cheeks, or extremities
(60). Monocytic infiltrates are typically found in the areas of induration and in a minor-
ity of infants, hypercalcemia develops over a period of days to weeks. The mechanism,
which can be severe, may be due to prostaglandin E; or in other instances secondary
to 1,25(OH);D formation as described in Section 17.2.2 in other granulomatous dis-
orders. In addition to hypercalcemia and possibly high 1,25(OH),D, other biochemical
features include low PTH and high phosphate levels. The treatment of these infants until
the inflammation resolves includes typical treatments (Section 6) corticosteroids, saline,
and furosemide but also low calcium and vitamin D formula (CalciloXD, Ross Labora-
tories, North Chicago, IL). One must monitor for vitamin D deficiency if this formula is
used.

17.6.3. WILLIAMS SYNDROME

Williams syndrome is a chromosomal abnormality of 7q11.23 characterized by infan-
tile presentation of supravalvular aortic stenosis, mental defects, a distinctive “elfin”
facies, and in 15% of the cases hypercalcemia (60). The hypercalcemia when present
usually resolves in the first year of life but there can also be more persistent hypercal-
ciuria and nephrocalcinosis. Although the affected gene defect appears to be the elastin
gene, studies suggesting abnormalities in vitamin D function suggest a possible contigu-
ous gene defect. The diagnosis can usually be made by a fluorescent in situ hybridization
(FISH) for the elastin gene. Treatment is usually with dietary restriction of calcium and
vitamin D.
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17.6.4. IDIOPATHIC INFANTILE HYPERCALCEMIA

First described in the 1950s by Lightwood, idiopathic infantile hypercalcemia (IIH)
first appeared to be a disorder causes by excessive maternal vitamin D supplementation
(60). This syndrome, which shares features with Williams syndrome but is not asso-
ciated with a positive FISH test for elastin, has been associated with elevated PTHrP.
Hypercalcemia with IIH is usually more persistent that with Williams syndrome and
may require treatment with glucocorticoids and a low calcium and vitamin D formula
like Calcilo XD.

17.6.5. SKELETAL DYSPLASIAS

Two rare skeletal dysplasias have been associated with hypercalcemia (60, 62). The
severe, infantile form of hypophosphatasia in which there is a deficiency of tissue
non-specific alkaline phosphatase is associated with a defect in skeletal mineralization,
rachitic changes on X-ray and hypercalcemia. The latter is likely the result of poor
osteoblast function in the face of continued osteoclastic bone resorption. Besides low
serum alkaline phosphatase, the classic biochemical changes are an increase in both uri-
nary phosphoethanolamine and serum pyridoxal-5-phosphate. The second condition is
Jansen syndrome associated with hypercalcemia and metaphyseal dysplasia and later
development of a characteristic X-ray picture. The etiology appears to be due to consti-
tutively active PTH/PTHrP receptors.

17.6.6. DIETARY AND IATROGENIC CAUSES

Neonates, especially premature infants are particularly susceptible to a variety of
imbalances that can lead to hypercalcemia (60). Probably the most common cause
of moderate hypercalcemia in premature infants is phosphorus deficiency with insuf-
ficient phosphorus to allow normal bone mineralization leading to excess serum and
urinary calcium. This is most commonly seen when very low birth weight infants fed
unsupplemented human milk or inappropriate term formulas deficient in phosphorus. In
addition to very low levels of serum phosphorus, this disorder features osteopenia and
elevated alkaline phosphatase and can be treated with appropriate supplementation.
Hypercalcemia may occur with excessive calcium during ECMO, exchange transfusion
or excessive vitamin D supplementation. Vitamin A if given in excess can stimulate
bone turnover and hypercalcemia.

17.6.7. OTHER

There are a number of other conditions that are rare or are common but rarely reported
to be associated with hypercalcemia in infants (Table 12) (6, 51).
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Table 12
Rare Causes of Neonatal Hypercalcemia

Primary oxalosis

Congenital lactase deficiency
Down’s syndrome

Renal tubular acidosis
Thyrotoxicosis

Infantile hypothyroidism
Congenital mesoblastic nephroma
Adrenal insufficiency
Prostaglandin E syndrome

18. DIAGNOSTIC EVALUATION OF HYPERCALCEMIA

Identification of the cause of hypercalcemia requires a detailed history and physi-
cal in combination with an appropriate use of the laboratory studies (Table 13). Sec-
tion 5 describes in more detail the interpretation of studies of divalent ion metabolism.
The first step in laboratory evaluation of the child or infant with suspected hypercal-
cemia is to confirm the diagnosis with total serum calcium, electrolytes, BUN, crea-
tinine, phosphorus, and albumin. We do not recommend the use of “corrected” serum
calcium but the albumin and electrolytes may point to the need for ionized calcium
measurement. In a patient with hypoalbuminemia, acidosis or severe illness, ionized
calcium should be measured to confirm the diagnosis. The severity of the diagnosis
is important for treatment but may also point to likely etiologies. In patients with con-
firmed hypercalcemia, the serum phosphorus may help to identify the cause. In disorders
involving PTH or PTHrP, the stimulation of renal phosphorus excretion may lead to a
low serum phosphate concentration. Normal to high serum phosphate concentrations
is seen with vitamin D mediated states, renal failure, and disorders described above as
related to bone. The next step is the measurement of PTH, which will be increased in
PTH-mediated conditions but should be suppressed in other causes of hypercalcemia.

Table 13

Laboratory Features of Hypercalcemic Syndromes

Condition POy PTH 1,25(0OH),D Special test
1° Hyperparathyroidism U T nl to 1} Urine Ca/cr 1
Familial hypercalciuric hypercalcemia nlto | nlto nlto | Urine Ca/cr |}
Vitamin D intoxication 1l 13 nl to 1} 25(OH)D ¢
Granulomatous disorders nltof) | T 1,25(OH),;D ¢
Humoral hypercalcemia of malignancy |} 13 nlto | PTHrP 1
Immobilization nltof | 13 Urine Ca/cr 1
Subcutaneous fat necrosis 1l 13 nl to 1}
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The measurement of 25(OH)D is diagnostic in states of vitamin D intoxication and the
more esoteric 1,25(OH)2D and PTHrP are helpful in patients in whom the history and
other clinical information point to the possibility of their involvement. The urinary con-
centrations of calcium and creatinine can be a useful indicator of hypercalciuria as seen
in most states or can be used to detect hypocalciuria in FHH patients and family mem-
bers by measuring the ratio of calcium clearance to creatinine clearance.

19. MANAGEMENT OF HYPERCALCEMIA

The management of hypercalcemia in children will depend on the severity and cause
of the hypercalcemia (Table 14). Ideally, the therapy should be directed at treatment
of the underlying disorder. Otherwise the management is directed to lower serum cal-
cium non-specifically by increasing renal excretion, reducing calcium absorption, or
decreasing the flux out of bone (45, 46, 63). These processes may be affected in dif-
fering degrees depending on the etiology of the hypercalcemia. Renal calcium excre-
tion can be increased by hydration, preferably with isotonic saline to first treat any on-
going dehydration and then to establish a saline diuresis with an infusion of isotonic
saline at 2-3 times maintenance requirements. These measures with increase calcium
filtration by increasing the glomerular filtration rate and decreasing the sodium depen-
dent calcium reabsorption. Calcium reabsorption at the thick ascending limb can be
further decreased with the addition of the loop diuretic furosemide but the intravascular
volume status must be maintained with careful fluid balance or tubular reabsorption may
increase worsening the hypercalcemia. Furosemide can lead to electrolyte disturbances
such as hypokalemia if not monitored closely. Maximizing calcium excretion with
these maneuvers has the ability to lower serum calcium approximately 1-3 mg/dL, but
by itself cannot totally correct severe hypercalcemia. Gastrointestinal calcium absorp-
tion can be decreased by limiting the calcium and vitamin D in the diet especially in
disorders mediated by 1,25(OH),D, using glucocorticoids, which block the action of

Table 14

Treatment of Hypercalcemia in Children*

Agent Dose Comment

Furosemide 0.5-1 mg/kg/dose IV Avoid volume depletion

q6-24 h

Methylprednisolone I mg/kg/day IV Useful in vitamin D
mediated
hypercalcemia

Salmon 4-81U/kgq12h Give IM or SQ

Calcitonin

Pamidronate 0.5-1 mg/kg IV Give in 10 ml/mg over
4 h minimum

Zoledronic acid 0.025-0.05 mg/kg IV Give over 15-30 min

*Patient must be made euvolemic before and during therapy with normal saline 150-250 ml/kg/day.
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vitamin D. The most severe hypercalcemic states generally involve increase bone resorp-
tion, so measures that decrease bone resorption are the most powerful in lowering serum
calcium. The bisphosphonates, which inhibit osteoclast function, are the most potent
agents in treating hypercalcemia. In children, the greatest experience is with intra-
venous pamidronate. There is a more potent analogue zoledronic acid, which has been
introduced for hypercalcemia of malignancy in adults. Pamidronate has been given
safely to children with metabolic bone disease at a dose of 1 mg/kg given intravenously
in 10 ml isotonic saline per mg pamidronate to be given over 4 h. There is limited expe-
rience with the use of zoledronic acid in children although it has been reported to be
safe when given at a dose of 0.025-0.05 mg/kg up to a maximum dose of 4 mg. An
advantage of zoledronic acid is that it can be given over a minimum of 15-30 min rather
than the 4 h required for pamidronate. Both agents should be avoided in the presence
of renal failure and can be associated with transient fever and hypophosphatemia, and
possibly an overshoot hypocalcemia. A much older agent to inhibit bone resorption is
calcitonin. Calcitonin works to lower calcium in hours but a resistance to its effects
develops over 2448 h. Therefore it is useful when given in combination with one of
the bisphosphonates. Several agents given in the past that are no longer recommended
are plicamycin, gallium nitrate, and intravenous phosphate. Each of these agents has
significant toxicities and has been replaced by the bisphosphonates.

With mild hypercalcemia (total serum calcium < 12 mg/dL, ionized < 1.5 mM),
asymptomatic children often do not require treatment other than avoiding dehydration
and reducing the calcium in the diet. In patients with moderate hypercalcemia (total
serum calcium 12-14 mg/dL), dehydration should be expected and aggressive rehy-
dration with normal saline should be instituted. Hydration is unlikely to normalize
the serum calcium and the next step should be directed to treat the primary etiology
if known. Bisphosphonates should be used only with caution with moderate hyper-
calcemia to avoid an over shoot hypocalcemia. In patients with severe hypercalcemia
(total serum calcium > 14 mg/dL or who are symptomatic) are at greater risk for mor-
bidity and mortality. In addition to the hydration, the careful addition of furosemide
at a dose of 0.25-0.5 mg/kg can be given every 12 h after the patient is adequately
hydrated with isotonic saline. Caution to avoid dehydration or hypokalemia must be
exercised. Many of these patients will have increased bone resorption as part of their
pathophysiology so the use of bisphosphonates, possibly preceded by calcitonin may be
considered. There are rare patients with severe hypercalcemia with renal failure in whom
peritoneal or hemodialysis using a low calcium dialysate as an emergency measure is
indicated.

CASE SCENARIO DISCUSSIONS

Case Scenario I: Hypercalcemia in a healthy adolescent. This young man is suffering
from immobilization hypercalcemia with sudden turn off of his active bone mineral-
ization simultaneous with an increase in bone resorption releasing large amounts of
calcium into the blood stream. His lethargy and depression is a direct result as are his
GI symptoms. He is hypertensive as result of the effect on the vascular system and
his renal manifestations include acute renal failure and a urinary concentrating defect.
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The combination of poor intake and renal water wasting has led him to be dehydrated
which is exacerbating the direct inhibition of GFR by hypercalcemia. The cause of this
patient’s hypercalcemia appears to be fairly straightforward but a minimum work-up to
look for any surprises in this patient with severe hypercalcemia would be a serum PTH
level, which should be suppressed and a spot urine calcium/creatinine which should be
elevated.

The definitive treatment would be to get the patient mobilized but that is not likely
to be successful anytime soon and intermediate measures such as use of a tilt-table is
not effective. The first step would be to correct the dehydration with isotonic saline and
to maintain fluid balance by infusing the calcium at 2-3x maintenance. Whereas this
is likely to help correct the acute renal failure and decrease the calcium, it is unlikely
to lower the total calcium more than about 2 mg/dL. One can add furosemide at a dose
of about 0.5-1.0 mg/kg IV every 12 h, the total fluid balance must stay positive or the
calcium will start to go back up again. To lower the calcium to the normal range, a
bisphosphonate may have to be used. The choices are pamidronate 0.5-1.0 mg/kg IV
over 4 h or possibly the newest agent in the class, zoledronic acid 4 IV over 15 min. The
patient’s calcium, phosphorus, renal function, and electrolytes need to be monitored
closely through the treatment phase.

Case Scenario 2: Neonatal hypercalcemia. This infant with the washed-out bones and
hypercalcemia either could have a primary abnormality of the skeleton but more likely
has neonatal hyperparathyroidism, which is supported by the low phosphorus level. The
calcium level is lower than what is generally reported with NSHPT but a CaSR defect
cannot be ruled out. Maternal hypocalcemia whether from hypoparathyroidism is an
important cause but abnormalities of placental transport of calcium are possible as well.
The first step in the diagnosis is to measure an ionized calcium PTH levels on the mother
and infant. Urine calcium and creatinine levels may help in the evaluation of a CaSR
disorder. In this case, the mother had low calcium and PTH levels because of idiopathic
hypoparathyroidism that was not being medically controlled and her infant had an ele-
vated PTH as result. The management of the moderate hypercalcemia was supportive
with fluids; initially 150-200 ml/kg/day of normal saline given parenterally followed
by oral intake of 2 times the normal maintenance requirements of fluid. With time, the
hyperparathyroidism resolved and the skeleton remineralized.
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5 Disorders of Magnesium Metabolism

Charles P McKay

Key Points

1. Serum magnesium concentrations may not reflect the state of whole body magnesium stores.

2. In magnesium depletion states, urinary fractional excretion of magnesium should be less than 2%
if renal conservation is normal.

3. Hypomagnesemia is a common electrolyte disturbance that is usually mild but can be associated
with refractory hypocalcemia and severe neuromuscular and cardiac disturbances.

4. Recently described genetic abnormalities of intestinal and renal magnesium transport are impor-
tant causes of hypomagnesemia.

Key Words: Magnesium; hypomagnesemia; hypermagnesemia; hypocalcemia; Bartter
syndrome

1. INTRODUCTION

Magnesium is the 4th most abundant cation in the body with an average adult having
about 25 g of magnesium and the 2nd most abundant cation in the cell. It shares many
characteristics with calcium but does not appear to be regulated by a control system
like calcium, which is regulated by PTH and vitamin D. The homeostasis of magne-
sium is largely controlled by the kidney whereas the level of serum calcium is the result
of the net flux from bone, intestine, and kidney. Magnesium is a divalent cation with
an atomic weight of 24 and serves in the body as an important cofactor for numerous
enzymes, especially those involving ATP. It is therefore very important in the regula-
tion of membrane stability, hormone secretion, neuromuscular, and cardiovascular func-
tion. Disorders of magnesium metabolism are characterized by abnormalities in these
systems.

2. DISTRIBUTION OF MAGNESIUM IN THE BODY

Sixty six percent of all total body magnesium is in the skeleton as compared to 99%
for calcium. Another 33% of total body magnesium is intracellular, with the majority
being in muscle and liver and only 1% is extracellular (/).
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2.1. Serum Magnesium

The normal serum level of magnesium is kept in a fairly constant range of 1.6—
2.4 mg/dL (1.4-2 mEq/L or 0.7-1.0 mmol/L) (2). Similar to calcium, it is the ionized
portion of magnesium, which is physiologically important and that represents 55-70%
of serum magnesium with protein-bound and complexed fractions making up about 20—
30 and 10-20%, respectively. Because the relative amount of protein-bound magnesium
is about half of that of calcium, the effect of low albumin states on the relation between
total and the ionized fraction is not as dramatic with magnesium. Total serum magne-
sium levels correlate well with symptoms of hyper- and hypomagnesemia but do not
correlate well with muscle and other tissue stores but there is better correlation with
bone stores.

2.2. Tissue Magnesium

The majority of magnesium is in bone where it resides on the surface of the hydrox-
yapatite crystals and is freely exchangeable (3). The remaining 2/3 of total body mag-
nesium is intracellular where it lies predominantly in organelles, especially the mito-
chondria. The cytosolic magnesium has a concentration of about 0.5 mM but is largely
complexed to proteins and organophosphates with a small component being ionized.
The concentration of intracellular magnesium does not vary greatly in the presence of
hypomagnesemia or hypermagnesemia. The control of intracellular magnesium is still
poorly described but is linked to cellular potassium homeostasis. Magnesium depletion
appears to reduce muscle tissue stores of potassium and vice versa with a fall of muscle
magnesium of 0.5 mmol for every 10 mmol fall in muscle potassium.

3. MAGNESIUM HOMEOSTASIS

Normal magnesium balance in adults is the result of ingestion of about 300 mg in
the diet with secretion of about 30 mg with digestive juices (4). There is net absorption
of 30% or 100 mg, which is usually excreted in the urine. Net magnesium absorption
is linear with magnesium intake. Magnesium is plentiful in most foods so dietary defi-
ciency is unusual. The daily requirements for magnesium range from 50 mg in the first
6 months of life to 150-250 mg in young children under 10 years of age to 400 mg
in adolescent males. Magnesium absorption is not regulated so magnesium balance is
generally the result of renal excretion.

3.1. Systemic Transport of Magnesium
3.1.1. INTESTINALT RANSPORT

The majority of magnesium absorption occurs in the ileum with lesser amounts in
the duodenum, jejunum, and colon (5). There appears to be both by saturable transcel-
lular and nonsaturable paracellular transport but the saturable component normally con-
tributes a small portion of total absorption. Nonsaturable paracellular absorption is by
passive ionic diffusion and “solvent drag” with water absorption and is most prominent
at higher intestinal concentrations of magnesium. At lower magnesium concentrations,
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there is evidence for active magnesium absorption that appears to involve the cation
channel TRMP6. Abnormalities of this transporter appear to be responsible for the
condition hypomagnesemia with secondary hypocalcemia (HSH). Unlike calcium
absorption, the role for 1,25(OH),vitamin D regulation of magnesium absorption is con-
troversial. Magnesium does not compete with calcium for absorption but its absorption
can be decreased in the presence of substances that bind it like phosphorus.

3.1.2. RENAL HANDLING OF MAGNESIUM

Urinary excretion of magnesium is the product of filtration and renal tubular reab-
sorption with little evidence for secretion (4, 6, 7). Magnesium balance is maintained by
changes in tubular reabsorption, which is remarkable being that there is no system reg-
ulation as with PTH for calcium. About 80% of total serum magnesium is ultrafilterable
which in adults means that about 2000 mg of magnesium are filtered and about 100 mg
or 1-3% of the filtered load is excreted in the urine daily. The amount of excreted mag-
nesium can vary from less than 0.5% with magnesium deficiency to up to 80% of the
filtered load during magnesium infusion in renal failure.

The proximal renal tubule only reabsorbs 10-15% of the filtered load in adults but
70% in neonates suggesting a change in the permeability to magnesium during devel-
opment. This increased permeability in neonates may be a passive paracellular pathway
not present in adults. Thus the reabsorption of magnesium is very different in mature
subjects from calcium in which 60-70% is reabsorbed proximally. In contrast to the
proximal tubule, the descending loop of Henle can reabsorb significant amounts of
magnesium. The thick ascending limb (TAL) though is responsible for about 70% of
magnesium reabsorption with the cortical TAL reabsorbing the major portion. Magne-
sium reabsorption is driven by the lumen positive transepithelial voltage generated by
potassium recycling in this segment. This recycling requires the entry of Na, K, and
chloride into the cell by the Na—K-2Cl transporter, exit of K back in to the lumen by
ROMK and basolateral exit of Na by Na—K-ATPase and CI by the chloride channels
CIC-Kj; and CIC-Ky, both of which require a B-subunit called barttin. The permeability
of the paracellular pathway for magnesium and calcium reabsorption has been shown to
be controlled by the protein paracellin-1 that is the product of the gene CLDN16. There
is some evidence for active transcellular reabsorption in the TAL but it is controversial.
In the TAL and the distal tubule is found the calcium sensing receptor CaSR, which is
responsible for control of magnesium reabsorption (Section 3.2).

The distal tubule is the last segment of the renal tubule demonstrated to reabsorb
magnesium and it is responsible for about 10% of the magnesium reabsorption, which
is predominantly transcellular and active. Magnesium, driven by the transmembrane
negative electrical potential, enters the cell through the divalent ion channel TRPM6.
TRPMG6 is also found in the intestine and mutations of TRPMG6 result in low magnesium
GI absorption and renal reabsorption in the condition HSH.

3.2. Regulation of Magnesium Metabolism

Control of magnesium metabolism is predominantly by modulation of renal tubu-
lar reabsorption since the intestinal absorption is proportional to intake (7, 8). Multiple
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Table 1

Regulation of Magnesium in Renal Tubule

Agent or condition Thick ascending limb Distal tubule
Parathyroid hormone Increase Increase
Calcitonin Increase Increase
Vasopressin Increase Increase
1,25(OH);vitamin D Unknown Increase
Aldosterone Increase Increase
Insulin Increase Increase
Hypomagnesemia Increase Increase
Hypermagnesemia Decrease Decrease
Hypercalcemia Decrease Decrease
Volume expansion Decrease Decrease
Potassium depletion Decrease Decrease
Hypophosphatemia Decrease Decrease
Metabolic acidosis Decrease Decrease
Metabolic alkalosis Increase Increase
Loop diuretics Decrease No effect
Thiazide diuretics No effect Increase
Amiloride No effect Increase

hormones, metabolic conditions and diuretics influence magnesium reabsorption in the
TAL and distal tubule (Table 1) but in contrast to calcium, there is no one system dedi-
cated to the regulation of serum magnesium. In the TAL limb, magnesium reabsorption
is modulated by changes in the transepithelial voltage, Na—K—2Cl transporter, potassium
recycling and paracellin-1 regulation of the paracellular permeability and the agents and
conditions that modify magnesium work through these mechanisms. One of the most
important regulators of magnesium and calcium reabsorption in both the TAL and distal
tubule is the divalent sensing receptor CaSR that is present in many tissues but most
importantly the parathyroid and renal tubule. The CaSR responds to changes in plasma
magnesium and calcium with a decrease in the paracellular transport of these two diva-
lent cations possibly by affecting paracellin-1. This may be the predominant mechanism
by which hypomagnesemia stimulates its renal conservation.

The distal tubule is responsible for determining the final amount of magnesium
excreted. It increases magnesium reabsorption not only in response to PTH, calcitonin,
and vasopressin but also in response to 1,25(OH);vitamin D. The systemic effect of
1,25(OH),vitamin D administration though may be increased magnesium excretion
because of the effect of 1,25(OH),vitamin D on GI absorption and serum calcium
and magnesium levels through which CaSR decreases magnesium reabsorption. Other
metabolic conditions such as acidosis and intravascular volume status also affect magne-
sium excretion. Finally, certain diuretics have an important effect on renal tubular mag-
nesium handling. Loop diuretics, which inhibit Na—K-2ClI transporter, acutely decrease
magnesium reabsorption in the TAL but its chronic effects are lessened due to enhanced



Chapter 5 / Disorders of Magnesium Metabolism 153

reabsorption in other parts of the nephron, especially the distal tubule. Thiazide diuret-
ics, which inhibit the Na*—CI~ cotransporter, increase magnesium excretion but this may
be in part due to associated hypokalemia when given on a chronic basis. In contrast, the
potassium sparing diuretic amiloride is also magnesium sparing.

4. NEONATAL MAGNESIUM METABOLISM

Magnesium is transported across the placenta to the fetus with daily accumulation of
approximately 5 mg/day (9). Unlike calcium in which the transport appears greatest in
the third trimester, placental magnesium transport appears greatest in the first trimester.
The transport mechanism is distinct from the one that transports calcium and maintains a
fetal magnesium concentration that is greater than the maternal concentration. The mag-
nesium transport is affected by maternal stores so that infants born to mothers who are
magnesium depleted will be born with abnormally low stores as well. After birth, intesti-
nal magnesium absorption appears to be greater than that demonstrated later in child-
hood. There also appears to be greater tubular reabsorption of magnesium by the kidney
which in part may be due to increased permeability in the proximal tubule as described
in Section 3.1.2. Fractional excretion of magnesium (FEe = (Unyg <+ Smg)/Uer + Ser)
x 100) less than 1% has been described as compared to excretion in older children
and adults of 1-3%. These processes likely contribute to the higher serum magnesium
concentrations described in premature infants, especially those less than 35 weeks ges-
tation. The suggested intake for magnesium is 4—15 mg/100 kcal in term infants and
7-17 mg/dL in preterm infants.

5. MEASUREMENT OF MAGNESIUM

Evaluation of magnesium metabolism for the most part is concerned with the determi-
nation of the status of magnesium stores to evaluate for evidence of depletion or excess.
Since no hormone system is responsible for control of magnesium as is true for calcium
with parathyroid hormone and vitamin D, study of such a system is unnecessary.

5.1. Serum Magnesium

Serum magnesium shares several features with serum calcium; first, total magnesium
is comprised of three fractions ionized, protein-bound and complexed, secondly, the
ionized fraction is physiologically and clinically the most important, and finally, pro-
tein binding by magnesium is mostly to albumin and is pH dependent (/0). In contrast
to calcium, total serum magnesium is not as dependent on the levels of serum albumin
since only 20-30% of total magnesium is protein-bound. Therefore, direct measure-
ment of ionized magnesium is usually not available in the clinical setting even though
magnesium-specific electrodes have been developed and normal ionized magnesium
levels in the serum are 0.44-0.59 mmol/L. The total serum magnesium may be “cor-
rected” for the level of magnesium with the formula: (Mg, = Mgt + (4 — Salb)) where
Mg, is the “corrected” magnesium, Mgt is the total magnesium in mmol/L, and Salb is
the albumin concentration in g/dL, but generally in clinical practice such “correction” is
not performed.
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Total serum magnesium is measured by a spectrophotometric method using calmagite
as the indicator. Total magnesium is usually measured in serum but heparinized plasma
can be used if caution is exercised to avoid certain heparins such as lithium heparin
known to artifactually increase plasma magnesium. Citrate and EDTA that can complex
magnesium and lower measured levels should never be used. Serum and plasma must be
quickly separated from RBCs while avoiding hemolysis to avoid leakage of magnesium
out of the cells. For the most part, the serum magnesium status is evaluated by total mag-
nesium with the normal range being 1.6-2.4 mg/dL (1.4-2 mEq/L or 0.7-1.0 mmol/L).

5.2. Evaluation of Body Tissue Stores

Clinical investigators for years have studied methods to evaluate the state of mag-
nesium stores by measuring magnesium levels in bone, erythrocytes, and other tissues
(1, 3). Erythrocyte magnesium correlates poorly with whole body magnesium and is
not clinically useful. For the most part serum magnesium is used to estimate bone and
total body magnesium but there are times where hypomagnesemia may be present with-
out magnesium depletion. To further investigate the possibility of magnesium depletion,
the so-called Magnesium Tolerance Test (MTT) has been described for adults (/7). It
is based on the principle that in the presence of magnesium depletion, an administered
magnesium load will be taken up by bone and other tissue and not be excreted in the
urine. The protocol is described in Table 2. The test has not been standardized in children
but there is no reason to think that the results would be significantly different in older
children than adults. The one caveat is that with abnormal renal magnesium wasting, the
test cannot be used.

Table 2
Magnesium Tolerance Test Protocol

1. Collect 24 h urine for baseline magnesium/creatinine ratio.
Infuse 0.2 mEq (2.4 mg) elemental magnesium per kilogram lean body
weight in 50 ml D5W over 4 h.

3. Collect 24 h urine for magnesium/creatinine starting with the
beginning of the infusion,
4, Calculate percentage magnesium retained with the formula: %Mg

retained = 1 — [Postinfusion 24 h urine Mg — Preinfusion urine
Mg/creatinine x postinfusion creatinine — total elemental Mg infused
x 100]

5. Definition of magnesium deficiency:
>50% retention at 24 h = definite deficiency
>25% retention at 24 h = probable deficiency

6. CLINICAL EVALUATION MAGNESIUM RENAL HANDLING

Magnesium balance is maintained by either intestinal absorption or renal excretion.
Renal excretion of magnesium usually matches the intestinal absorption and in the pres-
ence of magnesium depletion the renal excretion of magnesium should be quite low
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(2, 4). In adults it has been shown to be 12 mg/day or less with severe depletion. To
test whether there is appropriate renal conservation of magnesium or if the kidney is
contributing to the condition by inappropriate magnesium loss into the urine, fractional
excretion of magnesium (Fepjg) can be measured in a spot urine using the formula:

FEMg = UMg x PCr/0.7 x PMg x UCr x 100

in which Cr = creatinine, P = plasma, and U = urine.
In non-renal disorders causing hypomagnesemia, the FEMg should be <2% but in
renal wasting of magnesium it is typically >5% and is often 15% or greater.

7. GENETIC TESTING OF MAGNESIUM DISORDERS

The genetic cause of many of the hypomagnesemic disorders (Table 5) have been
identified and can be measured clinically. At the time of the writing of this chapter, there
are CLIA approved laboratories for a number of the described genetic defects. Infor-
mation for the laboratories can be accessed through GeneTests©, University of Wash-
ington, Seattle, WA; www.geneclinics.org, which is funded by the National Library of
Medicine, NIH and the National Human Genome Research Institute, NIH. This site pro-
vides current information about the different disorders, labs providing testing, what tests
are offered, methods used, CLIA status, and contact information.

8. HYPOMAGNESEMIA - INTRODUCTION

Magnesium depletion is a very common and important condition whose severity is
often underestimated by the level of serum magnesium. It is almost always the result of
decreased gastrointestinal absorption or increased renal loss. Hypomagnesemia can be
from rare inherited disorders or be associated with many common GI disorders and med-
ications. Nutritional deficiency of magnesium is also an important contributing factor.
The signs and symptoms of hypomagnesemia are usually the result of neuromuscular
hyperexcitability or cardiac disturbances. Hypomagnesemia is also an important cause
of refractory electrolyte disturbances of calcium and potassium homeostasis.

HYPOMAGNESEMIA CASE SCENARIOS

Case Scenario #1: Multiple electrolyte abnormalities in 12-year-old. You are called
to see 12-year-old male who was admitted 2 days prior with diarrhea and weakness.
Labs show Na-132 mEq/L, K-2.8 mEq/L, CI-98 mEq/L, HCO3-18 mEq/L, calcium-
6.8 mg/dL, and albumin 2.8 g/dL. He has been on IV fluids with 40 mEq/L potassium
and oral calcium supplements but his labs have not improved. He has a PMH of prema-
turity with necrotizing enterocolitis, short-gut syndrome, and chronic diarrhea. You per-
form a physical and he has short stature, and has a positive Trousseau’s and Chvostek’s
signs. You ask the lab to add a magnesium level to the morning labs and the result comes
back 0.85 mg/dL.
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What is the likely cause of the hypomagnesemia? How does it relate to the other
electrolyte disturbances? How would you treat this patient?

Case Scenario #2: Two-day-old neonate with seizures. Full term AGA infant who
is a product of a term pregnancy and born by a spontaneous vaginal delivery without
complications develops poor feedings followed by a generalized seizure at 48 h of age.
Stat labs show normal electrolytes and total serum calcium 5.8 mg/dL and an IV dose
of calcium is given without correction of the hypocalcemia. Review of the record shows
that the mother has diabetes.

What is the most likely cause and how would you make the diagnosis? What are the
emergency steps in the treatment?

9. DEFINITION OF HYPOMAGNESEMIA AND MAGNESIUM
DEPLETION

Hypomagnesemia may be defined as serum magnesium levels less than 1.6 mg/dL
(1.4 mEqg/L or 0.7 mmol/L) (10). Due to lesser protein binding, “pseudohypomagne-
semia” due to hypoalbuminemia is not the problem that “pseudohypocalcemia” is with
low serum albumin. Whereas hypomagnesemia is relatively easy to define, the charac-
terization of whole body magnesium stores is much more difficult and is discussed in
Section 5.2. The evaluation of urinary excretion of a magnesium load with the so-called
Magnesium Tolerance Test has been accepted in adults as the best measurement of tissue
stores but it has not been well studied in children.

10. CLINICAL FEATURES OF HYPOMAGNESEMIA

The clinical manifestations of hypomagnesemia can be separated into its neuro-
muscular and cardiac effects and disturbances on calcium and potassium homeostasis
(Table 3) (2, 12). The exact role of magnesium depletion on the heart and nervous
system is often difficult to separate from concomitant hypocalcemia, hypokalemia, or
associated clinical conditions. Conversely, magnesium deficiency must be considered in
patients with hypocalcemia, hypokalemia, and any of the signs and symptoms outlined
below.

10.1. Neuromuscular Effects

The earliest sign of hypomagnesemia may be neuromuscular irritability, which
can be manifested by a positive Trousseau’s and Chvostek’s signs as described with
hypocalcemia (/3). Trousseau’s sign is elicited by pumping a sphygmomanometer cuff
20 mmHg above the systolic BP for 5 min to produce ischemia of the ulnar nerve. A
positive sign is when the metacarpophalangeal joints flex, interphalangeal joints extend,
and the thumb adducts. Chvostek’s sign is elicited by tapping with three fingers over
the facial nerve anterior to the ear. A positive sign can be arranged from twitching of
the lip at the angle of the mouth to twitching of nasolabial fold, lateral angle of the eye
or finally all of the facial muscles on that side. Although isolated magnesium depletion
has been shown to cause neuromuscular irritability, many or most children with positive
Trousseau’s and Chvostek’s signs will have concurrent hypocalcemia.
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Table 3

Clinical Manifestations of Hypomagnesemia

Neuromuscular
Positive Trousseau’s and Chvostek’s signs
Muscle tremor
Muscle weakness
Vertical nystagmus
Seizures
Cardiac
EKG changes
Prolonged PR and QT intervals
Arrhythmias
Supraventricular
Ventricular
Sudden death
Enhancement of digoxin toxicity
Hypertension
Electrolyte
Hypokalemia
Hypocalcemia

Central nervous systems symptoms include seizures that may be tonic—clonic, mul-
tifocal motor or generalized. Other symptoms described with hypomagnesemia include
vertigo, ataxia, choreo-athetoid movements, and psychiatric changes. A rare but fairly
specific sign for hypomagnesemia is vertical nystagmus that may not resolve immedi-
ately after correction of hypomagnesemia.

10.2. Cardiac Effects

The cardiac manifestations involve mainly conduction disturbances but in adults there
is great interest in the role of magnesium in myocardial infarction (2). The pathophys-
iology of the abnormality involves the role of magnesium, calcium and potassium on
depolarization and repolarization of the myocardium. Electrocardiogram disturbances
include prolongation of the PR and QT intervals and widening of the QRS complex.
Abnormal T and U waves may develop as well as the electrolyte disturbances become
more severe. Mild hypomagnesemia is not associated with arrhythmias but adults with
severe hypomagnesemia have developed atrial and most importantly ventricular arrhyth-
mias. Digoxin toxicity is an important condition that can be exacerbated in the presence
of hypomagnesemia and hypokalemia.

10.3. Electrolyte Disturbances

Patients with hypomagnesemia often also present with hypocalcemia and
hypokalemia (3). Several features of these two disturbances with hypomagnesemia
are refractory to treatment unless the underlying magnesium deficiency is corrected.
Hypocalcemia and hypokalemia likely play a large role in the symptoms associated
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with hypomagnesemia and there are numerous inherited and acquired causes of hypo-
magnesemia, which also cause wasting of potassium and calcium.

Hypokalemia and potassium depletion has long been recognized as a feature of mag-
nesium depletion. The cause and effect or “chicken and egg” question of which comes
first is difficult to discern with hypokalemia and hypomagnesemia. There is both loss of
intracellular potassium and renal wasting of potassium in the presence of hypomagne-
semia. The pathophysiology may relate to effects of magnesium on intracellular mecha-
nisms involving ATP as well as the functioning of potassium channels. Nevertheless, in
patients with refractory hypokalemia, concomitant hypomagnesemia should be sought
and treated.

Severe refractory hypocalcemia has long been recognized in pediatrics to be associ-
ated with hypomagnesemia. This is not seen with mild hypomagnesemia when magne-
sium stimulates the CaSR on parathyroid cells similar to calcium but typically is seen
with severe hypomagnesemia when the serum magnesium is less than 1.1 mg/dL (4).
The mechanism may be due to inhibition of PTH secretion secondary to interference
in the generation of second messengers by adenylate cyclase and phospholipase C in
part by enhancing the inhibitory action of the CaSR on PTH secretion. There is also
a resistance to the action of PTH with magnesium depletion at the level of bone and
the kidney so even in the presence of PTH; there is a subnormal tissue effect. The
result is refractory hypocalcemia resistant to even IV calcium and 1,25-(OH),vitamin D
unless magnesium is administered concurrently. In patients with severe hypocalcemia
and hypomagnesemia who are given magnesium, the PTH secretory response and rise
in calcium can occur in minutes but the peripheral response to PTH may take days to
fully correct.

11. CAUSES OF HYPOMAGNESEMIA
11.1. Decreased Intake

Hypomagnesemia can be seen with a variety of illnesses associated with decreased
intake (Table 4). In these states the renal excretion will decrease to less than 12 mg
per day but continued unregulated stool losses from GI secretions result in net negative
balance (1, /4). This can result from starvation or unusual diets or with protein-calorie
malnutrition. Children with protein-calorie malnutrition may have diarrhea and other
factors that contribute to the hypomagnesemia. Also hospitalized patients, especially
those in ICU settings on prolonged parenteral therapy are at high risk for magnesium
depletion.

11.2. Decreased GI Absorption

A large number of GI illnesses that are associated with chronic diarrhea even without
malabsorption can have hypomagnesemia due to the high concentration of magnesium
in diarrheal fluid (71, /4). Intestinal malabsorption in conditions such as celiac disease
can develop magnesium depletion as result of magnesium binding to free fatty acids to
form soaps. The hypomagnesemia can be correlated with the rate of excretion of fecal
fat and can be lessened with the institution of a low fat diet. Hypomagnesemia with
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Table 4

Causes of Hypomagnesemia

Decreased dietary intake
Starvation
Protein—calorie malnutrition
Total parenteral nutrition
Decreased intestinal absorption
Chronic diarrhea
Malabsorption syndromes — celiac, short gut
Steatorrhea
Hypomagnesemia with secondary hypocalcemia
Increased renal tubular disorders
Gitelman and some Bartter syndrome
Autosomal dominant hypoparathyroidism, Bartter-like phenotype
Familial hypomagnesemia with hypercalciuria and nephrocalcinosis
Isolated dominant and recessive hypomagnesemia
Mitochondrial hypomagnesemia
Secondary renal magnesium wasting
Diabetes, DKA
Post-obstructive and post-ATN diuresis
Volume expansion, hyperaldosteronism
Medications
Diuretics, except potassium sparing diuretics
Cisplatin
Amphotericin
Cyclosporin, Tacrolimus
Amphotericin
Other
Pancreatitis
Hyperthyroidism
Burns

secondary hypocalcemia is a rare genetic disorder of the TRPM6 gene on chromosome
9g22 resulting severe hypomagnesemia presenting in infancy with refractory seizures
(15). Hypocalcemia unresponsive to calcium replacement results from suppression of
PTH secretion (Section 10.3) but which can respond to parenteral or sometimes high-
dose enteral magnesium.

11.3. Renal Magnesium Wasting
11.3.1. FUNCTIONAL MAGNESIUM WASTING

There are a variety of disorders in which there is renal wasting of magnesium due to
the inhibition of tubular reabsorption of magnesium as described in Section 3.1.2 (8).
The first group of disorders are associated with polyuria and can be associated with an
osmotic diuresis as is seen with diabetic ketoacidosis or when there is abnormal salt and
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water reabsorption as seen in the recovery phase of acute tubular necrosis or during the
diuretic phase after relief of urinary obstruction. Renal magnesium wasting is also seen
when salt and water reabsorption are inhibited after volume expansion with saline or as
a result of hyperaldosteronism. Finally there can be magnesium losses in the urine with
tubular dysfunction from interstitial nephritis or after renal transplantation.

11.3.2. MEDICATIONS

A number of medications cause hypomagnesemia including the loop diuretics and
the thiazides, which inhibit salt and water reabsorption and hence the forces driving
magnesium reabsorption in the thick ascending limb (TAL) and distal convoluted tubule
(DCT), respectively (8). Osmotic diuretics induced by mannitol or with hyperglycemia
and glucosuria can also cause magnesuria. Another important cause of renal magnesium
wasting is due to tubular toxicity seen with cisplatin, amphotericin B, aminoglycosides,
and cyclosporin A. The mechanism and clinical course of each is unique. The magne-
sium wasting with cisplatin is associated with hypocalciuria suggesting involvement of
the DCT and can last for months after the discontinuation of the drug. Amphotericin B
induced magnesuria is related to the total cumulative dose and is also associated with
hypocalciuria but has the other classic features of renal potassium wasting and distal
renal tubular acidosis. Aminoglycosides renal toxicity can present with hypomagne-
semia, hypokalemia, hypocalcemia, and tetany and has been associated with high doses.
More commonly, mild hypomagnesemia is seen during therapy but reverses shortly after
its discontinuation. Finally, the hypomagnesemia of cyclosporine A is common with its
use in transplant patients but does not correlate with serum cyclosporine levels or other
signs of renal toxicity.

11.3.3. INHERITED RENAL MAGNESIUM WASTING DISORDERS

Recent developments in molecular biology have allowed the identification of sev-
eral inherited disorders of renal wasting and better understanding of the mechanisms
of normal and abnormal renal magnesium transport (Table 5) (8, 15). Disorders of salt
and water transport in the TAL and DCT are primarily responsible for renal magnesium
wasting. Hypomagnesemia has been long recognized as a feature in many patients with
Bartter syndrome. We have a much better understanding of the biologic nature of this
group of illnesses, which we now subdivide based on the molecular defect and specific
features. Whereas most patients who present with the so-called antenatal Bartter syn-
drome (aBS), which is a disorder of the NKCC?2 cotransporter or the ROMK potassium
channel do not have significant hypomagnesemia, those with antenatal Bartter syndrome
and sensorineural deafness (BSND) can have magnesium levels of 1.2 mg/dL or less.
The defective gene product has been creatively named “barttin” and is the B subunit
activating the renal chloride channels CLC-Ka and CLC-Kb. This abnormality, which
inhibits salt and water reabsorption in both the TAL and DCT, explains the magne-
sium wasting. These patients can be distinguished from those with aBS by the absence
of hypercalciuria and nephrocalcinosis as well as the presence of the deafness. They
often require parenteral fluid replacement and can advance to end-stage renal disease.



Chapter 5 / Disorders of Magnesium Metabolism 161

Table 5

Inherited Causes of Hypomagnesemia with OMIM Numbers

Disease OMIM® Gene Protein

Hypomagnesemia with secondary 602014 TRPM6 TRPM6
hypocalcemia

Familial hypomagnesemia with 603959 CLDNI16 Paracellin-1
hypercalciuria and nephrocalcinosis

Familial hypomagnesemia with 610036 CLDI19 Claudin 19
hypercalciuria and nephrocalcinosis
with ocular

Autosomal dominant hypomagnesemia 154020 FXYD2 y Subunit
with hypocalciuria Na*-K*—ATPase

Activating mutations of divalent ion 601199 CASR Ca”*/Mg?*-sensing
sensing receptor receptor

Gitelman syndrome 263800 SLC12A3  NCCT

Antenatal Bartter syndrome type I 601678 SLC12A1  NKCC2

Antenatal Bartter syndrome type 11 241200 KCNI1 ROMK

Classic Bartter syndrome type III 607364 CLCNKB CLCKB

Bartter syndrome with sensorineural 602522 BSND or Barttin or CLCKA
deafness type IV CLCNKA  and CLCKB

+CLCNKB

Adapted from Naderi et al. (/0). OMIM is the Online Mendelian Inheritance in Man® (Johns
Hopkins University, Baltimore, MD; www.ncbi.nih.gov/sites/entrez?db=0MIM)

Mutations in the CLCNKB gene coding for CLC-Kb chloride channel are the cause for
classic Bartter syndrome, which is only associated with hypomagnesemia in some of
the affected patients. The features of this syndrome are hypokalemic metabolic alkalo-
sis with variable hypercalciuria.

Gitelman syndrome, which is caused by mutations of SLCI2A3, which codes for
the thiazide-sensitive sodium—chloride cotransporter NCCT, is a defect of the DCT and
is characterized by hypokalemia, hypomagnesemia, metabolic alkalosis, and hypocal-
ciuria. The cause of magnesium wasting with this defect is not well understood with
hypotheses ranging from the abnormal sodium entry into the DCT cells to apoptosis of
the early DCT cells, which are responsible for magnesium transport.

Disorders of the divalent ion receptor CaSR, which is expressed in the TAL, cells as
well as the parathyroid glands, are also associated with abnormalities in magnesium han-
dling. Autosomal dominant hypoparathyroidism is due to activating mutation of CaSR
and patients with this disorder typically have hypomagnesemia in the 1.2—-1.4 mg/dL
range in addition to hypocalcemia. Treatment with calcium and vitamin D can lead to
worsening of the hypercalciuria and hypomagnesemia and should be reserved only for
symptomatic hypocalcemia. There is another group of patients with complete activa-
tion of CaSR, who have hypomagnesemia due to more severe magnesium wasting and
a “Bartter syndrome like” phenotype.
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There are several recently described genetic abnormalities of renal magnesium wast-
ing and varying degrees of hypomagnesemia. Familial hypomagnesemia with hypercal-
ciuria and nephrocalcinosis (FHHNC) is a defect of the CLDN16 gene, which codes for
the protein called either claudin-16 or paracellin. Paracellin is essential for the paracel-
lular reabsorption of magnesium in the TAL. These patients present during childhood
with the triad of hypomagnesemia, hypercalciuria, and nephrocalcinosis as well as with
polyuria, failure to thrive, urinary tract infections, and ocular manifestations including
myopia, chorioretinitis, and nystagmus. The hypomagnesemia tends to be severe and so
seizures and tetany are common in these patients. Treatment has included magnesium
and thiazides to help prevent nephrocalcinosis but the long-term prognosis has been
poor with progression to chronic renal failure in early adolescence.

Hypomagnesemia with secondary hypocalcemia (HSH) is a disorder of the TRPM6
gene that codes for the TRPM6 cation channel. Presenting in the neonatal period, these
children can have some of the most severe degrees of hypomagnesemia to the 0.5 mg/dL
range resulting in hypoparathyroidism, hypocalcemia, seizures, and tetany. Treatment is
with magnesium infusions followed by high-dose oral magnesium with or without par-
enteral magnesium therapy. Other rare causes of hypomagnesemia are isolated hypo-
magnesemia of dominant and recessive inheritance. Whereas in the former the gene
defect is the FXYD2 gene, in the latter is not known. Isolated dominant hypomagne-
semia is associated with low calcium excretion where as the recessive form usually has
normal calcium excretion. Finally, hypomagnesemia has been found to be due to a defect
in mitochondrial DNA in a kindred with hypomagnesemia, hypercholesterolemia, and
hypertension.

11.4. Hypomagnesemia in Neonates

Hypomagnesemia can present in the neonatal period (Table 6) with hypocalcemia,
tremors, and seizures (/6). It can often present as a medical emergency with refractory
hypocalcemia and seizures that require correction of the hypomagnesemia before other
clinical manifestations will respond to treatment. Neonatal hypomagnesemia results
from one of the following mechanisms: lack of fetal accumulation due to inadequate
placental transport, usually as result of maternal depletion, abnormal gastrointestinal
absorption, or renal wasting. The most common etiology presenting within a few days
after birth is with infants of diabetic mothers (IDM) where it correlates to the lack
of diabetic control and magnesium depletion in the mother but it can also be seen in
infants whose mothers have gestational diabetes only. Fetal magnesium depletion can
also result from other causes of maternal magnesium depletion and intrauterine growth
retardation.

Neonates, especially sick premature infants can suffer from a variety of gastroin-
testinal disorders resulting in a variety of nutritional deficiencies including hypomagne-
semia. Infants with surgery after necrotizing enterocolitis and short gut are at increased
risk. In addition to the acquired disorders, hypomagnesemia with secondary hypocal-
cemia usually presents in infancy (described under Section 11.3.3). Magnesium loss in
the urine is a common etiology of mild to severe hypomagnesemia in neonates. Gener-
alized tubular dysfunction is important cause as in older children but the sick neonate



Chapter 5 / Disorders of Magnesium Metabolism 163

Table 6

Causes of Neonatal Hypomagnesemia

Inadequate placental transport
Maternal insulin dependent diabetes mellitus
Maternal gestational diabetes
Maternal magnesium depletion
Intrauterine growth retardation (IUGR)
Decreased GI absorption
Severe diarrhea or malabsorption
Liver disease
Hypomagnesemia with secondary hypocalcemia
Renal loss
Volume expansion, diuresis
Diuretics — loop diuretics, thiazides
Aminoglycosides
Inherited tubular disorders
Familial hypomagnesemia with hypercalciuria and nephrocalcinosis
Isolated dominant or recessive hypomagnesemia
Hypomagnesemia with secondary hyperparathyroidism
Other
Exchange transfusion with citrated blood
Maternal hyperparathyroidism

who is on loop diuretics for lung disease and who have treated with aminoglycosides
for infection is a real set-up for clinically significant hypomagnesemia. There are several
rare inherited tubular disorders described above in Section 11.3.3 that typically present
in infancy.

12. DIAGNOSTIC EVALUATION OF HYPOMAGNESEMIA

The first step in the diagnosis of hypomagnesemia is recognition that a disorder of
magnesium may be present in a patient with the signs and symptoms outlined in Table 3
because serum magnesium is not included in any of the popular laboratory “panels.” As
previously noted, ionized magnesium or “corrected” magnesium values are not needed
as with calcium due to the fact that only about 20% of magnesium is protein-bound.
A chemistry panel including potassium and calcium should also be measured because
of the commonly associated deficiency states of these ions as well as looking for evi-
dence of renal disease or diabetes mellitus. If hypomagnesemia is present, one should
review the history and physical for evidence of any of the conditions or treatments listed
in Table 4 as a possible cause (/7). Renal handling of magnesium should be with the
measurement of the fractional excretion of magnesium (Fepg) in a spot urine using the
formula:

FEMg = UMg x PCr/0.7 x PMg x UCr x 100
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in which Cr = creatinine; P = plasma; and U = urine. The FEMg should be <2% in the
presence of hypomagnesemia and if the FEypg > 5% then renal wasting should be con-
sidered (2). If the renal excretion is very low then nutritional or malabsorptive disorders
should sought. Due to the possibility that an important cardiac rhythm disturbance may
be present, all patients with moderate to severe hypomagnesemia probably should have
an electrocardiogram performed.

13. MANAGEMENT OF HYPOMAGNESEMIA

There are several important principals in the treatment of hypomagnesemia. First,
severe hypomagnesemia may be life threatening with hypocalcemia, seizures, and tetany
and the serum must be brought up to greater than 1 mg/dL with intravenous replacement
over a 5-10 min period (2, 11, 16). Secondly, the total body magnesium deficit may not
be reflected by the serum magnesium level, especially after treatment and may need
prolonged therapy for complete replacement. Thirdly, as serum magnesium rises with
intravenous therapy there is significant ongoing renal loss that requires additional ther-
apy. In contrast, if there is renal insufficiency present, magnesium replacement must
proceed with caution. Finally, simultaneous deficits of potassium may be present and
should be replaced as well. During intravenous therapy monitoring of the deep tendon
reflexes may allow detection of hypermagnesemia with levels greater than 2.5 mg/dL.

For severe hypomagnesemia the following doses have been recommended:

1. Neonates. Give 0.1-0.2 ml/kg per dose of 50% magnesium sulfate (0.4-0.8 mEq/kg or
50-100 mg/kg) IV slowly under constant cardiac monitoring, can repeat every 12-24 h.

2. Older children. Give 0.12 ml/kg per dose of 50% magnesium sulfate (0.5 mEq/kg or
60 mg/kg) IV over 1-4 h, can repeat every 12 h.

3. Large adolescents and adults. Give 16-24 ml of 50% magnesium sulfate (64—96 mEq) in
500 ml D5 over 6-8 h, can repeat every 12 h. Use 1/2 dose with renal failure.

For mild hypomagnesemia without significant ongoing loss, avoidance of factors
leading to magnesium wasting such as certain diuretics and the addition of magnesium
containing foods such as meat, seafood, dairy products, and green vegetables may be
sufficient. For moderate hypomagnesemia, oral replacement of magnesium is probably
adequate. The dose of elemental magnesium (Table 7) is 10-20 mg/kg/dose up to a
maximum of 250-500 mg/dose given 3—4 times per day to avoid the development of
diarrhea.

HYPOMAGNESEMIA CASE SCENARIO DISCUSSIONS

Case Scenario #1: This patient has hypocalcemia, hypokalemia, mild hyperchloremic
acidosis, and hypomagnesemia. He likely has chronic malabsorption and diarrhea which
can contribute to all of the abnormalities but the persistence of the hypocalcemia and
hypokalemia suggests that magnesium depletion may be playing a role in the etiology
of these disturbances by blocking PTH secretion and action and affecting intracellular
K and renal K handling. One could perform a Magnesium Tolerance Test as described
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Table 7

Common Oral Formulations of Magnesium

Magnesium salt Common brand names (OTC) Elemental Mg

Magnesium oxide Mag—0x® 400 Tablet 242 mg

Magnesium hydroxide Phillips’® Milk of Magnesia 165 mg/5 ml

Magnesium gluconate Magonate® 54 mg/5 ml
Magonate® Tablet 27 mg

Magnesium L-aspartate HCI Maginex "MGranules 122 mg
Maginex '™ Tablet 61 mg

Magnesium chloride Slow-Mag® Tablet 64 mg

in Section 5.2 to assess whole body magnesium stores but measurement of fractional
excretion of magnesium in this hypomagnesemic child will at least give a measure of
whether renal conservation is occurring or if the kidney is contributing to the magnesium
depletion. The FEp described in Section 6 was performed and was 1.8%, which is
appropriate in the presence of hypomagnesemia. Other studies to be considered include
an ionized calcium to better assess the hypocalcemia as well as a PTH and 25(OH)D
levels, which may be causing the low serum calcium. Correction of the hypomagnesemia
is likely necessary to allow correction of the hypokalemia and hypocalcemia and you
order two doses of 0.12 ml/kg per dose of 50% magnesium sulfate (0.5 mEq/kg or
60 mg/kg) IV each given over 2 h and 12 h apart. The next, the serum potassium is
up to 3.8 mEq/L and the calcium is now 9.2 mg/dL with ionized calcium normal at
1.1 mM demonstration the causative nature of the hypomagnesemia on the associated
electrolyte disorders. Long-term correction of the total body magnesium depletion with
oral magnesium supplements will be required.

Case Scenario #2: Two-day-old neonate with seizures. This infant presents with early
neonatal hypocalcemia. There is no history of asphyxia but the infant is an IDM, which
is one of the common causes of early neonatal hypocalcemia. Hypomagnesemia is com-
mon in IDM due to renal magnesium wasting in the mothers, even with gestational dia-
betes. It is important to recognize and treat the hypomagnesemia because the hypocal-
cemia will prove refractory to treatment until the serum magnesium is corrected. You
send off blood for serum magnesium and it comes back 0.85 mg/dL. With serum mag-
nesium levels less than 1.0-1.1 mg/dL, there is both inhibition of PTH secretion and its
effects on peripheral tissues. With restoration of the serum magnesium levels to above
1.1 mg/dL, this can be rapidly corrected. You give 0.1-0.2 ml/kg per dose of 50% mag-
nesium sulfate (0.4-0.8 mEq/kg or 50-100 mg/kg) IV over 15 min with constant cardiac
monitoring or by IM injection. After administration of magnesium the level of calcium
and magnesium is monitored and further correction given as needed. There is often
a need to repeat the IV magnesium dose after 12-24 h. There may be an underlying
abnormality in magnesium metabolism (Sections 11.2 and 11.3, above) but these usu-
ally present later than Day 2 of life and will require more long-term and aggressive
magnesium therapy.
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14. HYPERMAGNESEMIA - INTRODUCTION

Due to the ability of the kidney to excrete a load of magnesium as serum magnesium
exceeds the normal range, clinically significant hypermagnesemia is an uncommon dis-
order in the presence of normal renal function. Hypermagnesemia is almost always the
result of either decreased renal function or an increased enteral or parenteral magnesium
load. Newborns whose mothers have received parenteral magnesium for preeclampsia
are susceptible for hypermagnesemia in part due to their developmentally low glomeru-
lar filtration rate.

HYPERMAGNESMIA CASE SCENARIOS

Case Scenario #1: Lethargy in a child in long-term care facility. Five-year-old child
with multiple congenital abnormalities is admitted from a long-term care facility with
lethargy and hypotension. He has a long history of constipation, which had been treated
with resultant diarrhea. His low blood pressure is thought to be due to dehydration as a
result of the diarrhea. Fleets enemas were being avoided because of his known chronic
renal insufficiency from hypoplastic kidneys as part of an unknown syndrome.

What studies do you want to order? What is the most likely treatment?

Case Scenario #2: Newborn with suspected sepsis. One-day-old term infant noted to
be lethargic in the delivery suite develops worsening respiratory depression after treat-
ment with ampicillin and gentamicin are initiated for suspected sepsis. There were no
premature rupture of membranes or other risk factors for sepsis.

What other information do you need to assess the cause of the respiratory depression?
What lab studies are needed? What is the prognosis?

15. DEFINITION

Serum magnesium levels in the excess of 2.4 mg/dL or (2.0 mEq/L or 1 mmol/L) is
considered elevated (/0) but hypermagnesemia in neonates has been defined as levels in
excess of 2.8 mg/dL (2.3 mEq/L or 1.15 mmol/L) (16). Mild elevations of serum magne-
sium are relatively common in hospitalized patients but have little clinical significance.
Unlike serum calcium, where the ionized portion is commonly measured in the clinical
setting, measurement of ionized magnesium is not generally available. Also in contrast
to hypomagnesemia, where serum levels and total body stores may not correlate with
depletion, with magnesium intoxication the level of serum magnesium is sufficient to
evaluate the severity of the condition.

16. CLINICAL FEATURES

The clinical features of hypermagnesemia are directly related to the level of serum
magnesium and typically are not seen until the level exceeds 3—5 mEq/L (11, 14). The
signs and symptoms of hypermagnesemia arise predominantly from its effects on the
cardiovascular and nervous symptoms and generally progress from mild to life threat-
ening severity as the level of magnesium rises but the exact levels at which symptoms
occur can vary from patient to patient (Table 8) (/2). Magnesium causes flushing and
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Table 8

Clinical Manifestations of Hypermagnesemia
by Severity

Serum magnesium 3-5 mEq/L
Mild reduction in BP
Drowsiness, lethargy
Flusing
Nausea, vomiting

Serum magnesium 5-10 mEq/L
EKG changes
Hypotension
Decreased deep tendon reflexes
Suppressed ventilation

Serum magnesium >10 mEq/L
Coma
Muscle paralysis
Respiratory paralysis
Refractory hypotension
Complete heart block
Cardiac arrest

hypotension through vasodilatation of the vasculature by blocking calcium channels and
induction of prostacyclin as well as by inhibition of norepinephrine release. The effects
on the heart progress from prolongation of the PR, QRS, and QT intervals to wors-
ening heart block and ultimately asystole in the most severe cases. The effects on the
nervous system are the result of inhibition of acetylcholine release. As serum magne-
sium increases the effects on the musculature can result in weakness and hyporeflexia
to complete paralysis and respiratory failure. Nausea and vomiting are likely the result
of smooth muscle inhibition. The central nervous system is also affected and can result
in drowsiness to coma as the level of magnesium rises.

17. CAUSES OF HYPERMAGNESEMIA

Hypermagnesemia is usually the result of decreased glomerular filtration rate or
increased load. Newborns whose mothers are treated with magnesium for preeclamp-
sia are also at high risk and should be evaluated for hypermagnesemia. Other unusual
causes of mild hypermagnesemia are listed in Table 9. Patients with familial hypocal-
ciuric hypercalcemia who have inactivating defects of the CaSR often have mild hyper-
magnesemia which is usually not clinically significant.

17.1. Renal Failure

Due to the ability of the kidney to increase the fraction excretion of magnesium to vir-
tually 100% of the filtered load, hypermagnesemia does not appear in acute or chronic
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Table 9

Causes of Hypermagnesemia

Renal failure
Acute renal failure
Chronic renal insufficiency
End-stage renal disease
Magnesium load
Magnesium containing antacids
Magnesium cathartics
Magnesium enemas
Magnesium infusion
Miscellaneous
Familial hypocalciuria hypercalcemia
Hypothyroidism
GH deficiency
Addison’s disease
Neonatal hypermagnesemia
Unknown

renal failure until the GFR falls below 20-30% of normal (2). Significant hypermag-
nesemia is usually the result of a magnesium load in the setting of renal insufficiency.
Therefore, patients known to have renal insufficiency or failure should avoid or limit
magnesium containing antacids, cathartics, and enemas. Magnesium containing phos-
phate binders should be used with caution. An unusual cause of hypermagnesemia in
hemodialysis patients is the result improperly treated water for dialysate.

17.2. Excess Magnesium Load

In the presence of normal renal function, severe hypermagnesemia is rare with inges-
tion of magnesium but mild elevations in serum magnesium are common with the use of
magnesium for bowel clean out (/). Patients with inflammatory bowel disease, obstruc-
tion or with bowel perforation are at greater risk for clinically significant hypermagne-
semia. When magnesium is given parenterally, there is an even greater risk for severe
hypermagnesemia. Hypermagnesemia has been induced during pregnancy as a standard
treatment for preeclampsia and premature labor for many years.

17.3. Neonatal Hypermagnesemia

Hypermagnesemia in neonates is usually the result of magnesium crossing the pla-
centa after magnesium sulfate administration to the mother for treatment of preeclamp-
sia and premature labor (/6). Severe hypermagnesemia is unusual and typically resolves
in a few days. Other causes of hypermagnesemia in neonates are the administration of
magnesium with total parenteral nutrition and with intravenous magnesium sulfate for
the treatment of persistent pulmonary hypertension. Studies have shown that total serum
magnesium levels are greater in very premature infants as compared to term infants
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but that the more physiologically important ultrafilterable fraction of magnesium is not
significantly different. The presentation of hypermagnesemia in neonates is that of a
depressed infant with hypotonia but in the worst cases it can be severe and lead to respi-
ratory failure due to a curare-like effect. Hypocalcemia may be present as well as result
of inhibition of PTH secretion by the high magnesium.

18. DIAGNOSIS OF HYPERMAGNESEMIA

One should suspect the diagnosis of hypermagnesemia when the cardiac and neuro-
muscular symptoms as outlined in Table 8 are seen in a patient with renal insufficiency
or after administration of magnesium with enterally or parenterally. A careful history is
important to look for potential causes (Table 9), in particular, the maternal record needs
to be reviewed in the management of a depressed newborn. In addition to the measure-
ment of total serum magnesium, renal function, electrolytes, and serum calcium should
be measured in the initial lab evaluation. An electrocardiogram should be performed to
look for any cardiac electrical disturbances.

19. MANAGEMENT OF HYPERMAGNESEMIA

In the presence of normal renal function the management is largely supportive as
one waits for the kidneys to excrete the excess magnesium (3, /4). Hydration and loop
diuretics may augment the renal excretion. In severe hypermagnesemia, some of the
manifestations can be acutely reversed by the administration of intravenous calcium. In
older children, the dose is 100-200 mg of elemental calcium IV over 5-10 min and in
neonates it is calcium gluconate, 100 mg/kg (9 mg/kg elemental calcium) over 20 min.
The calcium can be repeated but the levels of total and ionized calcium should be mon-
itored. In the most severe cases or in the setting of renal failure, peritoneal or hemodial-
ysis with a low magnesium bath is able to rapidly correct the hypermagnesemia. In
neonates, exchange transfusion with citrated blood has been used in life threatening
cases to more effectively lower serum magnesium.

CASE SCENARIO DISCUSSIONS

Case Scenario #1: Lethargy in a child in a long-term care facility. This child with
lethargy and hypotension could have many reasons for his signs and symptoms includ-
ing sepsis. A careful review of events finds that he has been given an excessive amount
of magnesium citrate, which resulted in diarrhea and dehydration. A serum magnesium
level is added to a chemistry panel and comes back at 7.2 mg/dL and his serum creati-
nine is 4.2 mg/dL as compared to his baseline of 2.8 mg/dL. The dehydration from the
cathartic caused an acute deterioration of his renal function that then contributed to his
inability to handle the magnesium load. The treatment is support of his blood pressure
with normal saline and the careful use of loop diuretics after rehydration to aide renal
excretion of magnesium but not to exacerbate the dehydration is indicated. A bolus of
intravenous calcium at a dose of 100 mg of elemental calcium over 10 min may reverse
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some of the effects of the hypermagnesemia. If the renal function and hypermagnesemia
are severe enough, dialysis may be necessary.

Case Scenario #2: Newborn with suspected sepsis. This infant presents with lethargy
and respiratory distress like so many infants but the history revealed that this case dif-
fers in that the mother had preeclampsia and had been treated with magnesium. Unfor-
tunately for her and her infant, the dose was excessive and both developed hypermagne-
semia. The serum magnesium in the fetus was 6.4 mg/dL, total calcium 8.9 mg/dL, and
ionized calcium 0.95 mM. The mild hypocalcemia is the likely result of suppression
of PTH secretion by high levels of magnesium. In this case the therapy is supportive
with IV calcium gluconate at a dose of 100 mg/kg (9 mg/kg elemental calcium) over
20 min to help reverse the respiratory depression, hydration to help assist urinary excre-
tion and possibly the use of a loop diuretic like furosemide to enhance renal excretion.
The electrolyte disturbance should resolve in 48 h with good supportive care.
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1. PHOSPHORUS BALANCE

Phosphate is fundamental to cellular metabolism and skeletal mineralization. It is of
critical importance when it comes to growth — as a constituent of bone mineral. The
body content of phosphorus increases from 0.6% body weight in the newborn to 1% or
600-700 g in the adult reflecting the increasing proportion of mineralized bone and soft
tissue per unit of body mass (/). In the growing individual phosphorus balance must
be positive to meet the needs of growth. Balance studies indicate that a 1- to 3-month-
old infant fed a standard formula retains 32425 (SD) mg/kg body weight of phosphate
(2, 3), while the adult retains zero.

The terms phosphate concentration and phosphorus concentration are often used
interchangeably. The plasma phosphate concentration is usually measured in units of
mg/dL. or mmol/L. The following calculations may be used to convert between these
units:

* 1 mmol of phosphate = 31 mg of elemental phosphorus

* 1 mmol/L of phosphate = 3.1 mg/dL (or 31 mg/L) or phosphorus
* 1 mg of phosphorus = 0.032 mmol of phosphate

* 1 mg/dL of phosphorus = 0.32 mmol/L of phosphate

The content of phosphate in plasma, urine, tissue, or foodstuffs is measured and
expressed in terms of the amount of elemental phosphorus contained in the specimen or

From: Nutrition and Health: Fluid and Electrolytes in Pediatrics
Edited by: L. G. Feld, F. J. Kaskel, DOI 10.1007/978-1-60327-225-4_6,
© Humana Press, a part of Springer Science+Business Media, LLC 2010
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phosphorus concentration. Phosphorus in the form of phosphate ion circulates in blood
as an organic form consisting principally of phospholipids and phosphate esters and an
inorganic form (Pi). From a clinical standpoint only the inorganic form of phosphate is
measured. Ninety percent of plasma Pi is filtered at the glomerulus as phosphate ions,
the ratio of HPO4 >~ to H2POy ~ depending on pH, or as phosphate complexed with
sodium, calcium, or magnesium. The other 10% of the remaining plasma phosphate is
as noted protein-bound and not filterable. Correcting the volume occupied by plasma
proteins (7%) raises the ultrafiltrate Pi concentration by an additional 7.5%, negating
the effect of the reduction in plasma protein-bound Pi. Both in vivo and in vitro mea-
surements show that the ratio of ultrafilterable Pi to total plasma Pi is close to 1 (4).

The serum phosphorus concentration exhibits a circadian rhythm characterized by a
rapid decrease in early morning to a nadir shortly before noon, a subsequent increase to
a plateau in late afternoon and a small further increase to a peak shortly after midnight
(5, 6). Restriction or supplementation of dietary phosphorus induces a substantial
decrease or increase, respectively, in serum concentrations of phosphorus during the
late morning, afternoon, and evening, but induces less or no change in the morning
phosphorus concentration (6). Morning fasting bloods are therefore least affected by
dietary changes on the serum phosphorus concentration.

There are substantial differences in serum phosphorus concentrations depending on
age. Phosphorus levels are highest in infants, ranging from 4.8 to 7.4 mg/dL in the first
3 months of life and decreasing to 4.5-5.8 mg/dL by 1-2 years of age. In mid-childhood
values range from 3.5 to 5.5 mg/dL and decrease to adult values by late adolescence
(7-9). In adult males, serum phosphorus levels decrease with age from approximately
3.5 mg/dL at age 20 years to 3.0 mg/dL at age 70 (10). In females values are similar to
those of males until after menopause, when they increase slightly from approximately
3.4 mg/dL at age 50 years to 3.7 mg/dL at 70 years of age (10).

1.1. Renal Phosphate Transport

1.1.1. CELLULAR ASPECTS

The kidney is the major regulator of Pi homeostasis and can increase or decrease
its Pi reabsorptive capacity in response to need. Under normal physiologic conditions,
80-97% of the filtered load of phosphate is reabsorbed by the renal tubule. The rate
limiting step in renal Pi reabsorption involves the transport of Pi from the tubular lumen
across the apical BBM. Pi then moves across the cell and effluxes at the basolateral
membrane. Pi transport across the BBM is saturable, Na-dependent and driven by a Na-
gradient (outside > inside) that is maintained by the basolateral membrane-associated
Na,K-ATPase. Na/Pi co-transport across the BBM is electrogenic, sensitive to pH, with
10- to 20-fold increases documented when the pH is increased from 6 to 8.5, and the tar-
get for physiologic/pathophysiologic regulation. The mechanism of phosphate efflux at
the basolateral membrane has not been elucidated. Current data suggest that phosphate
can exit the cell down its electrochemical gradient via a low capacity Na/Pi co-transport
system that couples flux of one sodium with that of one divalent phosphate ion or a
high-capacity phosphate anion exchange mechanism (/7).
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Approximately 70% of the filtered load of phosphate is reabsorbed by the proxi-
mal tubule, with three times as much occurring in the proximal straight tubules as in
proximal convoluted tubules (/2—/4). Due to axial heterogeneity most of the phosphate
reabsorption by the proximal tubule occurs within the first 25% of the proximal tubule
length. Little or no phosphate transport has been shown to occur in the Loop of Henle.
Phosphate reabsorption in the distal nephrons is controversial. Results from micropunc-
ture studies suggest that up to 10% of the filtered phosphate load is reabsorbed by the
distal convoluted tubules (/5). Other studies have failed to uncover evidence of distal
Pi transport (16). Terminal nephrons segments may reabsorb an additional 3—7% of the
filtered phosphate load based on the fact that a higher fraction of filtered phosphate
remains in the late distal tubules than appears in the final urine (/5—17). Although some
studies have failed to demonstrate phosphate reabsorption in isolated perfused cortical
collecting tubules (/8), others have shown a small but significant net efflux of phosphate
from this nephron segment (79, 20).

1.1.2. MOLECULAR CHARACTERIZATION

Three classes of Na/Pi co-transporters have been identified in mammalian kidney
(21-23). The type I Na/Pi co-transporter (Nptl) is expressed predominantly in the BBM
of the proximal tubular cells (24, 25) and mediates fluxes of chloride and organic anions
as well as Pi. Dietary phosphorus or PTH does not seem to alter type I Na/Pi co-
transporter protein or mRNA expression. Thus, the type I co-transporter is not thought
to be a major determinant of proximal tubule phosphate handling.

The type II family of Na/Pi co-transporters exhibit 25% homology with Nptl. The
type 1l co-transporter is largely responsible for renal phosphate reabsorption as indi-
cated by knockout experiments. Targeted inactivation of type II (Npt2) in mice leads
to severe phosphate wasting (85% reduction in phosphate reabsorption), hypercalci-
uria, and skeletal abnormalities. There are three highly homologous isoforms; type Ila
(Npt2a) and type Ilc (Npt2c) are expressed almost exclusively in the BBM of the renal
proximal tubule (26, 27). The type IIb is not expressed in the kidney (28). The type
IIb is expressed in the BBM of the small intestine and plays a role in the physiologic
regulation of intestinal reabsorption of phosphate (29-31)

1.1.3. ROLE OF DIETARY PHOSPHORUS

The dietary intake of phosphorus is one of the most important physiologic regulators
of Na/Pi co-transport. An increase in dietary phosphorus is associated with an increased
total and fractional urinary excretion of phosphorus. This may occur even in the absence
of detectable changes in the serum level and filtered load of phosphorus. PTH plays an
important role in this phosphaturic response to a phosphorus load. However, the phos-
phaturic response may be observed in hypoparathyroid patients as well. In the presence
of dietary phosphate restriction or hypophosphatemia, phosphate homeostasis is pre-
served by short-term intrinsic renal and intestinal adaptations in transport processes,
and by more long-term hormonal mechanisms, which regulate the efficiency of phos-
phate transport in the kidney and intestine. The net effect of these adaptations is virtual
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abolition of phosphate excretion in the urine, and an increase in the plasma phosphate
concentration toward normal. This response is achieved with only a slight increment in
the plasma Ca>* concentration.

The renal tubule can adapt quickly to changes in dietary intake or plasma concentra-
tions of phosphorus. During Pi deprivation the abundance of the apically localized Na/Pi
co-transporters, Na/Pi type Ila in the kidney BBM, and Na/Pi type IIb in the intesti-
nal BBM increase with a concomitant increase in Pi reabsorption. These alterations in
Na/Pi co-transport take place within hours and are independent of changes in PTH, 1,25
(OH),D3 or serum calcium levels. This adaptation, in addition, has been shown not to
be inhibited by cycloheximide or actinomycin D (inhibitors of protein synthesis), which
suggests that new protein synthesis is not required (32).

Adaptation induced after long-term (4 days) phosphorus restriction, on the other
hand, has been shown to be inhibited by cycloheximide and actinomycin D, which sug-
gests that new protein synthesis is required for the long-term response. Again there is an
adaptive increase in the abundance of the type II Na/Pi co-transporter protein, but also
mRNA.

It is important to remember that the renal reabsorption of Pi is very rapidly altered by
a number of factors, e.g., paCO,, HCOj3, sodium delivery, adrenergic agents, dopamine,
etc (see Table 1). These effects may be totally independent of hormones and secreted
factors. The well-described hormones involved in the adaptation to high or low Pi diets
in both animal models and humans include PTH and 1,25 (OH);D3.

1.1.4. ROLE OF PARATHYROID HORMONE

PTH is the major hormonal regulator of renal phosphate reabsorption (see above).
Type II Na/Pi transporters represent the major pathway of renal phosphate reabsorption
and are the major target with respect to inhibition of proximal tubular reabsorption by
PTH. PTH produces a greater inhibition of Pi transport in the proximal straight tubules
than proximal convoluted tubules (33).

It also has been demonstrated that the N-amino-terminal fragment PTH sequence
1-34 reproduces all physiologic effects of the PTH sequence 1-84. It has been demon-
strated that the amino acid sequences 10—15 and 24-34 of PTH are necessary for bind-
ing to the receptor. With regard to the biologic effects of PTH, it has been shown that
the first two N-terminal amino acids 1 and 2 are required for activation of the adeny-
late cyclase—protein kinase A pathway, whereas the amino acid sequences 28-34 are
required for the activation of the phospholipase C—protein kinase C pathway. Recent
work demonstrated that the addition of PTH 1-34 (which signals through both the pro-
tein kinase A and protein kinase C pathways) to either the apical or the basolateral
surface of isolated perfused proximal tubules caused internalization of the type II Na/Pi
transport protein. On the other hand, PTH 3-34, which signals only through the pro-
tein kinase C pathway, has an effect apically but not basolaterally. It can be concluded
from these studies that type-II Na/Pi protein transporter activity and internalization are
regulated by c-AMP-dependent and independent mechanisms, and that functional PTH
receptors are located on both the apical and basolateral membranes of the proximal
tubule.
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Table 1
Factors Affecting Renal Reabsorption of Phosphorus

Proximal tubular

Factor reabsorption
Volume expansion Decreased
Phosphate loading Decreased
Phosphorus restriction Increased
Hypercalcemia
Acute Increased
Chronic Decreased
Metabolic acidosis
Acute No change
Chronic Decreased
Metabolic alkalosis
Acute Decreased
Chronic Increased
Respiratory acidosis Decreased
Respiratory alkalosis Increased
Hormones
Parathyroid hormone Decreased
Vitamin D (chronic) Decreased
Growth hormone Increased
Calcitonin Decreased
Thyroid hormone Increased
Insulin Increased
FGF-23 Decreased
Dopamine Decreased
Diuretics (mannitol, loop diuretics, thiazides, Decreased
acetazolamide)
Glucose Decreased (osmotic
diuresis)
Glucocorticoids Decreased

1.1.5. ROLE OF VITAMIN D

The main source of vitamin D in humans is endogenous vitamin D3 (also known as
cholecalciferol), which is produced by the ultraviolet irradiation of 7-dehydrocholesterol
in the skin. Cholecalciferol is metabolized by the liver into 25-hydroxy cholecalci-
ferol (25-hydroxyvitamin D3 [25(OH)Ds]). After enterohepatic circulation 25(OH)D3
is further metabolized in the kidney to 1,25-dihydroxycholecalciferol (calcitriol
[1,25(0OH),D3]), which is the most active known metabolite of vitamin D. It has recently
been shown that 25(OH)Ds3 in complex with its carrier protein, the vitamin D bind-
ing protein, is filtered through the glomerulus and reabsorbed in the proximal tubules
by the endocytic receptor megalin. Endocytosis is required to preserve 25(OH)D3 and
deliver it to the cells as the precursor for generation of 1,25(OH),D3. PTH seems to act
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as a trophic hormone in stimulating the production of 1,25(OH);Ds3. Thus, with intact
parathyroid glands, changes in serum calcium indirectly regulate renal production of
1,25(0OH),D3 by altering the secretion of PTH. In addition there is evidence that cal-
cium acts directly to alter the synthesis of calcitriol. Low serum phosphorus stimulates
and high serum phosphorus suppresses the renal formation of 1,25(OH),D3 indepen-
dent of PTH. Growth hormone by virtue of increased synthesis of insulin-like growth
factor 1 stimulates the activity of 25(OH)D la-hydroxylase. Chronic metabolic acidosis
also increases serum levels of calcitriol. This latter effect could be mediated by acidosis-
induced urinary losses of phosphate leading to cellular phosphate depletion.

The effect of vitamin D on the renal handling of phosphorus has been the subject
of numerous investigations. One of the difficulties in interpreting the changes in uri-
nary excretion of phosphorus has been related to the calcemic actions of vitamin D,
which by suppressing PTH secretion, indirectly alter the renal handling of phosphorus.
1,25(OH),D3 may have a phosphaturic or phosphate sparing effect based on the state
of phosphate balance. When hypophosphatemic due either to vitamin D deficiency
or phosphate deprivation or when baseline phosphate excretion is high (e.g., volume
expansion, administration of PTH or calcitonin) 1,25(OH),Dj3 is antiphosphaturic. On
the other hand, 1,25(OH),Dj3 is phosphaturic with hyperphosphatemia or in phosphate
replete states. The duration of 1,25(OH);D3 therapy also affects phosphate transport.
Chronic administration of 1,25(OH), D3 is associated with a decrease in renal phosphate
reabsorption. This response is thought to be a consequence of an increase in intestinal
phosphate and positive phosphate balance, which, in turn, induces an adaptive decrease
in phosphate reabsorption by the proximal tubule. Acute 1,25(OH);D3 administration
is associated with a change in the lipid composition of the membrane and increases
renal phosphate reabsorption — but also depends on the experimental conditions of the
study such as prior administration of vitamin D, PTH, and phosphorus balance of the
organism.

Type Ila co-transport protein has been thought to be the target of 1,25(0OH), D3 regula-
tion. In vitamin D deficient, but not parathyroidectomized rats, 1,25(OH),D3 increased
renal type II-mediated co-transport, mRNA, and protein levels (34).

1.1.6. ROLE OF GROWTH HORMONE

Growth hormone (GH) has been shown to be a factor that increases the renal reab-
sorption of phosphate. When GH is elevated or administered on a chronic basis to adult
humans or adult animals there is a reduction in the urinary Pi excretion and elevation in
plasma Pi levels. The removal of GH in the adult rat (through hypophysectomy) causes a
significant decline in the maximum capacity to reabsorb Pi (TmP1i) by the whole kidney
and results in increased phosphaturia. However, this effect cannot be attributed solely to
GH because all pituitary hormones were removed. In addition, Hammerman et al. (35)
reported that the effects of pharmacologic doses of GH results in a selective stimulation
of proximal tubular BBM Na/Pi transport systems.

Mulroney et al. (36) using a peptidic antagonist to GH-releasing factor to suppress
the pulsatile release of GH from the anterior pituitary over a 2-day period showed a
doubling of the urinary excretion of Pi and attenuation of somatic body growth. These
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effects were attributed to a decrease in the TmPi. On the other hand, short-term use of
the GH-releasing factor antagonist had no effect of lowering the TmPi and increasing
urinary Pi excretion. Woda et al. (37) have demonstrated that using the GH-releasing
factor antagonist for 48 h is associated with a 30% reduction in Vmax of Pi transport in
proximal tubule BBM prepared from weaning rats, implicating GH in proximal tubule
Pi uptake. Furthermore, these authors have shown that the mechanism for the enhanced
Na/Pi co-transport activity in the juvenile rat appears to be through the action of GH on
the expression of proximal tubular BBM type Ila Na/Pi co-transporter protein.

1.1.7. OTHER FACTORS

A number of other hormones also target the type II co-transporter in the regulation
of renal Pi handing. Amongst these are thyroid hormone, dexamethasone, epidermal
growth factor, insulin, etc. Please see Table 1 for additional factors affecting the renal
transport of Pi.

1.1.8. THE ROLE OF PHOSPHATONINS IN PHOSPHATE HOMEOSTASIS

In the last several years a new class of regulators have surfaced called phosphatonins
that control systemic phosphate homeostasis linking bone metabolism and mainly the
renal handling of phosphate. A number of different molecules have been identified such
as FGF-23 (fibroblast growth factor 23) mainly expressed in regions of active bone
formation and remodeling (particularly in osteocytes and lining cells), FGF-7 (fibro-
blast growth factor 7), MEPE (matrix extracellular phosphoglycoprotein) expressed in
odontoblasts and osteocytes embedded in mineralized matrix, and more specifically its
carboxy-terminal MEPE/acidic serine—aspartate-rich MEPE associated motif (ASARM
peptide), and sFRP4 (secreted frizzled related protein-4). These phosphatonins, and
especially FGF-23, decrease serum phosphate via two simultaneous actions in the prox-
imal convoluted tubules: they decrease the expression of the Na/Pi co-transporters, thus
increasing phosphate excretion and they reduce the production of 1,25(OH),Ds3, thus
decreasing the ability of the intestine to absorb phosphate (Fig. 1).

Phosphatonins were first identified in patients with tumor-induced osteomalacia
(TIO). Patients with TIO typically exhibit low serum Pi concentrations, normal or
slightly low serum calcium concentrations, normal PTH concentrations, inappropriately
low 1,25(OH),>D3 concentrations, renal Pi wasting, and rickets and osteomalacia. It was
demonstrated that conditioned medium from a tumor associated with TIO produced a
factor or factors that inhibited Na*—Pi-dependent transport in cultured OK cells (38).
Several laboratories subsequently showed that FGF-23, sFRP-4, FGF-7, and MEPE are
present in these tumors and contribute to the phosphaturia associated with this syndrome
(39-47).

FGF23 has been studied most extensively and clearly has been established as a potent
regulator of systemic phosphate transport and balance at the level of bone, intestine, and
kidney (Figs. 2 and 3). FGF-23 inhibits Na*—Pi uptake in cultured renal epithelial cells
and also inhibits Pi reabsorption when infused into rodents in vivo (39, 43, 48, 49).
Similar findings are reported for sFRP-4, MEPE (42), and FGF-7 (43).
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Fig. 1. Hormonal regulation of serum phosphate by parathyroid hormone, vitamin D3, and FGF-23.
Serum phosphate levels are influenced by dietary intake and intestinal absorption, the rate of renal
excretion of reabsorption, respectively, and skeletal deposition and release from bone. Changes in
serum phosphate concentration alter the calcium x phosphate product and a fall in free calcium trig-
gers release of parathyroid hormone (PTH). PTH inhibits renal phosphate reabsorption and at the same
time stimulates la-hydroxylase expression and activation of 1,25(OH),D3 from its inactive precur-
sor 25(0OH)Ds3. The active vitamin D3 stimulates in turn renal and intestinal phosphate absorption as
well as deposition of phosphate in bone. An increase in serum phosphate concentrations also directly
increases FGF-23 synthesis and release from bone independent from the PTH axis. FGF-23 lowers
phosphate concentrations by inhibiting renal and intestinal phosphate transport as well as preventing
activation of 1,25(OH),;D3, which in turn controls levels of bone synthesis of FGF-23 (from Wagner
(134) (Fig. 1)).

In addition to inhibiting Pi reabsorption in the kidney FGF-23 alters vitamin D
metabolism such that serum 1,25(OH),D3 concentrations are reduced or fail to increase
despite the presence of hypophosphatemia (43, 49). The reduction in serum concentra-
tions of 1,25(OH);D3 reduces Pi absorption in the intestine and possibly in the kid-
ney as well, suggesting an inhibitory effect of these proteins on 25-hydroxyvitamin D
la-hydroxylase activity (43, 49). As might be expected, in FGF-23 knockout mice, 25-
hydroxyvitamin D 1a-hydroxylase expression is increased and elevated serum levels of
1,25(0OH),D3 cause significant hypercalcemia and hypophosphatemia. MEPE, on the
other hand, increases circulating 1,25(OH),D3 concentrations.

The intake of dietary phosphorus and serum Pi concentrations might be expected
to play a role in the regulation of phosphatonin concentrations. In humans, however,
short-term alterations in dietary intake do not appear to influence concentrations of FGF-
23. In rodents, on the other hand, following changes in dietary Pi, the data suggest that
FGF-23, PTH, and 1,25(OH),D3 are all involved in the adaptation to dietary Pi (50).
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Fig. 2. Structure and function of FGF-23. FGF-23 is a protein with 251 amino acids. There is a signal
peptide with 24 amino acids in the N-terminal portion of the FGF-23 protein. A part of FGF-23 is
cleaved between Arg!” and Ser!8" by furin recognizing Arg!76-X-X-Arg!”® motif. FGF-23 has an
FGF homology region in the N-terminal portion of this processing site. FGF-23 reduces serum phos-
phate by suppressing proximal tubular phosphate reabsorption and intestinal phosphate absorption
(from Fukumoto (7135) (Fig. 2)).

1,25(OH);D3 in turn has been shown to regulate FGF-23 in rats. Saito et al.
(51) showed that serum FGF-23 levels increased following the administration of
1,25(0OH), D3 to intact rats in a dose-dependent manner. There, in addition, was a direct
correlation between the serum phosphorus concentrations and serum FGF-23 concen-
trations. In thyroparathyroidectomized rats, 1,25(OH), D3 also increased serum FGF-23
concentrations. In the thyroparathyroidectomized rats, serum FGF-23 levels were at the
low end of normal despite elevated serum phosphorus concentrations. In contrast in
hypoparathyroid humans, serum FGF-23 levels are elevated.

FGF-23 interacts with FGF receptors that belong to type 1 transmembrane phos-
photyrosine kinase receptors to elicit its biological response (52). Recent studies indi-
cate that FGF-23 requires Klotho, as a co-factor for receptor activation (52, 53). The
Klotho/Klotho gene encodes a single-pass membrane protein, which has homologies to
B-glucosidases (54-57). Two transcripts formed through alternative RNA splicing are
transcribed from the gene and encode a membrane or secreted klotho protein (54).
Klotho is expressed in several tissues including the kidney, reproductive tissues, and
brain (56). The role of Klotho as an FGF-23 receptor is supported by the fact that Klotho-
deficient mice have a phenotype similar to FGF-23 null mice (55).

In summary, FGF-23, sFRP-4, MEPE, and FGF-7 have been shown to inhibit Pi reab-
sorption. FGF-23 and sFRP-4 also modulate the synthesis of 1,25(OH),D3. FGF-23
synthesis, in turn, is regulated by 1,25(OH),D3 as 1,25(OH),D3 action is required for
maintaining normal FGF-23 production in osteoblasts. It also seems that FGF-23 acts
on the parathyroid gland to inhibit both PTH biosynthesis and secretion. By inhibiting
the circulating level of PTH, FGF-23 thus appears to counteract its inhibition of tubular
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Fig. 3. Regulation and function of FGF-23. FGF-23 is released from bone upon elevated serum phos-
phate levels. To be biologically active, FGF-23 requires O-glycosylation by GALNT3 (UDP-N-acetyl-
a-D-galactosamine: polypeptide N-acetylgalactosaminyltransferase 3). FGF-23 lowers serum phos-
phate levels by decreasing the expression of renal (Na/Pi-Ila and Na/Pi-IIc) and intestinal (Na/Pi-IIb)
phosphate transporters thereby reducing phosphate uptake from diet and increasing renal excretion of
phosphate. Furthermore, FGF-23 inhibits 1a-hydroxylase expression in kidney reducing the final step
in vitamin D3 activation and thereby prevents a compensatory increase in intestinal and renal phos-
phate transport. High vitamin D3 levels itself may also directly stimulate FGF-23 synthesis providing
for a regulatory circuit and feedback mechanism. FGF-23 is cleaved and inactivated by subtilisin-like
proprotein convertases requiring a recognition motif consisting of Arg!’®-X-X-Arg!”? at position 176.
PHEX is not directly involved in FGF-23 degradation but may indirectly contribute to cleavage (from
Wagner, CA (134) (Fig. 2)).

phosphate reabsorption and enhance its suppression of 1,25(OH),D3 biosynthesis. Data
in rodents show that FGF-23 and sFRP-4 concentrations may be regulated by the intake
of dietary Pi. The data in human subjects are much less clear with respect to the effects
of dietary Pi on the concentrations of these peptides. Thus, FGF-23 is in the position
to keep serum phosphate levels low and to act as a bone phosphate sensor controlling
intestinal and renal phosphate handling.

1.2. Renal Phosphate Transport — Changes as a Function of Age

The kidneys of infants and children reabsorb a high fraction of filtered Pi appropriate
to the needs of the growing child. Spitzer and Barac-Nieto (58) recently reviewed the
body of literature pertaining to the role of the newborn kidney in Pi balance. Early
experiments in dogs (59) and rats (60) had suggested that this high reabsorptive capacity
is intrinsic to the kidneys. That this is indeed the case was demonstrated by Johnson and
Spitzer (6/) in isolated kidneys containing phosphate concentrations varying between
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3 and 15 mg/dL. The slopes of the regression lines describing the relationship between
the filtered load of Pi and the amount reabsorbed per unit of kidney weight (Fig. 4)
illustrate that at any filtered load of Pi the kidney of the newborn reabsorbed almost
four times as much Pi than that of the adult. Micropuncture experiments by Kaskel et al.
(62) confirmed the avid nature of Pi reabsorption by the newborn. Studies at comparable
locations along the proximal tubule revealed that the fraction of filtered Pi reabsorbed
was significantly higher in immature than in mature guinea pigs (Fig. 5). Eighty-five
percent of the age-related difference in the renal reabsorption of Pi could be explained
by the higher rates of Pi reabsorption in the proximal segments of the nephron and the
remaining 15% by differences in reabsorption at more distal nephron sites. Woda et al.
(63) also examined the renal tubular sites of increased phosphate transport as well as
Na/Pi expression in the juvenile rat. Renal micropuncture experiments were performed
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Fig. 4. Regression lines and 95% confidence limits of the relationship between the reabsorption of
phosphate (Pi) and the filtered load of Pi by the isolated perfused kidneys of newborn (y = 1.25x +
0.09) and mature (y = 0.34x + 3.1) guinea pigs (used with permission from Johnson and Spitzer (61)).
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Fig. 5. Schematic representation of the changes in fractional reabsorption of Pi along the renal
tubule during maturation (based on data from Kaskel et al. (62)) (from Spitzer and Barac-Nieto (58)
(Fig. 2)).
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in acutely thyroparathyroidectomized adult (>14 weeks old) and juvenile (4 weeks old)
male rats fed a normal phosphate or low phosphate diet. Phosphate reabsorption was
greater in the proximal convoluted and straight tubules of the juvenile compared to the
adult fed a normal phosphate diet.

Neiberger and Barac-Nieto (64) further studied the mechanism underlying the high
renal reabsorption of Pi during growth looking at the Na*—Pi co-transport system
in luminal brush-border membrane vesicles (BBMV) obtained from the kidneys of
newborn and adult animals (Fig. 6). At both ages, most transport of Pi into vesi-
cles was found to be Na* gradient dependent. The uptake was concentrative, i.e., the
intravesical Pi concentration exceeded the equilibrium concentration as long as an
inwardly directed Na* gradient subsisted across the brush-border membrane. As the
gradient dissipated, the vesicular Pi content diminished to reach equilibrium. The initial
rate of Na*-dependent Pi uptake was linear with time and was much higher from vesicles
obtained from newborn than from adult animals. Kinetic analysis of the initial transport
rates revealed that the Vmax of the Na*—Pi was substantially higher in BBMV from
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Fig. 6. Time course of Pi (0.1 mM) uptake in brush-border membrane vesicles (BBMV) of 3- to
14-day-old and >57-day-old guinea pigs; Circles, uptake in the presence of 100 mM Na*t gradient.
Triangles, uptake in the presence of 100 mM inwardly directed KCI gradient (used with permission
from Neiberger et al. (64)).
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newborns (650 pmol/s per mg protein) than those of adults (144 pmol/s per mg protein).
The Km, a measure of the apparent affinity of the co-transporter for Pi did not differ with
age. The capacity for Na*—Pi co-transport across the luminal brush-border membrane
of the renal proximal tubular cells was reported to be four-fold higher in the newborn
than the adult. Dietary modifications in which the diet was supplemented with Pi for
3 days decreased by about 50% the Vmax for Na*—Pi co-transport in renal BBMV from
adult animals but only about 25% in the newborn. On the other hand, low dietary Pi
resulted in a doubling of the Na*—Pi co-transport capacity in renal BBMV of the adult
(from 144 to 318 pmol/mg per s), but no significant change in the Vmax of the Na*—
Pi co-transport system of the newborn. Based on these studies Spitzer and Barac-Nieto
(58) conclude that the newborn Na*—Pi co-transport system is characterized by a high
transport capacity and low adaptability to changes in dietary Pi. Woda et al. (63) simi-
larly showed greater Pi uptake in BBMYV from both superficial and outer juxtamedullary
cortices of juvenile rats. Western blot analysis revealed a 2- and 1.8-fold higher amount
of Na/Pi-2 protein in the superficial and outer juxtamedullary cortices, respectively, in
juvenile rats. Immunofluorescence microscopy also indicated that Na/Pi-2 expression
was present in the proximal tubule BBM to a greater extent in juvenile rats. These fea-
tures of the co-transport system may explain, in part, the hyperphosphatemia observed
in newborns fed a diet of cow’s milk, which is rich in Pi (75).

The high capacity of the developing kidney for Pi reabsorption appears to persist inde-
pendent of extracellular factors known to modulate renal Pi transport in vivo. As Bojour
and Fleish (65) present evidence that renal phosphate reabsorption may be affected by
total body stores of Pi, Barac-Nieto et al. (66) set out to determine if the high Pi demand
associated with growth may, similar to a reduction in Pi supply, result in a low level of
intracellular Pi, and that this low level is responsible for initiating and maintaining a high
renal Pi co-transport capacity. Nuclear Magnetic Resonance (NMR) spectroscopy and
chemical methods were used to determine the effect of age and Pi intake on intracellular
Pi in the perfused kidney. The findings from these studies indicate that changes in intra-
cellular Pi related to age or diet are not a consequence of changes in abundance or max-
imum mobility of Na*—Pi co-transporters and are consistent with earlier observations.
In animals fed a normal phosphate diet intracellular Pi was twice as high (1.8540.23
vs. 0.90+£0.02 mM) while the fractional reabsorption of Pi was lower (0.70 vs. 0.90)
in >4-week-old than in <1-week-old animals. Diet induced changes in intracellular Pi
were associated with changes in Vmax of similar magnitude in mature and immature
animals, but in opposing directions. However, as seen in Fig. 7, at any given intracellu-
lar Pi concentration, Vmax was substantially higher in microvilli prepared from kidneys
of newborn than of older animals.

Woda et al. (63) also showed that dietary phosphate restriction in juvenile rats resulted
in a significant increase in Na/Pi expression in the proximal tubule BBM as well
as the expression of intracellular NaPi-2 protein. Dietary phosphate restriction in the
juvenile rat upregulated BBM Na/Pi-2 expression, which was associated with the further
increase in proximal tubular Pi reabsorption. As a result of this study and others (67, 68)
a specific type Ila-related Na/Pi co-transporter protein was postulated to account for the
high Pi transport rate in weanling animals. Evidence for this was obtained by antisense
experiments and transport expression in Xenopus oocytes. When mRNA isolated from
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Fig. 7. Relationship between intracellular Pi (/Pi]) in kidney and Vmax in renal microvilli of newborn
guinea pigs fed standard (open triangle) or high (solid triangle) Pi diets and mature guinea pigs fed
standard (open circles) or low (solid circle) Pi diets (used with permission from Barac-Nieto et al.

(66)).

kidney cortices of rapidly growing rats was treated with type Ila transporter antisense
oligonucleotides or was depleted of type Ila-specific mRNA by a subtraction hybridiza-
tion procedure, Na*-dependent Pi uptake was still detected in injected oocytes (67).
The type Ila transporter-depleted mRNA contained an mRNA species that showed some
sequence homology to the type Ila transporter encoding message. This is compatible
with the fact that young type Ila knock-out mice lacking type Ila mRNA and protein
retain the capacity to reabsorb phosphate at a rate that cannot be explained by the pres-
ence of type I and III Na/Pi transporter (69). Segawa et al. (67) isolated a cDNA from the
human and rat kidney that encodes a growth-related Na*-dependent Pi co-transporter,
type Ilc. The transport activity was dependent on extracellular pH. In electrophysiologi-
cal studies, type IIc Na/Pi was electroneutral, while type Ila was highly electrogenic (see
above). In Northern blotting analysis, the type Ilc protein was shown to be localized at
the apical membrane of the proximal tubular cells in superficial and corticomedullary
nephrons of the weanling rat kidney. Hybrid depletion experiments showed that type Ilc
could function as a Na/Pi co-transporter in weanling animals, with its role reduced in
adults. Segawa’s studies (67, 68) suggest that the type Ilc is a growth-related renal Na/Pi
co-transporter, which has a high affinity for Pi and is electroneutral.

Parathyroid hormone in the adult decreases the excretion of Pi by inhibiting BBM
Na/Pi co-transport. The response to PTH is different during early post-natal life.
Linarelli (70) showed that infusion of PTH into newborn babies resulted in minimal
depression of the tubular reabsorption of Pi. In the isolated kidney of the newborn guinea
pig addition of PTH to the perfusion fluid caused a marked increase in tubular calcium
(Ca2+) reabsorption and in urinary excretion of c-AMP, but had little effect on the excre-
tion of Pi.

Growth hormone equally plays an important role in renal reabsorption of Pi during
development. Woda et al. (7/) studied the regulation of renal Na/Pi-2 expression and
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tubular phosphate reabsorption in the juvenile rat and have demonstrated that GH is
responsible independently of PTH, for the enhanced Pi uptake in both the proximal
convoluted tubule and straight tubule of juvenile rats on a normal Pi diet. In addition,
the authors found that GH contributes significantly to the blunted phosphaturic response
to PTH in the juvenile rat. The proposed mechanism for the enhanced Na/Pi co-transport
activity appears to be through the action of GH on the expression of proximal tubular
BBM type Ila Na/Pi transporter protein. Overall phosphate handling by the immature
kidney is regulated so that phosphate retention is promoted to meet the phosphorus needs
of the growing organism.

2. CLINICAL ASSESSMENT OF RENAL PHOSPHORUS EXCRETION

Under normal physiologic conditions 80-97% of the filtered load of phosphate is
reabsorbed by the renal tubules (72). For those solutes not undergoing tubular secretion,
the difference, 100 — FEp;, where FEp; represents the fractional excretion of phosphate,
is the percentage of phosphate that is reabsorbed or the fractional tubular reabsorption
of Pi (TRPi). If renal function is normal and dietary intake average, calculation of the
TRPi gives a rough guide as to whether or not tubular Pi reabsorption is normal or not.
The TRPi may be calculated on random urine samples without the need for a timed urine
collection. Calculation of the TRPi requires drawing a blood sample at the time of the
urine collection. The TRPi is calculated as follows: TRPi (%) = (1 — Upi x Pcr/Ucr x
Ppi) x 100, where Upi and Ppi represent the plasma and urinary concentrations of Pi and
Pcr and Ucr represent the plasma and urinary concentrations of creatinine, respectively.

The TRPi is markedly influenced by changes in GFR as well as dietary phos-
phate intake, and a more reliable means of assessing phosphate reabsorption is to
measure the TmPi/GFR. Clearance studies in humans and experimental animals show
that as the filtered load of phosphate is progressively increased, phosphate reabsorp-
tion rises until a maximum tubular reabsorptive rate for phosphate (Pi), or TMPi, is
reached, after which phosphate excretion increases in proportion to its filtered load
(73). The TmPi/GFR or the maximum tubular reabsorption of phosphate per unit vol-
ume of GFR therefore is thought to be the most reliable measure of overall tubular
reabsorptive capacity. Ideally, the TmPi should be calculated by performing a phos-
phate titration study. However, the TmPi may be calculated using a more practical
method. Walton and Bijvoet (74) have shown that TmPi/GFR can be derived from the
TRPi and plasma Pi and have produced a nomogram to simplify the calculation. The
validity of the Walton—Bijvoet nomogram was questioned in children who are known
to have higher concentrations of Pp; and lower GFRs (7, 8, 75, 76). Brodehl et al.
(77) have shown that the Walton—Bijvoet nomogram, while derived from studies in nor-
mal adults, gives good agreement with directly measured TmPi/GFR in infants and chil-
dren at high rates of filtered Pi load. Brodehl et al. (/4) also showed that as predicted on
theoretical grounds TmPi/GFR could be calculated from the formula TmPi/GFR = Pp;
— (Up; x Pc/Ucy). For clinical evaluation this equation may be used regardless of the
phosphate load. Stark et al. (78) showed that there were no differences between morning
fasting and non-fasting serum phosphate values. Furthermore, timed urinary collections
are not necessary.
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3. HYPOPHOSPHATEMIC DISORDERS

The causes of hypophosphatemia may be classified into one of three groups:
increased urinary phosphate excretion, decreased GI absorption of phosphate, and shifts
of phosphorus from the extracellular compartment (Table 2). Mild hypophosphatemia
does not usually result in symptoms. Serum phosphate levels generally have to be below
1 mg/dL for patients to become symptomatic. A number of the clinical manifesta-
tions of severe hypophosphatemia may be seen in Table 3. The focus of this chapter
is on a number of the disorders that result in increased urinary phosphate excretion
and treatment of these conditions. Treatment: For the other causes listed in Table 2
the clinical circumstances will generally suggest whether severe underlying phosphate
deficiency is present, as serum levels may not always be a good reflection of body
stores. In some patients who may be hypophosphatemic from antacid or diuretic use
correction of the underlying cause may be all that is necessary. In mild to moderate
hypophosphatemia (~2 mg/dL) oral repletion with skim milk (0.9 mg phosphorus per
mL) or Neutra-phos, Neutra-phos K, or Fleet phosphorus soda preparations may be
useful. Intravenous phosphorus repletion is reserved for severe (~1 mg/dL) hypophos-
phatemia. The most frequently recommended regime is to administer 2.5 mg/kg body
weight (0.08 mmol/kg body weight) of elemental phosphorus over a 6-h period for

Table 2
Causes of Hypophosphatemia

Increased urinary phosphate excretion
Volume expansion
Fanconi syndrome
Hyperparathyroidism
Acetazolamide and other diuretics acting on the proximal tubule
Acute renal failure and recovery from acute tubular necrosis
Corticosteroids
Tumor-induced osteomalacia®
Inherited defects™
Vitamin D deficiency (or resistance)*
Post-renal transplant™
Decreased GI absorption of phosphate
Inadequate phosphate intake
Chronic diarrhea
Phosphate-binding antacids
Chronic alcoholism
Altered distribution of phosphate
Acute respiratory alkalosis
Post-parathyroidectomy “hungry bone syndrome”
Diabetic ketoacidosis
Refeeding in chronically malnourished individuals and in chronic alcoholism
Leukemia during the acute phase and in the leukemic phase of lymphomas

*Topics discussed in detail in this chapter.
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Table 3
Clinical Manifestations of Hypophosphatemia

Hematologic
Predisposition to hemolysis
Decrease in erythrocyte 2,3-diphosphoglycerate levels, which increases
hemoglobin-oxygen affinity
Diminished white cell phagocytosis
Musculoskeletal
Impaired muscle function with overt cardiac and respiratory failure
Proximal myopathies
Rhabdomyolysis
Increased bone resorption with development of rickets and osteomalacia
Kidney
Decreased proximal tubule reabsorptive function
Decreased renal conservation of calcium with possible frank hypercalciuria

severe asymptomatic hypophosphatemia and 5 mg/kg body weight (0.16 mmol/kg body
weight) of elemental phosphorus over a 6-h period for severe symptomatic hypophos-
phatemia. Parenteral administration should be discontinued when the serum phosphorus
concentration is greater than 2 mg/dL.

3.1. Hereditary Hypophosphatemic Rickets with Hypercalciuria

Hereditary hypophosphatemic rickets with hypercalciuria (HHRH) is an autosomal
recessive disorder characterized by hypophosphatemia secondary to renal Pi wasting, an
appropriate increase in the serum concentration of 1,25(OH); D3 with associated intesti-
nal calcium hyperabsorption and hypercalciuria, and rickets and osteomalacia (Table 4).
The most probable mechanism for the hypercalciuria in this disorder is increased intesti-
nal calcium absorption. The increased renal phosphate clearance (TmP/GFR) is usually
24 standard deviations below the age-related normal range.

Initial clinical studies suggested that HHRH was a primary renal Pi wasting disor-
der since all abnormalities, with the exception of decreased renal Pi reabsorption, are
completely corrected by dietary Pi supplementation. The Npt2a gene and a fragment of
the Npt2a promoter gene, though, were not found to have mutations in affected indi-
viduals. The disease locus was mapped to human chromosome region 9q34, which con-
tains Slc34A3, the gene encoding the type Ilc Na/Pi co-transporter. The mutation is
predicted to truncate the type Ilc protein in the first transmembrane domain and to result
in complete loss of function in individuals homozygous for the deletion. Compound
heterozygotes are similarly affected supporting the conclusion that this disease is caused
by Slc34A3 mutations affecting both alleles. The phosphaturic factor FGF-23 is at nor-
mal or low-normal serum levels in patients with HHRH, further supporting a primary
renal defect as the cause of the disease.

It is not entirely clear why loss of function of the less abundant type Ilc Na/Pi co-
transporter causes rickets and osteomalacia in humans where as mutations in the more
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abundant type Ila Na/Pi co-transporter elicits a mild skeletal phenotype that lacks the
typical features of rickets and osteomalacia in mice (79). Possibly the type Ilc co-
transporter may be a more important regulator of Pi homeostasis in humans than mice.
Differences in developmental expression patterns of type Ila and type Ilc Na/Pi co-
transporters in relation to skeletal maturation, which is critically dependent on Pi supply
may also be at issue. Extrarenal expression of type Ila and type IIc Na/Pi co-transporters
in addition may have an impact on skeletal phenotype.

Treatment: Patients with HHRH frequently develop renal stones as a result of
increased urinary excretion of both calcium and phosphate. Long-term phosphate sup-
plementation as the sole therapy leads, with the exception of the persistently decreased
TmP/GFR, to reversal of the clinical and biochemical abnormalities. Elemental phos-
phorus (as Neutra-Phos or Neutra-Phos K) is administered several times daily. The
addition of 1,25(OH);D3 runs the risk of development of nephrocalcinosis and
nephrolithiasis. The goal of therapy is to improve mineralization of osteoid, and to
decrease circulating levels of 1,25(OH);Ds3, thereby reducing the intestinal absorption
of calcium.

3.2. Tumor-Induced Osteomalacia (T10)

TIO is a rare paraneoplastic syndrome with symptoms including chronic muscle and
bone pain, weakness, and fatigue in association with a high risk of fragility fractures
due to osteomalacia. The pathogenesis of TIO results from the production and secre-
tion of the phosphaturic tumor factors (phosphatonins), which as noted above specif-
ically inhibit Na/Pi co-transport. FGF-23, sFRP-4, FGF-7, and MEPE all have been
identified in relation to this condition. FGF-23, the first to be identified in TIO by Shi-
mada et al. (80), is normally produced in bone and is markedly elevated in the tumors
and serum of patients with TIO. As a consequence of the elevated FGF-23 the renal
expression of Npt2a and Npt2c is decreased and there is reduced renal reabsorption of
Pi (with resultant decrease in serum Pi; Table 4). FGF-23 downregulates the conver-
sion of 25(OH)Dj3 to 1,25(0OH),D3 (with ensuing rickets and osteomalacia) (80). Cure
of the disease phenotype and decreases in FGF-23 serum concentrations after tumor
removal in patients with TIO support the role of FGF-23 in the pathogenesis of this
condition.

Treatment: Location of the tumor in TIO is often difficult and may require extensive
and repeated surveys with conventional imaging techniques. Magnetic resonance skele-
tal survey may be improved by using magnetic resonance gradient recall echo imag-
ing. Alternatively, sst-based molecular imaging scintigraphies have been developed,
based on the possibility that these tumors are somatostatin receptor positive (sst1—sst5).
Finally, the anatomical localization of the tumor may be more precise when combin-
ing PET and CT using a using a radiopharmaceutical compound coupling octreotide,
a DOTA chelator, and %8 gallium (81). Unless the location of the tumor has been found
and its size enables surgical removal treatment usually consists of chronic oral treatment
with phosphate and calcitriol. There are preliminary reports that Cinacalcet may also be
of benefit to individuals with this condition (82).



Chapter 6 / Disorders of Phosphorus Homeostasis 191

3.3. Autosomal Dominant Hypophosphatemic Rickets (ADHR), X-Linked
Hypophosphatemic Rickets (XLH), and Autosomal Recessive
Hypophosphatemic Rickets (ARHP)

ADHR, XLH, and ARHP are characterized by hypophosphatemia, decreased renal
Pi reabsorption and rickets, and osteomalacia. These disorders are inherited, and are
easily distinguished from HHRH by the absence of appropriate increases in the serum
concentration of 1,25(OH),;D3 in the setting of hypophosphatemia, and the absence of
associated intestinal calcium reabsorption and hypercalciuria (Table 4).

ADHR is characterized by hypophosphatemia due to isolated renal phosphate wast-
ing. Children with ADHR present with skeletal defects including severe bowing of long
bones and widening of metaphyseal regions of the bones that is most prominent at cos-
tochondral joints. Interestingly, study of a large family cohort with ADHR has revealed
evidence of incomplete penetrance, variable onset (pre-pubertal vs. post-pubertal, and
spontaneous recovery of renal phosphate reabsorption) (8§3-85).

ADHR is caused by heterozygous mutations in the gene encoding FGF-23 (86, 87).
Mutations identified in ADHR are missense mutations and in each case, the mutation
alters an arginine residue at either position 176 or 179. The mutations, which involve a
proprotein convertase (furin) cleavage site, prevent the proteolytic processing of FGF-
23 to its inactive N- and C-terminal peptides. Mutant FGF-23 proteins exhibit increased
stability, and are more active than wild-type FGF-23 in vivo (88), and are likely present
at elevated concentrations in ADHR patients (89). In these patients FGF-23 acts by
not only suppressing the reabsorption of phosphate in the proximal tubule, but also the
biosynthesis of 1,25(OH),D3. The latter is consistent with the inappropriately low or
normal levels of 1,25(OH);D3 observed in patients with ADHR.

Table 4
Biochemical Features of ARHR, XLH, ADHR, HHRH and TIO
XLH ADHR e; HHRH ARHR

Phosphate-

regulating gene

with homologies Type Illc

to endopeptidases  Fibroblast Na/Pi Dentin

on the X growth trans- matrix
Mutated chromosome factor 23 porter- protein 1
gene (PHEX) (FGF-23) - SLC34A3 (DMPI)
Serum Pi low low low Low low
Serum Ca normal normal normal normal/high normal
25(0OH)D3 normal normal normal normal
1,25(OH);D3  normal normal/low normal/low normal/high normal
PTH normal/high normal normal low normal
Urine Ca decreased decreased decreased increased decreased

FGF-23 normal/high normal/high high low high
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XLH (vitamin D resistant rickets) is the most common inherited phosphate wasting
disorder with a prevalence of 1/20,000. The defective gene is on the X-chromosome,
but female carriers are affected so that it is an X-linked dominant disorder. It frequently
becomes manifest during late infancy when the child begins walking. The patient devel-
ops skeletal deformities that primarily include bowing of the long bones and widening of
the metaphyseal region. The latter is most common at costochondral junctions (rachitic
rosary). These deformities are associated with diminished growth velocity, often result-
ing in short stature. Later in life patients show osteomalacia, enthesopathy (calcified
ligaments and teno-osseous junctions), degenerative joint disease, and continued dental
disease in particular tooth decay and dental abscesses.

Early parabiosis and kidney cross-transplantation experiments showed that there was
a circulating hypophosphatemic factor present in the serum of Hyp mice (the mouse
homolog of human XLH) (90-92). In Hyp mice, the defect in renal phosphate reab-
sorption is a consequence of a decrease in BBM abundance of Npt2a and Npt2c co-
transporter proteins (93). In addition, Pi regulation of the renal enzymes involved in
the synthesis and catabolism of 1,25(OH),D3 is abnormal in the mouse mutants. These
findings are consistent with the action of phosphatonins.

Genetic linkage analysis has revealed inactivating mutations in PHEX, a gene located
on Xp22. PHEX (PHosphate regulating gene with homology to Endopeptidases on the
X chromosome) protein is expressed in various tissues, including the kidney, but is most
abundant in mature osteoblasts and odontoblasts. There is significant sequence homol-
ogy between PHEX and members of the M13 family of zinc metallopeptidases, which
are integral membrane glycoproteins that show proteolytic activity immediately out-
side the cell. Since it does not appear to circulate it has been suggested that PHEX
mediates inactivation by proteolytic cleavage of FGF-23. Serum FGF-23 concentrations
are, in fact, elevated in about two-thirds of patients with XLH (94, 95) and in all Hyp
mice. The Hyp phenotype is dependent on FGF-23 (96). The phenotype of FGF-23-null
mice is indistinguishable from the phenotype of animals that are null for both PHEX
and FGF-23 further supporting the fact that FGF-23 is required for the development
of hypophosphatemia and is downstream from PHEX (97, 98). Hyp mice, which have
been injected with inactivating antibodies to FGF-23, normalized their blood phospho-
rus concentrations and, furthermore, healed their rachitic changes, also supporting the
conclusion that PHEX is directly or indirectly involved in the metabolism of FGF-23
(99). PHEX-dependent cleavage of FGF-23, however, has not been yet demonstrated in
vivo and there is limited data in vitro supporting this possibility (48, 100). Alternatively,
there is data to suggest that accelerated FGF-23 synthesis rather than decreased FGF-23
degradation may characterize this disorder (97).

ARHP: Study of the clinical and biochemical abnormalities of affected individuals
with ARHP indicates a great deal of similarity to ADHR and XLH. Clinical features
include rickets, skeletal deformities, dental defects, and affected individuals develop
osteosclerotic bone lesions and enthesopathies later in life. Hypophosphatemia result-
ing from renal phosphate wasting is accompanied by normal or low 1,25(OH), D3 levels
and high alkaline phosphatase levels. PTH is normal and urinary calcium excretion is
normal. FGF-23 levels appear to be either elevated or normal in ARHP, which is inap-
propriate to the low serum phosphorus levels. The families of these patients showed



Chapter 6 / Disorders of Phosphorus Homeostasis 193

no mutations in FGF-23 (causing its resistance to degradation) or the PHEX gene that
is linked to the degradative pathway of FGF-23. Subsequently, mutations in the dentin
matrix protein 1 (DMP-1) were identified (/01, 102). DMP-1 is widely expressed but
particularly abundant in bone where it is synthesized by osteoblasts. It is involved in the
regulation of transcription in undifferentiated osteoblasts. DMP-1 belongs to the SIB-
LING protein family, which includes osteopontin, matrix extracellular phosphoglyco-
protein (MEPE), bone sialoprotein II, and dentin sialoprotein, and whose genes are clus-
tered on chromosome 4q21. DMP-1 undergoes phosphorylation during the early phase
of osteoblasts maturation and is subsequently exported into the extracellular matrix
where it regulates the nucleation of hydroxyapatite.

Of the several DMP1 mutations identified, one mutation alters the translation ini-
tiation codon (MIV), two mutations are located in different intron—exon boundaries,
and three are frameshift mutations within exon 6. These mutations all appear to be
inactivating.

Studies using a DMP-1 knock-out mouse model showed highly elevated levels of
FGF-23 in bone and serum. Moreover, DMP-1 deficient mice showed abnormal matura-
tion of osteoblasts to osteocytes and an altered structure of bone, dentine, and cartilage,
as well as hypophosphatemia and osteomalacia (/02). Thus DMP1 may play a dual role
in phosphate homeostasis. It may act as a negative regulator of FGF-23. In addition, as
DMP-1 has a well established importance in osteoblast function, loss of DMP-1 function
in osteoblasts, and extracellular matrix may also contribute to the bone abnormalities
typical of ARHP.

Treatment Strategies for XLH, ADHR, ARHP: Treatment for the above hypophos-
phatemic conditions depends on the underlying genetic defect. Those disorders caused
by genetic mutations associated with low or inappropriately normal 1,25(0OH),D3 levels
(as a consequence of elevated FGF-23 that suppresses the renal 25-hydroxyvitamin D
la-hydroxylase activity) are generally treated with oral phosphate and oral
1,25(0OH),D3. This includes XLH, ADHR, and ARHP. Elemental phosphorus (as
Neutra-phos or Neutra-phos K) is administered several times daily. Since the oral phos-
phate leads to the development of secondary hyperparathyroidism, 1,25(OH),D3 (avail-
able as calcitriol in capsular form or liquid) is also given. Therapy with 1,25(OH),D3
is adjusted to avoid the development of hypercalcemia and hypercalciuria, yet to maxi-
mize the suppression of PTH synthesis and secretion. The therapeutic goal is to maintain
serum calcium and PTH levels within the normal range, to improve alkaline phosphatase
activity, and to prevent the development of increased calcium excretion. Phosphate ther-
apy in some cases is limited by the development of diarrhea and abdominal discomfort.
A renal ultrasound should be performed before treatment and subsequently at 1-2 year
intervals. Radiographs of the knees and over the hand/wrist should be performed before
treatment and subsequently at yearly intervals.

3.4. Other Genetic Disorders of Hypophosphatemia

Phosphaturia, hypophosphatemia, and rickets/osteomalacia have been reported in
fibrous dysplasia (FD). The disorder is characterized by fibrous skeletal lesions
and associated localized mineralization defects. FD can result in pain, fracture, and
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deformity in affected areas. FD is a classic feature of McCune Albright Syndrome (MAS;
triad of precocious puberty, café-au-lait lesions and polyostotic bone dysplasia). FD
and MAS are caused by activating mutations of GNASI, the gene encoding the alpha-
subunit of the stimulatory G protein. While somatic activating mutations in GNAS1 gene
are responsible for this disease it is unclear whether or not increased cyclic AMP level
causes enhanced expression of FGF-23. Recent studies confirm that FD by itself may
also be associated with increased FGF-23 levels, in turn, inversely correlated with serum
phosphorus, and 1,25(OH),D3 levels. Treatment: Treatment with bisphosphonates has
been shown to reduce serum FGF-23 levels, which result in a reduction of renal phos-
phate wasting. The mechanisms underlying the reduction of FGF-23 by bisphosphonates
are unclear.

Borzani et al. (/03) a number of years ago reported a patient with a condition called
Hypophosphatemic Bone Disease (HBD). This disorder of phosphate metabolism pre-
viously has been described by Scriver et al. (104, 105) in a kindred with autosomal
dominant inheritance. Frymoyer and Hodgkin (/06) describe a similar kindred with
X-linked disease. Although the condition is in some ways analogous to XLH, there
are important differences between the two diseases. For example, there is selective
impairment in the tubular reabsorption of phosphate in HBD but the defect is less severe
and it is clearly different from that described in XLH. Clinical manifestations of HBD
appear in infancy, but the dwarfism and the bone changes are less severe than in XLH
at comparable concentrations of serum phosphorus in the two diseases. While in both
conditions there is osteomalacia of endostal trabecular bone, only in XLH is florid rick-
ets present, affecting the epiphyses and compromising linear growth. The phosphaturic
response to PTH infusion is abnormal in qualitative aspects, but it is present in HBD,
and this differs from that described in XLH. Treatment: The treatment with oral phos-
phates and 1,25(OH),Dj3 in patients with HBD is accompanied by increases in serum
phosphorus, with improved tubular reabsorption of phosphate and bone healing; this
combination of responses is not present in XLH.

Linear nevus sebaceous syndrome (LNSS)/epidermal nevus syndrome (ENS)
or Schimmelpenning—Feuerstein—Mims syndrome is another rare condition with
hypophosphatemia that may lead to the development of rickets. Two recent case reports
have described elevated FGF-23 levels in two patients. While the skin lesions appeared
to be the source of the FGF-23 in one patient (/07), the bone lesions were thought to
secrete FGF-23 in the other patient (108).

3.5. Other Causes of Hypophosphatemic Rickets

As discussed above ADHR, ARHR, XLH, TIO, and hypophosphatemic rickets osteo-
malacia associated with MAS/FD are characterized by hypophosphatemia and low
1,25(0OH), D3 levels. FGF-23 levels are basically high in patients with these hypophos-
phatemic diseases. However, the mechanisms of excess actions of FGF-23 in these disor-
ders are variable. Adolescent hypophosphatemic osteomalacia is similar to XLH except
for the fact that with this condition patients develop the hypophosphatemic rickets at
an advanced age, compared with the classic X-linked disturbance. Increased levels of
biologically active FGF-23 has been observed in this group of patients (/09). This is a
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diagnosis of exclusion and careful follow-up of the patients is required as TIO is a much
more common condition and the responsible tumor is often small and difficult to locate
on initial careful clinical examination. The mechanism for the elevated FGF-23 level in
this condition is unclear. Treatment: Drug therapy is based on phosphate supplements
together with a large dose of 1,25(OH),Ds.

3.5.1. VITAMIN D-DEPENDENT RICKETS, TYPE I

25-Hydroxy vitamin D3-la hydroxylase deficiency, also known as vitamin D-
dependent rickets, type 1 (VDDR-1) is inherited as an autosomal recessive disorder.
It is characterized by the early onset of rickets with hypocalcemia and is caused by
mutations of the 25-hydroxy vitamin D3-1a hydroxylase gene. The human gene encod-
ing the la-hydroxylase is located on chromosome 12q14, and comprises nine exons,
and eight introns. The enzyme is specifically expressed in the proximal tubule. It
results from inactivating mutations. Vitamin D is metabolized by sequential hydrox-
ylations in the liver (25-hydroxylation) and the kidney (1a-hydroxylation). Hydroxy-
lation of 25-hydroxyvitamin D3 is mediated by 25-hydroxy vitamin D3-1a hydroxy-
lase in the kidney (Fig. 8). Patients usually appear normal at birth and develop muscle
weakness, tetany, convulsions, and rickets starting at 2 months of age. Serum phos-
phorus and calcium levels are low, and PTH levels are high with low to undetectable
levels of 1,25(OH);Ds3. Patients with this disorder have elevated levels of 25(OH)D3 as
opposed to children with deprivational rickets where 25(OH)Dj3 levels are reduced or
absent. Treatment: Treatment with physiologic doses of 1,25(OH),Dj3 results in healing
of the rickets with restoration of the plasma phosphate, calcium, and PTH levels.

3.5.2. HEREDITARY 1,25(0OH);D3-RESISTANT RICKETS
(VITAMIN D-DEPENDENT RICKETS, TYPE II)

This rare autosomal recessive disorder is similar to selective deficiency of
1,25(0OH),D3. It usually presents with rachitic changes not responsive to vitamin D
treatment (with either 1,25(OH);D3 or 1(OH)D3) with elevated circulating levels of
1,25(0OH), D3, thus differentiating it from vitamin D-dependent rickets, type 1 (Fig. 8).
Alopecia of the scalp or the body is seen in approximately 50% of families with this
condition. In a subset of affected families the disease has been found to be due to muta-
tions in the vitamin D-receptor gene. In one family a nonsense mutation coding for a
premature stop codon in exon 7 of the gene encoding the vitamin D receptor was iden-
tified, resulting in the absence of the ligand-binding domain (/70). In other families
the genetic abnormality has been a point mutation within the steroid-binding domain of
the vitamin D-receptor gene (//1). In another patient with type II vitamin D-resistant
rickets with normal receptor function, failure of 1,25(OH),D3 to stimulate the enzyme
25(0OH),D3-24-hydroxylase was demonstrated (//2—114). The latter may represent a
step in the physiological action of 1,25(OH),D3 that is lacking in some patients with
type II vitamin D-dependent rickets.
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Fig. 8. Schematic representation of the molecular genetic basis of three inherited forms of rickets.
Vitamin D-dependent rickets type 1 (VDDR-1) is secondary to mutations in the la-hydroxylase
gene. This gene is responsible for the la-hydroxylation of 25-hydroxyvitamin D3 (25(OH)D3)
that occurs in the proximal renal tubule. This la-hydroxylation is catalyzed by 25-hydroxyvitamin
Ds-la-hydroxylase (lo-hydroxylase), a mitochondrial cytochrome P450 enzyme that is subject to
complex regulation by parathyroid hormone, calcium, phosphorus, and 1,25-hydroxyvitamin D3
(1,25(0OH),D3) itself. Vitamin D-dependent rickets type 2 or hereditary 1,25(OH),D3-resistant rickets
is thought to be due in many cases to a mutation in the gene for the vitamin D receptor. In contrast
X-linked hypophosphatemic (XLH) rickets results from loss-of-function mutations in the PHEX gene
(from Bonnardeaux and Bichet (/36) (Fig. 40.5)).

Treatment: In contrast to patients with vitamin D-dependent rickets, type I, in type
II serum 1,25(0OH),;D3 is elevated and the patients either respond to pharmacologic
doses of 1,25(0OH), D3 or do not respond at all. Prolonged periods of therapy are usually
required. Parenteral therapy with 1,25(OH);D3 with the administration of oral or par-
enteral calcium is often necessary. The response to therapy likely is dependent on the
exact defect.

3.6. Osteoglophonic Dysplasia (OGD)

OGD is an autosomal dominant disorder characterized by skeletal abnormalities
including craniosynostosis, prominent supraorbital ridges and mild facial hypopla-
sia, rhizomelic dwarfism, and non-ossifying bone lesions. Affected individuals have
hypophosphatemia due to renal phosphate wasting associated with inappropriately nor-
mal 1,25(OH),D3 levels (115, 116). White et al. (117) recently identified several het-
erozygous missense mutations in fibroblast growth factor receptor 1 (FGFR1) that are
located within or close to the receptor’s membrane spanning domain. These mutations
all affect amino acid residues that are highly conserved across species and seem to
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lead to constitutive receptor activation (//7, 118). It is thought that the skeletal lesions
develop because the constitutive activation of the FGFR1 leads to an up-regulation of
FGF-23 secretion in the metaphyseal growth plate. The elevated FGF-23 results in the
renal phosphate wasting seen in this condition. Patients with a worse radiographic pic-
ture seem to have the most profound hypophosphatemia. Treatment: Prosthetic dental
replacement has been difficult because of distorted jaw relationship and large alveolar
ridges (179). Craniofacial reconstruction may be compromised by obstruction of the
nasal airways, difficulty in intubation, and postoperative respiratory problems.

3.7. Post-renal Transplant Hypophosphatemia

Persistent hypophosphatemia has been noted in some patients with chronic kidney
disease following renal transplantation, despite relatively modest increases in PTH lev-
els. In these patients FGF-23 levels have been noted to be elevated, and it is possible
that FGF-23 plays a role in the hypophosphatemia seen in this situation. Treatment:
Generally elemental Phosphorus (as Neutra-phos or Neutra-phos K) is administered sev-
eral times daily. Phosphorus supplementation may aggravate mild hyperparathyroidism,
if present; if hyperparathyroidism is absent, phosphate supplementation is the recom-
mended therapy.

4. HYPERPHOSPHATEMIC DISORDERS

The causes of hyperphosphatemia may be classified into three groups: decreased
urinary phosphate excretion, redistribution of phosphate, and exogenous administra-
tion of phosphate (Table 5). Clinical manifestations of hyperphosphatemia are seen in
Table 6. Pseudohyperphosphatemia may be seen in states of paraproteinemia. Hyperlipi-
demia, hyperbilirubinemia, and sample dilution are much more rare causes of pseudohy-
perphosphatemia. Treatment: Dietary phosphate restriction and oral phosphate binders
are generally used for treatment of chronic hyperphosphatemia. Chronic hyperphos-
phatemia is most commonly seen in chronic kidney disease (see below). Chronic hyper-
phosphatemia may also be seen in association with tumoral calcinosis/hyperostosis
hyperphosphatemia syndrome (see below) and is treated similarly. Acute hyperphos-
phatemia in association with hypocalcemia requires immediate attention. Severe hyper-
phosphatemia as seen in patients with acutely reduced renal function, particularly in
those with tumor lysis syndrome, may require hemodialysis or a continuous form of
renal replacement therapy. Volume expansion also may increase urinary phosphate
excretion as can the administration of diuretics such as acetazolamide. Redistribution
of phosphorus from the intracellular to the extracellular space can sometimes be rapidly
corrected by the administration of glucose and insulin.

4.1. Familial Tumoral Calcinosis (FTC)

Another condition for which the basis of disease has become clearer is tumoral calci-
nosis. Patients with this condition manifest hyperphosphatemia, mild hypercalcemia,
reduced renal phosphate excretion, and elevated 1,25(OH)>D3 concentrations (720,
121). The physical chemical product of calcium x phosphorus is greater than 70 and
soft tissue calcifications are present. Extraskeletal calcifications including periarticular,
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vascular, and other soft tissue calcium deposits are present in patients with this syn-
drome. Affected individuals report recurrent painful subcutaneous masses often result-
ing in ulceration leading to sinus tracts and infection. Masses as much as 1 kg in weight
are reported. Three different types of mutations have been reported with this condition.
The first type occurs in the gene encoding UDP-N-acetyl-a-D-galactosamine: polypep-
tide N-acetylgalactosaminyltransferase 3 (GalNAc transferase 3; GALNT3; mapped to
2q24-q31). GalNAc transferase 3 is a Golgi-associated biosynthetic enzyme, which
initiates mucin-type O-glycosylation of proteins. O-glycosylation of FGF-23 by

Table 5
Causes of Hyperphosphatemia

Decreased urinary phosphate excretion
Hypoparathyroidism, pseudohypoparathyroidism
Abnormal circulating parathyroid hormone
Acromegaly (related to growth hormone excess)
Bisphosphonates
Chronic kidney disease*

Familial tumoral calcinosis™
Hyperostosis hyperphosphatemia syndrome*

Redistribution of phosphate
Tumor lysis syndrome
Respiratory acidosis
Increased catabolism
Severe trauma/traumatic rhabdomyolysis

Exogenous administration of phosphate
Administration of phosphate containing enemas (in chronic kidney disease

or following oral sodium phosphate administration for bowel preps)
Intravenous phosphate
Pharmacologic administration of vitamin D metabolites

Pseudohyperphosphatemia
Multiple myeloma
Waldenstrom macroglobulinemia

*Topics discussed in detail in this chapter

Table 6
Clinical Manifestations of Hyperphosphatemia

Secondary hyperparathyroidism

Secondary hypocalcemia
From calcium precipitation
Decreased production of 1,25(0OH),D3
Decreased intestinal calcium reabsorption

Ectopic calcifications (of skin, vasculature, cornea, and joints); of
significant risk when the physical chemical product of serum calcium
and serum phosphorus (in mg/dL) exceeds 70
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GalNAc transferase 3 is essential for the secretion of intact FGF-23 because O-
glycosylation at a subtilisin-like proprotein convertase recognition sequence motif pre-
vents cleavage of FGF-23 (/120). Some patients with this syndrome have low concen-
trations of FGF-23, but high concentrations of FGF-23 fragments. It has been thought
that the fragments lack biological activity, but in vivo studies have shown that carboxyl-
terminal fragments maintain their biological activity (/22). This has caused uncertainty
as to precisely how GalNAc transferase 3 mutations cause the syndrome.

A second gene for FTC, encoding FGF-23, has also been found. A missense mutation
in the FGF-23 gene abrogates FGF-23 function by absent or extremely reduced secretion
of intact FGF-23 (123, 124). A third group of mutations resulting in FTC occurs in the
gene for Klotho, which encodes the co-receptor for FGF-23 (725). This results in a
diminished ability of FGF-23 to signal via its cognate FGF receptors.

Treatment: Treatment of FTC has not been very successful. Apart from surgery,
no modality has been shown to be efficient in managing the calcium deposition of
this condition. Low phosphate diet, phosphate-binding antacids, and radiation therapy
have been tried. A recent report has suggested that the phosphate-binding agent seve-
lamer in combination with the carbonic anhydrase inhibitor acetazolamide may be of
benefit (126).

4.2. Hyperostosis Hyperphosphatemia Syndrome (HHS)

HHS is a rare metabolic disorder characterized by hyperphosphatemia, inappropri-
ately normal or elevated 1,25(OH),D3 and cortical hyperostosis. Pain in the long bones
is associated with erythema and warmth of the overlying skin. Typical radiographic fea-
tures of affected bones include cortical hyperostosis, diaphysitis, and periosteal appo-
sition. Prior to gene identification HHS and FTC were thought to share a common
pathologic mechanism based on the fact that cortical hyperostosis and ectopic calci-
fications co-existed in some patients (/27-129). HHS is caused by mutations in the
GalNAc transferase 3 (GALNT3), which encodes UDP-N-acetyl-a-D-galactosamine:
polypeptide N-acetylgalactosaminyltransferase 3. These inactivating mutations and the
low FGF-23 levels found in HHS are the same as that seen in FTC, providing evidence
that HHS and FTC are two different phenotypic manifestations of the same disorder.
The different phenotypic manifestations in these disorders are thought to result from
GALNT3 mutations expressed in different environments or genetic backgrounds.

4.3. Chronic Kidney Disease

The ability of the kidneys to control Pi becomes impaired at glomerular filtration rates
of approximately 50-60 mL/min. As the glomerular filtration continues to fall a number
of changes occur that affect phosphorus balance, the most important being a decrease
in calcitriol level due to deficient 1a-hydroxylation with consequent lower intestinal
calcium absorption, hypocalcemia, and stimulation of PTH production. There is also
a decrease in the filtered amount of phosphorus with resultant hyperphosphatemia,
hypocalcemia, and again stimulation of PTH production. The maintenance of normal
levels of Pi when the GRF is between 50 and 30 mL/min has been thought to occur
at the expense of continued increase in PTH secretion. FGF-23 production, though, is



200 Part II / Disorders of Calcium, Magnesium and Phosphorus Homeostasis

increased as well. Moreover, the increase in FGF-23 levels correlate with the decline in
glomerular filtration rate (/30—132). The elevated PTH levels will enhance urinary clear-
ance of phosphorus by lowering proximal tubular reabsorption, thus returning plasma
levels to normal, but at the expense of the development of secondary hyperparathy-
roidism (the classical trade-off hypothesis) and also the higher FGF-23 level, which
in itself inhibits the la-hydroxylation of 25(OH)D3, resulting in further lowering of
calcitriol levels and more stimulation of PTH production. Whether the elevated serum
FGF-23 levels found in chronic kidney disease are sufficient to correct the hyperphos-
phatemia of early and advanced chronic kidney disease is not clear. The normal regula-
tory mechanisms are unable to compensate for phosphorus retention once the glomerular
filtration rate falls below approximately 50-30 mL/min. At this point there is a sub-
tle rise in serum phosphorus. Frank hyperphosphatemia becomes manifest once the
patient’s chronic kidney disease reaches the need for dialysis where the lack of sig-
nificant kidney function combined with the inefficiency of the dialysis therapy in facil-
itating phosphorus clearance results in positive phosphate balance unless the amount of
absorbed phosphorus is diminished through diet as well as the use of phosphate binders.
The secondary hyperparathyroidism causes the development of osteitis fibrosa cystica,
which presents radiographically as subperiosteal bone resorption. These lesions most
commonly are seen in the middle phalanges of the hands, distal ends of the clavicles,
and proximal ends of the tibia. The role of FGF-23 in osteitis fibrosa cystica has not
been established. As renal failure advances hyperphosphatemia assumes a major role in
the aggravation of secondary hyperparathyroidism. The serum levels of 1,25(OH);D3
decrease and the intestinal absorption of calcium is low. In many of these patients
with advanced renal failure, the hyperplastic parathyroid glands begin not to respond to
physiologic regulation and become refractory to treatment. The parathyroid glands may
become “autonomous,” which may require surgical removal of excessive parathyroid
tissue.

Treatment: Strategies to lower plasma phosphorus in chronic kidney disease include
dietary phosphate (dietary protein) restriction and the use of medications (phosphate
binders) that inhibit intestinal absorption of phosphorus. These agents form poorly
soluble complexes with phosphorus in the intestinal lumen. They are most effective
when administered concomitantly with meals. Medications that inhibit the absorption
of phosphorus include calcium, magnesium, iron and lanthanum salts, and sevelamer
hydrochloride. Long-term use of aluminum-based binders have been associated with
dementia, refractory anemia, and osteomalacia. If they are used, the duration of ther-
apy should be limited to 2-3 months. The concomitant use of citrate compounds should
be avoided as citrate enhances the intestinal absorption of aluminum. Soft tissue and
vascular calcification has been found to be associated with a higher serum calcium
level and higher calcium intake. The concurrent administration of vitamin D sterols
further increases this risk. This has limited the use of calcium-containing binders to
1500-2000 mg/day from both dietary and medication sources (/33).

4.4. Case Scenario 1

A 14-month-old male infant presents to his primary care physician’s office with fail-
ure to thrive. The mother was noted to have short stature. On physical exam of the infant
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bowing of the lower extremities was noted. Length was 68 cm (<5th percentile for age).
Weight was 9.0 kg (12th percentile for age). Initially, a chemistry panel was obtained
which was significant for a serum potassium of 4.0 mmol/L, total CO; of 24 mmol/L,
serum calcium of 9.5 mg/dL, serum phosphorus of 2.6 mg/dL, and alkaline phosphatase
of 806 IU/L. Because of the low serum phosphorus and elevated alkaline phosphatase
his PCP was prompted to send additional laboratory studies including a PTH, spot urine
for phosphate, spot urine for calcium, 25-hydroxyvitamin D, and 1,25-dihydroxyvitamin
D. The PTH level was 80 pg/mL (normal range 12-88 pg/mL), 1,25-dihydroxyvitamin
D 60 pg/mL (normal range 27-71 pg/mL), and 25-hydroxyvitamin D 26 ng/mL (normal
range 13-67 ng/mL). The total reabsorption of phosphate was 45.5% (normal ~80-97%)
and the urine calcium creatinine ratio 0.5 (normal range for age <0.6). An x-ray of the
long bones confirmed rachitic changes

Autosomal recessive hypophosphatemic rickets (ARHR), X-linked hypophos-
phatemic rickets (XLH), autosomal dominant hypophosphatemic rickets (ADHR),
hereditary hypophosphatemic rickets with hypercalciuria (HHRH), and tumor-induced
osteomalacia (TIO) share many of the biochemical features noted in Table 4. In this
patient the normal PTH level and absence of hypercalciuria excludes a diagnosis of
HHRH. The family history excludes ARHR as this condition is autosomal recessive.
The laboratory findings, though, do not distinguish between XLH, ADHR, and TIO.
FGF-23 is the circulating phosphaturic factor in XLH, ADHR, and TIO. In XLH the
circulating level of FGF-23 is thought to be determined by the rate of its proteolytic
cleavage by PHEX protease, while in ADHR there appears to be a gain in function
mutation in FGF-23 and in TIO an overproduction of FGF-23. As TIO is an acquired
form of hypophosphatemic rickets caused by a variety of benign mesenchymal tumors
that secrete FGF-23, this diagnosis seems quite unlikely in this scenario. FGF-23 lev-
els do not help in distinguishing between XLLH and ADHR even if they were available.
Further family history will help distinguish between the two. As it stands there is insuf-
ficient history above, as XLH is an X-linked dominant condition. Sequence analysis for
the entire coding region for both of these conditions, though, is available since mutations
in these conditions have been identified and will differentiate between the two when the
family history is not sufficient to do so.

The treatment for both involves a combination of oral phosphorus and 1,25(OH),Ds.
The daily need for phosphorus supplementation is 1-3 g of elemental phosphorus
divided into four to five doses. Frequent dosing helps maintain the serum phosphorus
level throughout the day, but also decreases the incidence of diarrhea. Calcitriol is
administered at a dose of 30-70 ng/kg/day divided into two doses. Complications of
treatment occur when there is not an adequate balance between phosphorus supple-
mentation and calcitriol. Phosphorus excess, by decreasing enteral calcium absorp-
tion, may lead to secondary hyperparathyroidism and a worsening of the bone dis-
ease. Excess calcitriol leads to hypercalciuria and nephrocalcinosis and may even
result in hypercalcemia. Laboratory monitoring as well as periodic renal ultrasounds
to check for nephrocalcinosis of treatment is essential. Normalization of alkaline phos-
phatase is a more useful way to monitor therapeutic response than serum phosphorus.
For children with significant short stature, growth hormone is an effective treatment
option.
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4.5. Case Scenario 2

A 17-7/12-year-old young lady presents with blurry vision. She was taken to an
ophthalmologist and retina specialist who found her to have cotton wool exudates and
ischemia of the retina. Her physical examination otherwise was unremarkable with the
exception of her blood pressure, which was 177/121 mmHg. She was admitted to the
hospital for management of the blood pressure and further evaluation. Blood pressure
was brought under control with Procardia and Atenolol.

Her laboratory evaluation revealed the following: serum Na 139 mmol/L, K 3.8
mmol/L, chloride 109 mmol/L, CO, 19 mmol/L, glucose 102 mg/dL, BUN 61 mg/dL,
creatinine 4.9 mg/dL, total protein 6.2 g/dL, albumin 3.7 g/dL, calcium 8.4 mg/dL, and
phosphorus 5.7 mg/dL. Spot urine: protein 53, creatinine 27. UAs were 30-100 mg/dL
for protein. Based on her serum creatinine the estimated creatinine clearance was 18
mL/min/1.73 m?. By renal US the kidneys were small (<5th percentile for age). A PTH
was subsequently obtained that was 275 pg/mL (normal range 12-88 pg/mL).

The fact that the kidneys are small for age indicates that this patient has chronic kid-
ney disease. Her kidney disease appears to be far advanced in view of the low creatinine
clearance. As would be anticipated normal renal regulatory mechanisms are unable to
compensate, and she has started to develop phosphorus retention. Phosphorus reten-
tion and hyperphosphatemia develop in virtually all patients with advanced chronic
kidney disease. In this aged patient current recommendations are that the phosphorus
be kept between 3.5 and 5.5 mg/dL. Hyperphosphatemia leads to secondary hypocal-
cemia as seen here by causing calcium precipitation, by decreasing the production of
1,25(0OH),D3, and by decreasing intestinal calcium absorption. The hypocalcemia has
resulted in the development of secondary hyperparathyroidism. The calcium phospho-
rus product in this patient is 48, fortunately, making the risk for ectopic calcifications
low.

Treatment of the hyperphosphatemia in this case involves a reduction in dietary pro-
tein and introduction of phosphate binders. Calcium carbonate and calcium acetate are
both used widely for this purpose. Sevelamer is a synthetic polymer that binds phospho-
rus within the lumen of the gastrointestinal tract and reduces its absorption as well. Small
doses of calcitriol are useful for enhancing intestinal calcium absorption with correc-
tion of the hypocalcemia. Calcitriol therapy lowers plasma PTH levels in patients who
already have biochemical evidence of secondary hyperparathyroidism. Calcium concen-
trations need to be measured regularly to avoid the complication of hypercalcemia.
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7 Acid—Base Physiology
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Key Points

How acid is buffered by blood and cells?

How filtered bicarbonate is reclaimed by the proximal tubule?
How the daily acid load is excreted?

How new bicarbonate is regenerated after metabolic acidosis?
How various factors modulate tubular acid—base handling?

A

Key Words: Henderson-Hasselbalch equation; extracellular buffers; intracellular buffers; bone
buffers; acid—base homeostasis; acidification

1. INTRODUCTION

Acids and alkali are ingested as part of the diet. The metabolism of carbohydrates
and fats generates approximately 15,000 mmol of CO; per day. Under normal circum-
stances, the lungs are able to effectively eliminate this large quantity of CO; so as not
to affect the acid-base balance of the body. Cellular metabolism produces substances
that have an impact on total body H* and pH. Yet, the pH, CO», and H* concentration
are maintained within narrow limits. The normal extracellular H" ion concentration is
approximately 40 nmol/L, which is roughly one millionth the millimole per liter con-
centrations of Na*, K*, Cl, and HCOs3™. It is important to maintain this low level of H*
ion concentration because all cellular functions are very sensitive to pH.

2. HENDERSON-HASSELBALCH EQUATION

Traditionally the Henderson—Hasselbalch equation has been used to describe the
acid—base balance of the blood. In order to do this, we must define acid and base.
Acid is a substance that can donate a proton

HA < H" + A~
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Base is a substance that can accept a proton

B+ H" < BH"

The general reaction is
H'+ A~ < HA where pH = — log [H1]

The ionization/dissociation coefficient is

P
Ka= A [H'] = Ka@
[HA] [A7]
The pH of a solution can be defined as pH = — log [H*]. Similarly pKa = — log Ka
The pH varies inversely with the H* concentration. The range of H* concentrations
that is compatible with life is 16—-160 nmol/L (pH = 7.8-6.8)
Taking minus logs

log[HA]
—log[H'] = — log [Ka] - ———
og[H™] og [Ka] A
H = pKa+ 1 [A™ ][base]
P = P o T A [acid]

This is the Henderson—Hasselbalch equation.

3. BUFFER SYSTEMS

Buffering is an important defense mechanism in minimizing the impact of changes in
the amount of acids or bases in solution on the hydrogen ion concentration. Buffers can
be extracellular or intracellular.

Extracellular Buffers: HCO3™ is the most important extracellular buffer. Other buffers are
plasma phosphates and plasma proteins.

Intracellular Buffers: Proteins, organic, and inorganic phosphates and hemoglobin in the red
blood cells are the intracellular buffers.

Bone Buffers: Acid loads can result in uptake of excess H* by the bone, in exchange for sur-
face Na* and K* and dissolution of bone minerals, releasing Na HCO3, K HCO3, CaCOs3,
and CaHPOy into extracellular fluid. Bone buffering plays a particularly important role in
chronic acid retention as seen in chronic kidney disease.

The contribution of any buffer to maintain the body pH depends on two factors; firstly,
the quantity of buffer available, the higher the concentration, the better the buffering
capacity. Secondly, how close the pK of the buffer is to the body fluid pH. A buffer is
most efficient when the pH of the solution is within +1.0 pH unit of its pKa. Example,
HPO,?" is an important urinary buffer due to its high urinary excretion and pKa of 6.8.
Creatinine (pKa = 4.97) and uric acid (pKa = 5.75) are comparatively weaker urinary
buffers.
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The time course of buffering an acid load varies with each system. The plasma HCO3~
system buffers immediately, in seconds to minutes. Respiratory compensation takes
minutes to hours to lower the pCO». Intracellular and bone buffering takes 2—4 h. Renal
defense and generation of new HCO3™ takes hours to days.

Strong acids completely dissociate in biological solutions releasing H* and the anion. Thus
they have a high dissociation constant. Example NaOH or HCL.

Weak acids are those that do not completely dissociate in solution. They form good buffers
since addition of strong acids and base results in less change in H ion concentration than
would occur in pure water. They establish equilibrium between H" and the anion in bio-
logical solution. Weak acids form the principal buffers in the body. Example of a weak
acid is HyPOy.

Volatile Acid: Acids with a potential to generate H" after hydration with H,O; example CO,.

Nonvolatile acid OR Fixed acids: Those not derived from the hydration of CO,. Examples
of nonvolatile acids are metabolism of dietary amino acids, organic anions, anaerobic
metabolism and lactate, organic acids in diabetes mellitus.

The common acid—base buffer systems in the body include

Plasma H* + HCO;5 < HyCOs3 pKa = 6.1
Urine  H' + NH3 <> NHy pKa=9.0
Urine H' 4+ HPO; < H,PO, pKa = 6.8

Cell H* + Protein — <> Proteine H pKa = 7.0

The bicarbonate system is the most important buffer in the plasma
H"+HCO3 < H,CO3 <> CO2+H,0 “lumped” pKa=6.1

[HCO; |
[H,COs3]

Since the relationship between solubility of CO, and H,COj3 is known to be
[H2CO3] = 0.03 x [pCO; in mmHg], then

pH = pKa + log

[HCO; |
[0.03 x pCO,]

The kidneys cannot excrete free acids; instead they excrete the salts of these acids.
The PO4 buffer system is important in urinary excretion of acid.

pH = 6.1+ log

H* + HPO; < H,PO; where pKa = 6.8
At physiological pH

HPO;~ S HPO;~
(0] =
H,PO;,  H,PO;

74 =06.8+Ilog
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Thus at physiological pH POy tends to be in the proton acceptor form.

Although buffers are the first line of defense against changes in pH, they are present
in limited quantities. Therefore, it is necessary to be able to eliminate the excess acid or
base by the lungs or kidney and restore the buffer capacity.

4. ROLE OF THE RESPIRATORY SYSTEM

Respiratory rate is regulated by the pCO; and pH. Peripheral (carotid and aortic bod-
ies) and central chemoreceptors (medulla) sense the change in pH and alter ventilatory
rate. The medulla cannot sense changes in plasma H* concentration due to its imper-
meability to the blood—brain barrier. On the other hand CO» can cross the blood—brain
barrier, get hydrated to HyCOj3 and then dissociate to H* and HCO3; . Thus elevated
plasma pCO; lowers CSF pH, which in turn stimulates the respiratory rate, decreases
the plasma pCO;, and returns the plasma and CSF pH to normal. Decreased plasma
pCO; has the opposite effect on respiratory rate.

5. ACID-BASE HOMEOSATSIS BY THE KIDNEY

The kidney must excrete 50—100 mEq of non-carbonic/non-volatile acids generated
per day. It uses three processes in the maintenance of acid—base homeostasis.

1) Reabsorption of all filtered HCO3, mainly in the proximal tubule (high-capacity system):
Normally all the filtered bicarbonate is reabsorbed. Eighty percent of filtered bicarbonate
is reabsorbed by the proximal tubule, the thick ascending limb of loop of Henle reabsorbs
another 10—15%, and distal tubule and collecting duct reabsorb the remaining 5-10%, so
that no bicarbonate is left in the urine.

Proximal tubular reabsorption of HCO3™ requires a luminal carbonic anhydrase, which
converts the filtered HCO3™ and secreted H* to CO, and H>O. CO, readily diffuses into
the cell, is rehydrated with cytosolic carbonic anhydrase to generate HCO3~ and H*
HCOs3™ enters the blood stream on the basolateral side via an electrogenic Na/HCO3~
co-transporter that couples the efflux of 1 Na* with 3 HCO3~. Additional Na is pro-
vided by the basolateral Na—K-ATPase pump. H* is secreted into urine via Na/H anti-
porter/exchanger and H* pumps (Fig. 1).

Daily proximal tubule HCO3™ reclamation “180 L/d x 25 mEq/L = 4500 mEq/day
This Na/H antiporter also mediates the HCO3™ reabsorption that takes place in the thick
ascending limb of the loop of Henle accounting for reclamation of 15% of the filtered
HCOj3™ load.

2) Secretion of acid by the collecting duct: Low capacity, high gradient

Daily acid load = ~1 mEq/kg BW/day H* secretion occurs via the intercalated cell. In
the intercalated cells CO; + HyO — HCO3~ + H. H™ is secreted into the tubular fluid by
two mechanisms. The a-intercalated cells express H-ATPase on the luminal membrane,
excreting protons into the urine. Secondly, H*—K*-ATPase couples the secretion of H*
with reabsorption of K*. The HCO3 is released into the blood stream by the basolateral
CI/HCOj3™ exchanger (Fig. 2).

The collecting duct apical membrane is not readily permeable to H*, thus the tubular
fluid can be rendered quite acidic. The most acidic tubular fluid along the nephron is
produced in the collecting duct, with a minimum pH of 5. This is in contrast to the
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Fig. 2. Collecting duct acidification.

proximal tubule, which is leaky, and permits H* to cross into the blood stream. Thus the
minimum obtainable pH at the end of the proximal tubule is 6.8.
3) Generation of new HCO3™ and synthesis of titratable acids (Proton acceptors) like ammo-
nia and phosphate to excrete protons:
The daily acid load adds H" to the system. The H" combines with HCO3~ and forms

CO3 and H>O. Thus new HCO3~

is needed to handle this additional H* load. New

HCO;™ is formed by the secretion of H' that reacts with the non-bicarbonate buffers

present in the glomerular filtrate.
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5.1. Proton Acceptor #1: NH3

In the proximal tubule, glutamine is metabolized to ammonium.

1 inas
Glutamine =", )NH,* + Glutamate — 2 HCO;

+ 2NH4" — NH3 + CO, + H,0

This requires extraction of glutamine from the blood across the basolateral mem-
brane. The amino acid transporter responsible for the uptake of glutamine into the proxi-
mal tubule cells is up-regulated during metabolic acidosis (Fig. 3). The NH3 thus formed
can readily diffuse out of the cell across the basolateral or luminal membrane; on the
other hand, NH4* can only be secreted into the tubular lumen because the transporters
are only present on the luminal membrane.

Glutamine Glutaminase NH; + CO, + H,0

Na*
H* H* H2CO03
NH, T NH,

(lipid soluble)

NH,*

(iipid insoluble)

HCO;

This is
new
HCO3-

.- Na*

NH,*
NH,*

Proximal tubule

Fig. 3. Generation of new HCO3™.

Intracellular carbonic anhydrase in the proximal tubular cell hydrates CO; to form
H>CO3, which then dissociates into H" and HCO3~. The NHj3 in the tubular cells com-
bine with H* to form NH4*, which is secreted into the tubular lumen by the Na-H
exchanger, which then acts like a Na-NH4* exchanger. The newly formed HCO3™ exits
the cell at the basolateral membrane and enters the blood circulation. Thus H* in the
form of NH4* has been secreted and newly formed HCO3~ has been reabsorbed and
added to the system.

NH4* undergoes counter-current multiplication. After NH4™* is secreted into the prox-
imal tubule via the Na—H antiporter, the medullary thick ascending limb via the Na—K—
2Cl1 symporter reabsorbs it, where it is converted into NH3 and H*. Here the H* is
secreted into the lumen via the Na-H* exchanger and combines with HCO3~ from the
proximal tubule to enhance HCO3™ reabsorption. NH3 permeates through the basolat-
eral membrane to accumulate in the medullary interstitium, finally to be secreted into
the medullary collecting ducts. The collecting duct cells are not permeable to NH4*, but
NHj; can freely cross from the medullary interstitium to the tubular lumen. Here it binds
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the H* ions secreted by the intercalated cells to form NHy*.

H' + NH3; — NH4 "

Since NH4* cannot cross back into the collecting duct cells it gets “trapped” in the
tubular lumen and excreted in the urine (Fig. 4).

N
N
NH, — NH NH
NH3 } lipid soib\e :
\
H* ATP
\ H+{
Lf(-:';;s new HCO; ADP + P;
cl- NH,
lipid insoluble
o IC cell
Collecting Duct

Fig. 4. Excretion of ammonium, generation of new HCO3™.

NH4* excretion depends on H* secretion by the collecting duct. If H* is not secreted,
the NHy4* reabsorbed by the thick ascending limb will not be excreted into the urine. It
will enter the systemic circulation and be metabolized by the liver to produce urea and
consume HCO3™ in doing so. Thus, even though the metabolism of glutamine produces
HCOj3™, this new HCO3™ is not added to the system unless NH4 ™" is excreted in the urine.

NH4* excretion is regulated by the blood and urine pH. The more acidic the blood
pH, the more NHy* is produced in the proximal tubule from glutamine metabolism.
Similarly, the more acidic urine pH increases the gradient for NH3 secretion from the
collecting duct cells into the medullary collecting duct lumen, resulting in formation of
NH4* and its excretion in urine. In states of chronic acidosis, the NH4* excretion can be
up-regulated to increase acid excretion. The reverse occurs in chronic alkalosis.

5.2. Proton Acceptor #: POy

Phosphate is another important urinary buffer, derived mainly from the diet. There-
fore, it cannot be relied upon to generate enough new bicarbonate to handle the daily
acid load. Also, its excretion is not controlled by the pH but by the phosphate balance
of the body.

In the proximal tubule, HyCO3~ formed from the hydration of CO, dissociates into
HCO3™ and H*. H* is secreted into the tubular lumen and buffered by the HPO4% to
form HoPO,4~ (titratable acid). The HCO3;~ from the cell moves into the bloodstream
adding new HCO3™ to the system.
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6. REGULATION OF ACID-BASE BALANCE

Under normal circumstances, the H" concentration is maintained relatively constant.
The body maintains the acid—base balance of the body by maintaining the pH between
7.35 and 7.45, pCO; of 35-45 mmHg and HCO3™ between 23 and 27 mEq/L. Acid-base
disturbances occur when an acid load or alkali load causes the blood pH to fall out of
this range. When the primary change is in the HCO3™, it results in a metabolic disorder;
when the primary change is the pCO», it results in a respiratory disorder. When these
disorders occur, the body has a series of defense mechanisms to protect itself against
changes in the blood pH. It is important to note that these defense mechanisms do not
correct the acid-base disturbance itself, but merely minimizes changes in the pH in order
for cellular machinery to work at its optimum. The body does this by three important
defense mechanisms:

1) Extracellular and Intracellular Buffering: Extracellular buffering is the first line of
defense. HCO3™ is the most important extracellular buffer that works almost instanta-
neously. A volatile acid load is counteracted by consumption of HCO3™ in the buffering
process. Other extracellular buffers like phosphates and plasma proteins provide addi-
tional buffering. Intracellular buffering does not occur as instantaneously since it involves
the movement of H* into the cells with subsequent buffering by HCO3~, phosphates and
proteins.

2) Respiratory Defense: This is the second line of defense to adjust pCO;. A change in
ventilatory rate regulates the pCO;, which in turn alters the pH. Central and peripheral
chemoreceptors are sensitive to changes in the pCO; and pH; when metabolic acidosis
ensues, they sense the decreased pH and in turn increase the ventilatory rate to compen-
sate. This compensation may take minutes to hours.

3) Renal Defense: This is third line of defense to adjust ECF HCO3~. Even though buffer-
ing may minimize changes in extracellular pH, the excess H" need to be excreted in
order to prevent depletion of buffers and ultimate development of metabolic acidosis.
Net acid excretion is inversely proportional to the acid load. When there is metabolic
acidosis, the kidneys adjust proximal HCO3~ reabsorption and distal acid secretion to
compensate for the acid load. This usually takes several days to occur since the kidney
has to upregulate enzymes in order to produce more NH4 and add new HCOs3™ to the
system.

Proximal and distal acidification is driven by the extracellular pH. In states of acid
load, the proximal tubule enhances the activities of the Na—H exchanger and luminal
H-ATPase, increases activity of the Na: 3 HCO3™~ cotransporter in the basolateral mem-
brane, and increases NH4* production from glutamine. In the event of an acid load, the
distal tubule inserts the preformed H* ATPase pumps into the luminal membrane of the
intercalated cells to increase acid excretion.

Under normal circumstances, by increasing the plasma HCO3~ concentration, the reab-
sorption of HCO3™ plateaus off to maintain serum HCOs3~ level close to 25 mEq/L. All
excess HCO3™ is filtered into the urine. The “tubular maximum” of the proximal tubule
is plastic, thus the HCO3;™ reabsorption can be altered accordingly. In states of volume
contraction the Tm of the proximal tubule is increased.

Other factor that can increase the Tm of HCO3™ in the proximal tubule is Angiotensin
II, a potent stimulator of luminal Na—H exchanger and Na-3 HCO3~ cotransporter.
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Hypokalemia causes the intracellular K to move into extracellular space in exchange
for H and Na. This intracellular acidosis simulates H* secretion, HCO3~ reabsorption,
and NH4" excretion.
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8 Metabolic Acidosis

Howard E. Corey and Uri S. Alon

Key Points

1. Normal acid-base balance is crucial for proper cell function and integrity.

2. Metabolic acidosis is due to either the loss of blood buffers, or the gain of non-volatile strong
acids.

3. An organized, step-wise approach (the “ABCDE toolkit”) is crucial in determining both the mag-
nitude and the cause of a metabolic acidosis and deciding upon appropriate therapy.

4. Base excess is a measure of the magnitude (extent) of the deviation from normal acid—base
balance.

5. Ion “gaps” give important clues as to the possible cause of the metabolic derangement.

Key Words: Metabolic acidosis; base excess; anion gap; strong ion gap; urine anion gap; renal
tubular acidosis

1. INTRODUCTION

Acid-base balance is regulated carefully to maintain optimal cellular integrity and
function. Metabolic acidosis may depress myocardial contractility, over-stimulate sym-
pathetic activity, blunt the effect of catecholamines, and vasoconstrict pulmonary arter-
ies. In the critically ill patient, the accumulation of “unmeasured anions” (lactic acid,
keto acids, by-products of intermediate metabolism, and intoxicants) is associated with
a poor outcome (/). Therefore, extracellular pH is kept within a narrow physiologic
range through the coordinated action of blood buffers and homeostatic mechanisms.

Acidosis, the addition of an acid load, is countered immediately by the buffering
action of extracellular bicarbonate, intracellular proteins, and intracellular phosphorus
(a total capacity of 12-15 mEq/kg body weight). Afterwards, the lungs and the kidneys
act to restore normal homeostasis by excretion of the acid load and re-generation of the
buffer stores. The most important excretion of acid occurs via the lungs, amounting to
approximately 13,000 mEq/day of CO,. The kidneys excrete an additional ~1 mEq/kg
body weight per day in the form of titratable acid, in a process directly linked to the for-
mation of “new” bicarbonate (2). According to the law of electroneutrality, the gain and
loss of plasma protons and buffers must be counter-balanced by a similar gain and losses

From: Nutrition and Health: Fluid and Electrolytes in Pediatrics
Edited by: L. G. Feld, F. J. Kaskel, DOI 10.1007/978-1-60327-225-4_8,
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of electrolytes. The electroneutrality principle is used to devise algebraic descriptions
of plasma acid-base balance and also to provide an alternative explanation of acid-base
physiology (3).

When the defensive mechanisms become overwhelmed, the acid—base balance of the
body is disturbed. The term “acidemia” refers to a plasma pH < 7.4, and the more general
term “acidosis” refers to the imposition of an acid load. Conceptually, acidosis may
be classified as either “respiratory” (arising from the retention of CO;) or “metabolic”
(arising from the net loss of buffer base or the gain of a strong acid). Although the
definition of metabolic acidosis is based on plasma pH, in practice acidosis usually
suspected based upon the discovery of a low plasma bicarbonate concentration.

2. CAUSES OF METABOLIC ACIDOSIS

Through metabolism, the liver generates ~1 mM per kg BW per day of endogenous
acid and accompanying anion. In the growing infant and child, daily acid generation
can reach up to 3 mM per kg BW. The kidneys play an important role in the mainte-
nance of systemic acid—base balance due to their ability to regulate the ions involved.
To defend against metabolic acidosis, the proximal renal tubule absorbs bicarbonate,
while the distal tubule secretes protons and generates new bicarbonate ions. The latter
replaces bicarbonate ions lost in the process of buffering the protons that have been gen-
erated during metabolism. The hydrogen ion secreted into the distal tubule combines
with ammonium and titratable acids (TA), comprised mostly in the form of phosphates.
As secretion of diet-dependent TA is more or less fixed, it is mostly ammonia secretion
that increases during metabolic acidosis. The process requires several days to achieve
its maximum ability. Although urine pH is an important factor in assessing acid—base
balance and in some diseases like uric acid lithiasis where it plays an important patho-
physiologic role, “free” urine hydrogen ion concentration represents only a miniscule
amount of the total protons that are excreted.

Metabolic acidosis can arise from renal or extra-renal etiologies. The extra-renal
causes may result from the addition of non-volatile acid (lactic anion acidosis) or from a
loss of base (diarrhea). The renal causes may result from abnormalities in the structure
and function of the kidneys (renal tubular acidosis) or from the physiologic response
of the kidneys to excessive or insufficient extra-renal stimuli (hyperparathyroidism
and hypoaldosteronism, respectively). An “ABCDE toolkit” compiles the information
needed to unravel the different possible mechanisms.

3. ABCDE TOOLKIT

The diagnosis of metabolic acidosis can be made by application of an “ABCDE
toolkit,” a compendium of useful equations, rules of thumb, and physiological approxi-
mations:

A is “assessment”

B is “base excess” and “blood gas”

C is “creatinine” and “compensations”
D is “deltas” or gaps

E = “extras”
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An explanation of the toolkit is as follows:

Assessment: The clinical setting, be it sepsis, shock, dehydration, stool losses, growth
retardation, intoxication, or uremia, provides important clues that are necessary for arriv-
ing at a correct differential diagnosis.

Blood gas and Base Excess: A blood gas (arterial or venous) provides essential infor-
mation for the evaluation of acid-base disorders, including the pH, pCO,, bicarbonate
concentration, and base excess (BE). The hallmark of metabolic acidosis is a low plasma
bicarbonate concentration (in a child and adult <24 mEq/L; a low value in a newborn
or infant is <20-22 mEq/L) in the setting of a low pCO, measurement (<40 mmHg).
Base excess (BE), defined as the milli-equivalents of a strong acid or strong base that
is needed to titrate 1 L of blood to pH 7.4 when pCO> is held constant at 40 mmHg,
provides the magnitude of the metabolic (non-respiratory) portion of an acidosis. In
general, the larger the negative BE, the more severe the disturbance.

Creatinine and Compensation: Renal failure is an important cause of metabolic aci-
dosis and the plasma creatinine concentration is an important index of renal function.
In the absence of a specific defect in renal tubular function, the plasma creatinine con-
centration is inversely proportional to the ability of the kidney to “handle” an acid load.
Teaching Point: Patients in renal failure with hypocalcemia may develop tetany due to
the shift in ionized calcium from free to albumin-bound with the change in blood pH
when there is too rapid correction of the acidosis.

For any disturbance causing a metabolic acidosis, there is an expected renal and res-
piratory compensation. A simple test for the adequacy of the renal response in patients
with normal renal function is the “urine anion gap” (UAG = Na* + K* — CI"), a mis-
nomer for an indirect estimate of urine NHy *. In compensation of metabolic acidosis,
the normal kidney increases its production of ammonia and secretion of H*, thus increas-
ing urine ammonium secretion and with that chloride secretion. Consequently urine C1~
will exceed the sum of urine Na* plus K*, thus creating a negative (-) gap. In patients
with distal renal tubular acidosis, interstitial renal disease, or renal insufficiency, ammo-
niagenesis is inadequate, thus creating a positive (+) gap. It should be pointed out that
the UAG gap test is invalid in dehydrated patients, such as children with gastroenteritis
and a low urine Na* < 20 mEq/L. Avid reabsorption of Na* by the proximal renal tubular
results in low delivery of Na* to the distal nephron and diminished Na*—H* exchange.

The adequacy of the respiratory response is assessed by Winter’s formula, a “rule
of thumb” or pearl that relates the measured plasma bicarbonate concentration to the
expected, “compensated” pCO»:

pCO, = (1.5 x [HCO5']) +8 £2

The measurement of a pCO, greater than calculated from Winter’s formula indicates
an inadequate ventilatory response, and the presence of a mixed metabolic-respiratory
disorder.

Additional Pearls: For each 1 mM decrement in plasma bicarbonate (due to metabolic
acidosis), respiratory compensation lowers the plasma pCO; by 1.25 mmHg.

As arough guide, pCO» is equal approximately to the last 2 digits of the pH.
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Example: Ammonium chloride is administered to normal volunteer, lowering the
plasma bicarbonate from 24.25 mM to 14.25 mM. Using the “pearls,” one would
expect the plasma pCO» to decrease from 40 mmHg to ~29 mmHg, as the plasma
pH decreases from 7.4 to ~7.29. Deviations from the expected compensation sug-
gest presence of a second, concomitant acid—base process.

On the other hand, primary respiratory alkalosis blunts the reabsorption of bicarbon-
ate by the proximal tubule, lowering the plasma pH by 0.008 units per mmHg change
in pCO; acutely, and 0.003 units per mmHg change in pCO; chronically. In practice,
compensation in mixed acid—base disorders may be difficult to interpret, as commingled
processes may occur.

Deltas or Gaps: The plasma anion gap (AG) serves as a simple and effective tool in
the evaluation of the etiology of metabolic acidosis. The anion gap indicates anions that
are not routinely measured when plasma electrolytes are assessed. According to the law
of electroneutrality, the sum of the charges of the plasma cations must equal the sum of
the charges of the anions:

Anion gap (AG, mEq/L) = (Na*+K™) — (C1”+HCO3)

The use of the term strong ion gap (SIG) improves upon the AG by accounting for
the charge contribution of weak acids, such as albumin and phosphate (4).

SIG=AG—[albumin g/dI](1.2 x pH—6.15)+ [phosphate mg/dl] (0.097 x pH—0.13)

Under normal conditions, the AG is ~12 mEq/L +4, while the SIG is ~0. A high AG
may be due to a low plasma albumin concentration or an “unmeasured” anion such as
lactate, while a high SIG is always due to an “unmeasured” anion (2, 5).

Metabolic acidosis may be divided conveniently into disorders that present with a
normal AG/SIG (high plasma chloride) and those with an elevated AG/SIG (normal or
low plasma chloride) (Table 1).

The osmol gap, the difference between the measured and calculated plasma osmolal-
ity, may be useful if intoxicants such as ethylene glycol are suspected. In normal subject
the main constituents of plasma osmolality are sodium salts of chloride and bicarbonate,
glucose, and blood urea nitrogen (BUN). Under normal circumstances, the measured
plasma osmolality is equal to the calculated value:

Calculated plasma osmolality (Posm, mOsm/kg) = 2[Na™] +
[Glucoseinmg/dL]/18 4+ [BUN in mg/dL]/2.8

In the above equation, plasma sodium concentration is doubled to account for its
accompanying anions, and glucose and BUN are divided by 18 and 2.8, respectively, to
convert their units from mg/dL to mOsm/kg. An exogenous substance may be present if
the measured osmolality exceeds the calculated value by >10 mOsm/kg.

Extras: Alkaline urine per se does not necessarily indicate an impaired renal acidifi-
cation mechanism, as it may result from dietary factors or physiological proton trapping
of urinary ammonia/ammonium. Several tests have been devised to more effectively test



Chapter 8 / Metabolic Acidosis

225

Table 1
Causes of Metabolic Acidosis by Type of Anion Gap

Normal anion gap (hyperchloremic)  Elevated anion gap

Low anion gap

Renal (loss of bicarbonate) Renal failure — acute and
Renal tubular acidosis — Type 1 chronic

(distal) —, 2 (proximal) and 4

(mineralocorticoid) —

(see Table 5 below)

Renal failure (early)

Carbonic anhydrase inhibitors —
acetazolamide

Potassium sparing diuretics

Mineralocorticoid deficiency

Gastrointestinal (loss of Poisoning — carbon monoxide

bicarbonate) or cyanide
Diarrhea, drainage (small bowel,

pancreatic, biliary, fistula,

etc.), anion exchange

resins

Miscellaneous Circulatory failure/tissue
Rapid intravenous expansion with ~ hypoxia
bicarbonate or
isotonic/hypertonic
solutions
Recovery from ketoacidosis
Post-hypocapnia
Exogenous chloride
administration
(CaCl,, MgCly, arginine HCI,
HCI)
Hyperalimentation
Lactic acidosis — hypoxia,
glycogen storage disease
(type 1), pancreatitis,
leukemia, seizures
Ingestions or overdose —

ethanol, methanol, ethylene
glycol, salicylate, isoniazid

Ketoacidosis — diabetes
mellitus, starvation

Inborn errors in metabolism,

organic acidosis

Paraldehyde — organic anions

Dilution
Hypoalbuminemia
Severe hypernatremia
Hypercalcemia
Hypermagnesemia
Lithium

Reproduced with permission from Feld (9).
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the acidification capacity of the kidney. As an example, the administration of ammo-
nium chloride acidifies the urine, except in patients with distal renal tubular acidosis
who are unable to excrete the “acid load.” These tests are quite cumbersome and cur-
rently used infrequently. A test developed recently is based on the simultaneous dosing
of furosemide (to increase the delivery of sodium to the distal tubule) and fludrocorti-
sone (to promote reabsorption of sodium by principal cells and the secretion of protons
by alpha-intercalated cells) (6). Patients with distal renal tubular acidosis fail to lower
the urine pH < 5.8, indicating an abnormality in H* secretion. Another test assessing dis-
tal tubule H* secretion is to measure the (urine-blood) pCO;. This elegant test (although
difficult to obtain in most centers) is based on the fact that when bicarbonate reaches the
distal tubule it combines with the secreted H* to form carbonic acid, which then splits
to HyO and CO,. At this part of the nephron and all the way further down to the ure-
thral meatus CO; cannot diffuse back, thus its tension in the urine is the same as in the
distal tubule. In different laboratories normal values range between 20 and 30 mmHg. It
is important to make sure that the urine is sufficiently alkaline (pH > 7.4) and contains
sufficient HCO3~ (>40 mEqg/L) as substrate. To achieve that goal, most studies in adults
use NaHCOs given orally or intravenously. Oral acetazolamide administration has sev-
eral advantages including being more palatable, causing mild metabolic acidosis that
stimulates H* secretion, and being a diuretic shortens the time of the test (7). It is also
recommended to analyze the second and third voids after the drug administration, with
the venous blood sample to be obtained between these voids.

The fractional excretion of bicarbonate is extremely helpful for the diagnosis of prox-
imal RTA (pRTA). The test should be conducted after serum bicarbonate concentra-
tion is corrected to its normal range with alkali treatment. Under such circumstances,
patients with pRTA will have FEgco3 > 15%. In infants with distal RTA, there may be
large quantities of bicarbonate in the urine due to the greater role of the distal tubule in
bicarbonate reabsorption in this age group. Consequently treatment of these infants will
require large doses of alkali that decreases over time when expressed in mg/kg body
weight. The latter condition used to be called RTA type III, a condition now reserved for
patients with carbonic anhydrase II deficiency (vide infra). Another reason for the need
of higher doses of alkali in younger patients is the increased metabolic rate and build-up
of bone (storing alkali), generating more non-volatile acids.

4. DIAGNOSIS OF METABOLIC ACIDOSIS: APPLICATION OF THE
ABCDE TOOLKIT (TABLE 2, FIG. 1)

Table 2
Application of ABCDE Toolkit in Cases of Metabolic Acidosis (pH < 7.4, HCO3~ <
24 mEq/L, BE > -3 mEq/L)

Compensations Deltas
Diarrhea Urine anion gap negative ~ SIG/AG normal osmol gap normal
Renal tubular acidosis Urine anion gap positive SIG/AG normal osmol gap normal

Diabetic ketoacidosis  Urine anion gap negative ~ SIG/AG high  osmol gap normal
Methanol ingestion Urine anion gap negative ~ AG/SIG normal osmol gap high
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5. HIGH AG/SIG

In the setting of normal renal and pulmonary function, these disorders are character-
ized by significant acidosis (pH < 7.4, HCO3 ~ < 24 mEq/L, BE > -3 mEq/L), a high
plasma SIG, and adequate renal (urine anion gap negative) and respiratory (pCO; <
40 mmHg, according to Winter’s formula) responses. The differential diagnosis includes
lactic anion acidosis, ketoacidosis, and a variety of intoxications (Table 1).

Lactic Anion Acidosis: Lactic anion acidosis occurs whenever production of lactic
anion exceeds consumption or clearance. First, glucose enters the muscle cells by facil-
itative diffusion through the Glut-1 transporter and is then oxidized by a sequence of
enzymatic reactions to form 2 molecules each of pyruvate, NADH, ATP and H*. Pyru-
vate is then reduced by the cytosolic enzyme dehydrogenase (LDH) to form lactate
anion. Lactate anion, along with H* derived from the hydrolysis of ATP, may enter the
circulation by way of the membrane-bound lactate-H* co-transporter (8).

Lactic Acidosis (plasma concentration > 1 mM) has been divided into 2 categories.
Type A lactic anion acidosis caused by dysoxia, or the inability of cells to generate suf-
ficient ATP to meet metabolic demand when mitochondrial Pg» is low. Dysoxia is most
often due to hypoxia and ischemia secondary to pulmonary disease, cardiac disease,
hemoglobin deficiency, or carbon monoxide poisoning. In turn, mitochondrial dysfunc-
tion results in the accumulation of pyruvate and lactic anion (often with a high plasma
lactate/pyruvate ratio).

Type B lactic anion acidosis is due to cyfopathic hypoxia, or the inability of pyruvate
to enter the tricarboxylic acid cycle (TCA) or the electron transport chain (ETC). Cyto-
pathic hypoxia may occur secondary to drugs (biguanides, isoniazid, salicylates, propo-
fol, linezolid, nucleoside reverse transcriptase inhibitors), toxins (ethanol, methanol,
ethylene glycol, propylene glycol, cyanide), or errors of metabolism (congenital lac-
tic acidosis, thymine deficiency). In addition, accelerated glycolysis in well-oxygenated
patients with sepsis may result in hyperlactemia due to a high production rate. Poor
lactate “shuttling” in patients with severe liver and/or renal failure may result in hyper-
lactemia due to low consumption or clearance.

Other endogenous causes of metabolic acidosis with a high AG include inborn errors
of metabolism and diabetic ketoacidosis. Exogenous etiologies include salicylate inges-
tion, pyroglutamic acidosis, D-lactic acidosis, propylene and ethylene glycol poisoning,
methanol ingestion, alcoholic ketoacidosis, and arsenic poisoning (2).

Salicylates stimulate respiratory drive, initiating a mixed metabolic acidosis and res-
piratory alkalosis. Patients present with vomiting, fever and central nervous system dis-
turbance, which progresses to pulmonary edema and renal failure. Hypermetabolism
results in an additional lactic anion acidosis, which increases the permeability of the
blood-brain barrier to salicylates. Alkalinization of the urine greatly aids the renal excre-
tion of salicylate and is the key to effective treatment. In some severe cases, hemodialysis
may be indicated.

Pyroglutamic Acidosis. Pyroglutamic acidosis may occur in malnourished patients
who have received acetaminophen or the antibiotic flucloxacillin. The diagnosis is con-
firmed by the finding of an elevated blood or urine 5-oxoproline level.
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D-Lactic Acidosis. Patients with the short gut syndrome may develop encephalopa-
thy. An associated D-lactic acidosis may arise due to the overgrowth of intestinal bac-
teria that ferment dietary carbohydrate. The diagnosis of D-lactic acidosis is made by a
specific enzymatic test. Treatment consists of restriction of oral feeds while providing
intravenous dextrose for calories.

Alcohols. In the early stages of propylene glycol, ethylene glycol or methanol poison-
ing, metabolic acidosis with a high AG is accompanied by a high plasma “osmol gap.”
Later in the clinical course, the osmol gap returns to normal as these active osmolytes
are metabolized by hepatic alcohol dehydrogenase to osmotically — inactive but highly
toxic by-products.

Propylene Glycol. A vehicle to deliver topical (e.g., silver sulfadiazine cream) and
intravenous (e.g., diazepam) medications, propylene glycol that is not excreted by the
kidneys is metabolized to lactic anion. Lactic anion acidosis may develop if the lactate—
pyruvate—acetyl-CoA pathway is sluggish, as in thiamine deficiency.

Ethylene Glycol. Ethylene glycol, used commonly as an anti-freeze agent, is oxidized
by the liver to glycolic acid and oxalate. Patients with ethylene glycol poisoning present
with metabolic acidosis, flank pain, hypocalcemia, vomiting, ataxia, seizure and coma,
progressing to cardiac, renal, and respiratory failure.

Unreliable indicators of ethylene glycol poisoning include a discrepancy between
breath alcohol analyzer and ethanol blood levels, a high serum osmol gap, urinary cal-
cium oxalate crystals, and urine that fluoresces under Wood’s lamp. These non-specific
tests cannot substitute for direct measurement of plasma ethylene glycol and glycolic
acid.

Methanol. Methanol, used commonly in antifreeze, paint thinner, and rubbing alco-
hol, is metabolized to formaldehyde and formic acid. Formic acid accumulates in the
optic nerve, and patients with methanol poisoning present with metabolic acidosis,
blindness, cardiovascular instability, pancreatitis, and optic disc edema.

Treatment of all three poisonings centers on inhibition of alcohol dehydrogenase with
either fomepizole or ethanol, and in some cases removal of toxins and their toxic-by-
products with hemodialysis. As with other poisonings an important key to successful
treatment is early diagnosis and intervention.

CASE SCENARIO 1

A 17-year-old girl is brought to the emergency department because of hyperpyrexia,
vomiting, and confusion. Recently, she had been diagnosed with a hepatitis C infection
but was otherwise well. On examination, the temperature is 40°C, the respirations are
32/min, and the pulse is 120/min. The lung examination is normal. The initial treatment
consists of intravenous normal saline.

An arterial blood gas (analyzed at 37°C) is obtained. The pH and pCO, are 7.4 and
25 mmHg, respectively, and base excess (BE) is =11 mM. An additional blood sample
has been sent to the laboratory for determination of plasma electrolytes.

What is the underlying acid—base disorder? What additional information is needed to
make this determination? What is the diagnosis and proper treatment?
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Case Scenario Discussion: A BE of —11 mM indicates a significant metabolic aci-
dosis. The clinical examination and low pCO; suggest a compensatory respiratory
alkalosis. The plasma electrolytes are reported: Na 140 mM, K 3.8 mM, chloride
115 mM, HCO3™ 15 mM, and albumin 1.5 g/dL. The normal anion gap of 14 mM
suggests a hyperchloremic, metabolic acidosis, perhaps due to the rapid infusion
of crystalloids. However, the SIG (SIG = AG — [albumin g/dL](1.2xpH-6.15) +
[phosphate mg/dL](0.097xpH—0.13)) of -9 mM reveals an “unmeasured” plasma
anion as the major cause of the acidosis.

6. NORMAL AG/SIG

In the setting of normal renal and pulmonary function, these disorders are character-
ized by significant acidosis (pH < 7.4, HCO3 ~ < 24 mEq/L, BE > -3 mEq/L), normal
plasma SIG, and an adequate (urine anion gap negative) or inadequate (urine anion gap
positive) renal response (Table 1, Fig. 1). The differential diagnosis includes diarrhea,
dilutional acidosis, total parenteral nutrition, and renal tubular acidosis.

As an example, a positive urine anion gap in well-hydrated patient with normal renal
function suggests the possibility of a renal tubular acidosis (Tables 3 and 4).

Proximal renal tubular acidosis. Proximal renal tubular acidosis (Type II) is charac-
terized by a low threshold for bicarbonate reabsorption, due to a genetic defect in the
SLC4A4 gene encoding NBC-1, a mutation in the CAII gene encoding carbonic anhy-
drase II or the use of carbonic anhydrase inhibitors such as acetazolamide or topiramate.
SLC4A4 gene mutation is associated with cataracts and glaucoma, while CAII gene
mutation is associated with osteopetrosis, as well as acidification defect in the distal
tubule, making the latter the only true RTA type III.

Characterized by phosphaturia, aminoaciduria, glucosuria, and proximal renal tubu-
lar acidosis, Fanconi syndrome is a generalized defect in proximal tubular function
that may be due to heavy metal poisoning, cystinosis, Lowe syndrome, Chinese Herb
Nephropathy, mitochondrial disorder, Wilson disease, fructose intolerance, and mono-
clonal IgG light chain disease. Clinically only the phosphaturia and metabolic acidosis
have metabolic consequences. In the young child with Fanconi syndrome the first poten-
tial diagnosis to be considered is cystinosis. Untreated children with Fanconi syndrome
suffer from severe failure to thrive and rickets. The acidosis is often difficult to treatment
as the treatment does not change the low bicarbonate threshold and the more bicarbonate
is taken the more is found in the urine.

The finding of positive urinary anion gap (ClI~ < (Na* + K%)), namely inappropri-
ately low ammonium ion secretion automatically focuses the attention on the kidney
(although positive anion gap is also observed in toluene ingestion due to the excretion
of hippurate salts, but these conditions are not easily confused).

Distal Renal Tubular Acidosis. Distal renal tubular acidosis (Type I) is due to low
net acid excretion in the distal nephron, and may be secondary to an autosomal dom-
inant mutation in the SLC4A1 gene with aberrant trafficking of AE1 or an autosomal
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Table 3

Selected Causes of Renal Tubular Acidosis (RTA)

Proximal RTA Distal RTA Type IV RTA

Isolated Primary Mineralocorticoid
deficiency

Sporadic, transient in infancy Transient in infancy Aldosterone disorders

Interstitial nephritis
Nephrotic syndrome
Vitamin D deficiency rickets

Toxin or drug induced
Amphotericin B
Analgesics

Lithium

Hereditary Persistent Addison disease
Adult type Congenital adrenal
hyperplasia
Fanconi syndrome Incomplete Primary
hypoaldosteronism
With bicarbonate wasting ~ Hyporeninemic
hypoaldosteronism
Primary With nerve deafness
Secondary Other causes
Inherited Secondary
Carbonic anhydrase Chloride shunt
II deficiency syndrome
Cystinosis Interstitial nephritis Diabetes mellitus
Galactosemia Lupus nephritis Idiopathic
Glycogen storage disease Medullary sponge Interstitial nephritis
type I kidney
Hereditary fructose Nephrocalcinosis Nephrosclerosis
intolerance
Leigh syndrome Obstructive uropathy Obstructive uropathy
Lowe syndrome Pyelonephritis Pseudohypoaldost-
eronism
Medullary cystic disease Reflux nephropathy Pyelonephritis
Metachromatic Sickle cell nephropathy ~ Transient in infancy
leukodystrophy
Mitochondrial cytopathies Transplant rejection Unilateral kidney
diseases
Tyrosinemia
Wilson disease Other causes
Acquired
Cyclosporine Carbonic anhydrase 11
deficiency
Gentamicin Chronic active hepatitis
Heavy metals Ehlers—Danlos syndrome
Hyperparathyroidism Elliptocytosis

Rodriquez Soriano (10); Adrogue and Madias (11).
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Table 4

Features of Renal Tubular Acidosis in Childhood

Features Type I (distal) Type Il (proximal)  Type IV (hyperkalemic)

Urine pH during >5.5 <5.5 <5.5
acidosis

Urine anion gap Positive Negative Positive

FEHCO3~ at normal <15%* >15% <15%
serum HCO3

(Urine-blood) pCO2 <20 mmHg >20 mmHg ?

Serum potassium Normal or Normal or Increased

low low

Calcium excretion Increased Normal or 1 Normal (?)

Citrate excretion Decreased Normal Normal

Nephrocalcinosis Common Rare Absent

Associated tubular Rare Common Rare
defects

Rickets Rare Common Absent

Daily alkali 1-4* 10-15 2-3
requirement
(mEq/kg/day)

Potassium No Yes No
supplementation

* Often higher in infants.
Modified with permission from Rodriquez-Soriano and Vallo (12).

recessive mutation in the ATP6B1 gene encoding the B1 subunit of the vacuolar H*-
ATPase. The recessive form may be associated with growth retardation and hearing loss,
whereas the dominant form is usually milder. Hypokalemia is common, and hypercalci-
uria and hypocitraturia predispose to nephrocalcinosis and nephrolithiasis. Distal renal
tubular acidosis may also be observed with Sjogren’s syndrome, hypergammaglobuline-
mia, amphotericin, and HIV infection.

Pathophysiologically, several mechanisms are responsible to dRTA. Among them
(a) a secretory defect due to genetic or acquired abnormalities in the H*-ATPase pump
of the alpha intercalated cell (b) a gradient defect in which there is a backleak of luminal
H* as seen in patients treated with amphotericin.

Renal Tubular Acidosis Type IV. This is the most common type of RTA. Contrary to
RTA type II and most cases of RTA type I, which are associated with hypokalemia, RTA
type IV is associated with hyperkalemia (Table 4). While the patients are able to lower
their urine pH in response to systemic acidosis their ammonia generation is impaired. It
is unclear to what extent it is the hyperkalemia itself causing the interference in ammo-
nia metabolism. The hyperkalemia is due to either low serum aldosterone or to tubular
defects. Based on the various abnormalities in the axis renin—aldosterone—kidney, RTA
type IV is divided into 5 subtypes (Fig. 1). The rationale in this classification is in both
in defining the pathophysiologic mechanism and the optimal treatment.



Chapter 8 / Metabolic Acidosis 233

In order to identify the sub-type it is needed to assess the patient’s blood pres-
sure, obtain blood samples for renin, aldosterone, and cortisol and evaluate the urinary
tract anatomy by ultrasound. Only pseudohypoaldosteronism type II is characterized by
hypervolemia and hypertension. This autosomal dominant disorder is due to a genetic
mutation resulting in increased NaCl reabsorption in the distal tubule. Secondary to the
hypervolemia plasma renin activity and serum aldosterone are suppressed. In all other
sub-types patients is hypo- or euvolemic and hypo- or normotensive. They result from
either primary or secondary lack of aldosterone or decreased responsiveness of the renal
tubule to aldosterone, namely end-organ resistance.

Chronic Renal Failure. In advanced chronic renal failure, low net acid excretion is
due to global loss of functioning renal mass, resulting in progressive inability of the
kidneys to clear phosphates, sulfate, and organic acids, combined with tubular damage
lowering the ability to secrete H* lead to either normal anion gap (hyperchloremic) or
high anion gap metabolic acidosis.

CASE SCENARIO 2

A 6-month-old Israeli boy is evaluated for failure to thrive, associated with vomiting,
diarrhea, lethargy, and abdominal distention. He was the full-term product of a normal
vaginal delivery, with height and weight initially at the 50th percentile. On examina-
tion, the weight is now 7 kg (9th percentile) and the height is 63 cm (2nd percentile).
Laboratories revealed

Na 140 mmol/L; K 3.2 mmol/L, Cl1 110 mmol/L; HCO3; 16 mmol/L, BUN 3 mg/dL, Pcr
0.3 mg/dL;
Venous pH 7.28; urine pH 8, ketones negative; anion gap 14 mmol/L

Suspecting renal tubular acidosis (RTA) on the basis of a normal anion gap and an
alkaline urine pH, bicarbonate (Bicitra) 3 mEq/kg/day was prescribed. However, the
infant deteriorated neurologically, developing ophthalmoplegia and upward gaze nys-
tagmus. A head CT scan was normal.

Case Scenario Discussion:

1. Is the diagnosis of RTA correct?
ANSWER: In this case, RTA may be an incorrect diagnosis. Urine pH is alkaline
in many forms of chronic acidosis, due to “proton-trapping” by high concentrations
of urinary ammonia. Furthermore, the anion gap may be misleading in patients with
hypoalbuminemia.

2. What additional information do you need to make the diagnosis?
ANSWER: The urine anion gap, the plasma osmol gap, and the plasma strong ion gap
may be helpful to make diagnosis.

In this case, the urine anion gap (Na + K — Cl) is negative, suggesting a high concen-
tration of urinary ammonium and pointing away from the diagnosis of RTA. The plasma
albumin is 1.5 g/dL and the plasma osmolality is 285 mOsm/kg, so the plasma osmol
gap is normal while the albumin-corrected anion gap is 21 nM and plasma strong ion
gap (SIG) is also elevated at 11 mM.
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3. What further diagnostic test lead to the correct diagnosis?
The alkalinizing effect of hypoalbuminemia may “mask” the metabolic acidosis due to
an “unmeasured” anion. In this case, the blood lactate level was found to be elevated. The
differential diagnosis of lactate anion acidosis includes dysoxia (due to sepsis or shock),
inborn errors of metabolism, a variety of drugs, and several intoxications.

On reviewing the history, the infant was fed a soy-based formula (Remedia Super
Soya 1) that was specifically manufactured for the Israeli market. An erythrocyte trans-
ketolase activity assay revealed significant thiamine deficiency as the cause of the lactate
anion acidosis.

Treatment with thiamine reversed the clinical symptoms and lead to a complete
recovery.

7. TREATMENT

In general, treatment centers on the correction of the disordered pathophysiology
(Table 5). For example, maneuvers that improve ventilation and perfusion will ben-
efit critically ill patients with lactic anion acidosis due dysoxia. Bicarbonate therapy
is helpful in children with renal tubular acidosis, but is of unclear benefit or harmful
in patients with lactic anion or ketoacidosis. Hemodialysis may be indicated in severe
intoxication and some of the metabolic disorders, but is of uncertain benefit in other
conditions. Future investigations that link mitochondrial function, intracellular pH, and
blood buffers may provide additional insight to the optimal treatment.

Table 5

Treatment of Some Forms of Metabolic Acidosis

Unclear benefit or possibly

Anion Cause Treatment harmful

Chloride Acute diarrhea, renal Bicarbonate Careful administration in
tubular acidosis, acute,  (see Table 4) hypocalcemic patients
and chronic renal
failure,

Lactic anion Dysoxia Improve Hemodialysis/
ventilation and  hemofiltration
perfusion

Keto acids Diabetes mellitus Insulin Bicarbonate, Carbicarb

Salicylate Ingestion Alkalinization =~ Over-aggressive fluid
of urine administration

Alcohols Ingestion Fomepizole,

(propylene ethanol,
glycol, hemodialysis
ethylene

glycol,

methanol)
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The treatment of the various types of RTA type IV depends on the pathophysiology.
In the case of chloride shunt, a thiazides diuretic is the drug of choice. In hypoaldostero-
nism, either primary or secondary, a mineralocorticoid will be the drug of choice. How-
ever in patients with chronic renal failure who are also hypertensive the drug should be
replaced by furosemide. In patients with end-organ resistance a combination treatment
with NaCl and NaHCOg3 is often required. In children with RTA type IV due to obstruc-
tive uropathy alleviation of the obstruction results in normalization of function of the
tubule. A similar situation may be observed in patients with pyelonephritis especially
when superimposed on an anatomic abnormality in the urinary tract.

REFERENCES

1. Rixen D, Raum M, Bouillon B, Lefering R, Neugebauer E. Arbeitsgemeinschaft ‘“Polytrauma” of
the Deutsche Gesellschaft fur Unfallchirurgie. Base deficit development and its prognostic signifi-
cance in posttrauma critical illness: an analysis by the trauma registry of the Deutsche Gesellschaft fur
unfallchirurgie. Shock. 2001 Feb;15(2):83-89.

2. Boron WF. Acid-base transport by the renal proximal tubule. ] Am Soc Nephrol. 2006 Sep;17(9):
2368-2382

3. Corey HE. Stewart and beyond: new models of acid-base balance. Kidney Int. 2003 Sep;64(3):
777-787.

4. Kraut JA, Madias NE. Serum anion gap: its uses and limitations in clinical medicine. Clin J Am Soc
Nephrol. 2007 Jan;2(1):162-174.

5. Corey HE. Bench-to-bedside review: Fundamental principles of acid—base physiology. Crit Care. 2005
Apr;9(2):184-192.

6. Walsh SB, Shirley DG, Wrong OM, Unwin RJ. Urinary acidification assessed by simultane-
ous furosemide and fludrocortisone treatment: an alternative to ammonium chloride. Kidney Int.
2007;71:1310-1316

7. Alon U, Hellerstein S, Warady BA. Oral acetazolamide in the assessment of (urine-blood) pCO;.
Pediatric Nephrology 1991;5:307-311.

8. Gladden LB. Lactate metabolism: a new paradigm for the third millennium. J Physiol. 2004 Jul 1;558
(Pt 1):5-30

9. Feld LG. Nephrology. In: Feld LG, Meltzer AJ., eds. Fast Facts in Pediatrics. 1st ed. Elsevier, Amster-
dam, 2006:p.434.

10. Rodriquez Soriano J. Renal tubular acidosis: the clinical entity. ] Am Soc Nephrol 2002;13:2160-2170.

11. Adrogue HJ, Madias NE. Disorders of acid-base balance. In Berl T., ed. Disorders of Water, Elec-
trolytes, Blackwell Science. Philadelphia, 1999:6.17-6.19.

12. Rodriquez-Soriano J, Vallo A. Renal tubular acidosis, Peds Nephrol 19990;4268-275.



9 Diagnosis and Treatment
of Metabolic Alkalosis

Wayne R. Waz

Key Points

1. Primary metabolic alkalosis should be distinguished from metabolic compensation to respiratory
acidosis.

2. Measurement of urine chloride concentration is essential for diagnosis and treatment.

3. Metabolic alkalosis with low urine chloride (chloride responsive) represents an appropriate renal
response to H' and CI™ losses from non-renal sites (GI, skin).

4. Metabolic alkalosis with high urine chloride (chloride unresponsive) should prompt an evaluation
for renal and endocrine disorders and can be further evaluated by the presence or absence of
hypertension, renal and adrenal imaging, and the relative concentrations of plasma renin activity
and serum aldosterone.

Key Words: Metabolic alkalosis; urine chloride; hypokalemia; hypochloremia; bicarbonate;
Bartter syndrome; Gitelman syndrome; aldosterone; loop diuretic; thiazide diuretic

1. DEFINITION

Metabolic alkalosis is defined as a primary increase in both plasma pH and plasma
bicarbonate concentration. It is associated with a compensatory decrease in ventilation
and increased PaCO, (Table 1). Typically, PaCO; increases 0.5-0.7 mmHg to compen-
sate for each 1 mM increase in plasma HCO3™. For example, in a patient whose serum
[HCOs37] has increased from 22 to 30 mEq/L, the expected respiratory compensation
will be approximately 0.7 times the difference between the normal serum [HCO3~] and
the alkalotic serum [HCOs37], in this case 0.7 x 8, or 5.6. When added to a normal
PaCO; of 40 mmHg, the expected PaCO; is 45.6 mmHg. A more rapid method to esti-
mate the expected respiratory compensation to metabolic alkalosis is to add 15 to the
patient’s serum bicarbonate level for bicarbonate values ranging from 25 to 40 (/). For
example, for a patient with a serum [HCOs3™] of 30, add 15 to give an estimated PaCO»
of 45 mmHg. If the actual respiratory compensation is less than estimated, consider
a mixed respiratory and metabolic disorder. Also, remember that an increased serum
[HCO37] also occurs in metabolic compensation to respiratory acidosis, but this can be

From: Nutrition and Health: Fluid and Electrolytes in Pediatrics
Edited by: L. G. Feld, F. J. Kaskel, DOI 10.1007/978-1-60327-225-4_9,
© Humana Press, a part of Springer Science+Business Media, LLC 2010
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Table 1
Estimated Respiratory Compensation to Primary Metabolic Alkalosis

Method 1:
Compensated PaCO;, = 40 + [0.7 (patient [HCO3~] — normal [HCO37])]
Example: a patient’s serum [HCO3~] has increased from 22 to 30 mEq/L:
Compensated PaCO;, = 40 + [0.7 (30-22)]
Compensated PaCO, = 40 + 5.6
Compensated PaCO, = 45.6
Method 2:
Compensated PaCO, = patient [HCO3™] + 15
Example: a patient has a serum [HCO3~] = 30
Compensated PaCO, = 30 + 15
Compensated PaCO; = 45

distinguished from metabolic alkalosis by looking at plasma pH. In this case, the pH
will generally be <7.35, as the metabolic compensation is not sufficient to over-correct
the respiratory acidosis into the alkalotic range.

2. ETIOLOGY

How might you make someone alkalotic? While most of the disease states that lead
to metabolic alkalosis result from varying combinations of the mechanisms discussed
below, it is helpful to consider the influence of specific single perturbations and their
impact on the generation and maintenance of alkalosis. This section will discuss primar-
ily net effects of the various mechanisms, with more specific details of the physiology
found in several comprehensive reviews (/—4).

Because the kidney can normally excrete large bicarbonate loads, the finding of per-
sistent metabolic alkalosis requires first an initial insult (generation phase), followed
by a maintenance phase. Initial insults that contribute to the generation of alkalosis
include HCI depletion, potassium depletion, volume depletion, or mineralocorticoid
excess (described below). The maintenance phase occurs when renal mechanisms
perpetuate the alkalotic state. These renal mechanisms include decreased glomerular
filtration rate, development of intracellular acidosis, increased proximal tubule H*
secretion (with subsequent HCO3™ reabsorption), and increased distal tubule H* secre-
tion, again with subsequent distal HCO3™ reabsorption, and generation.

Infuse Bicarbonate or Other Alkali: Exogenous bicarbonate infusion is not an effec-
tive method of generating metabolic alkalosis. The kidney responds quickly and effec-
tively to large bicarbonate loads. As long as the ECF volume (and the accompany-
ing glomerular filtration rate) is adequate, the proximal tubule threshold for bicarbon-
ate reabsorption is exceeded, and distal nephron mechanisms are inadequate to handle
the load. However, in patients with significantly decreased glomerular filtration rates
(GFR), either due to severe volume depletion or intrinsic renal disease, renal excretion
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of bicarbonate is impaired and exogenous loads can cause significant alkalosis. Exam-
ples of bicarbonate or other alkali administration causing metabolic alkalosis in patients
with decreased GFR include milk—alkali syndrome (often discussed but rarely seen),
oral or IV NaHCOs3 administration, acetate loads in parenteral nutrition solutions, cit-
rate from blood transfusions or from regional anticoagulation during continuous renal
replacement or other extracorporeal therapies, and the combination of antacids plus
cation exchange resins.

Remove HCI from the Gastrointestinal Tract: As both H* and CI~ are lost from the GI
tract or other sites, plasma [HCO3 7] increases, increasing the renal filtered load. The net
negative charge in the distal nephron caused by excess bicarbonate leads to increased
tubular sodium and potassium losses, with accompanying water loss. Chloride, on the
other hand, is avidly retained by the kidney to compensate for the high amount of GI
(or other non-renal) loss. The resulting electrolyte profile is one of a hypochloremic
(from GI loss) hypokalemic (from renal loss) metabolic alkalosis, with a decreased ECF
volume because of both GI and renal volume losses. This state is also referred to as
a contraction alkalosis, because the ECF volume is relatively contracted, with HCO3~
as a more significant contributor to the overall anion concentration than in the normal
state. The renin—angiotensin—aldosterone axis becomes more active, with a net effect of
increasing sodium and water reabsorption, improving ECF volume but with a cost of
contributing further to hypokalemia.

At this point, even if HCI losses stop, alkalosis is maintained until total body chloride
content is replenished and ECF volume is restored. As long as the plasma chloride con-
centration is low, very little will show up in the distal nephron, and the primary anion
in the distal nephron will be HCO3™, thus any tubular reabsorption of anion necessary
to maintain electroneutral plasma will be of HCO3™. In addition, increased aldosterone
activity and the high [HCO3™] in the tubular lumen will promote Na*—H" exchange and
even further H* loss into the urine. During the initial period of GI HCl losses, the urine
pH is typically alkaline (6.5-7), but as HCI losses stop but renal mechanisms maintain
the alkalosis, the urine pH can decrease (5.5-6). Once plasma CI is restored and some
appears in the lumen of the distal nephron, selective reabsorption of CI~, with subse-
quent excretion of HCO3™ can occur, and alkalosis can be corrected. As ECF volume
improves, aldosterone effects diminish, and net H* loss decreases, further contributing
to the resolution alkalosis.

Create a State of Hypokalemia: Hypokalemia contributes to the generation and main-
tenance of alkalosis through several mechanisms:

— At the glomerulus, hypokalemia produces a reduction in glomerular filtration rate,
although precise mechanisms have not been described.

— In the proximal nephron, hypokalemia increases net proximal tubule bicarbonate reab-
sorption. This proximal net bicarbonate reabsorption probably occurs when hypokalemia
causes proximal tubule cells to develop an intracellular acidosis, created by exchange of
extracellular H* for intracellular K* in an effort to maintain normal plasma potassium
levels.

— Also, in the proximal nephron, hypokalemia enhances renal ammoniagenesis, increas-
ing the amount of NHj3 in the tubule lumen available to bind secreted H*, with net acid
subsequently lost in the urine.
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— In the distal nephron, hypokalemia impairs renal chloride reabsorption in a way that
enhances secretion of H* into the tubular lumen.

— Additionally, hypokalemia creates intracellular acidosis in the distal nephron, which
results in mechanisms similar to those seen in the proximal tubule.

— Finally, hypokalemia increases H*~K* ATPase activity in the collecting duct.

Create a State of Hyperaldosteronism: The physiologic effect of mineralocorticoids,
primarily aldosterone, is to respond to conditions of decreased intravascular volume
by stimulating the apical sodium channel and the basolateral Na, K-ATPase of the
principal cell of the cortical collecting duct, resulting in increased sodium reabsorp-
tion and increased urinary potassium secretion. Furthermore, mineralocorticoids directly
increase tubular H* excretion through stimulation of Na*—-H* exchange. The systemic
result is the development of increased intravascular volume (from Na retention), with
hypokalemia and metabolic alkalosis. When mineralocorticoid effects go unchecked, as
in states of mineralocorticoid excess, volume-overload hypertension, hypokalemia, and
metabolic alkalosis are generated and maintained. Hypokalemia is particularly impor-
tant for the maintenance of metabolic alkalosis in mineralocorticoid excess states. Note
that while there is a phenomenon of escape from the Na-retaining effects of excess
mineralocorticoid, permitting diuresis and natriuresis, no such mechanisms exist to pre-
vent chronic loss of potassium. So, while generation of alkalosis occurs because of
increased tubular excretion of both H* and K*, the maintenance of alkalosis is driven by
hypokalemia (discussed above).

3. CLINICAL PRESENTATION

Clinically relevant metabolic alkalosis arises from various combinations of the phys-
iologic perturbations discussed above. The relative contributions of decreased intravas-
cular volume, hypokalemia, Cl~ and H* loss, exogenous or endogenous HCO3~, and
mineralocorticoids can be difficult to sort out, and one is often unsure what caused what.
Fortunately, both the diagnosis and treatment can be pinned down with a careful history
and physical exam and a few simple and inexpensive laboratory tests (Fig. 1).

Metabolic alkalosis is typically seen in patients with serious illness, either acute or
chronic, at times making it difficult to separate symptoms specific to alkalosis from
those of underlying illnesses. Significant alkalosis may manifest with serious CNS and
cardiac complications; patients may develop stupor, confusion, lethargy, muscle weak-
ness, and/or cramping. The frequent finding of hypokalemia with alkalosis predisposes
patients to cardiac arrhythmias and sudden death. EKG findings include QT interval pro-
longation, ST segment depression, a flat or low amplitude T-wave, prominent U-wave,
AV dissociation, torsade de pointes, ventricular tachycardia, and ventricular fibrillation
(5). Cardiac arrhythmias can be life threatening and refractory to treatment unless alka-
losis and, equally importantly, hypokalemia are corrected. An alkalosis-induced shift of
the oxygen-hemoglobin dissociation curve to the left, combined with relative hypoxia
related to compensatory hypoventilation, can lead to decreased tissue delivery of oxy-
gen. Also seen are decreased ionized calcium concentrations, increased lactate produc-
tion, elevated anion gap, and decreased urinary calcium excretion (6).
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Urine [CI7]
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Fig. 1. Diagnostic algorithm for metabolic alkalosis (HTN: hypertension, JGA: juxtaglomerular appa-
ratus, GRA: glucocorticoid remediable aldosteronism, AME: apparent mineralocorticoid excess).

In the acute care setting, it is important to review the patient’s history for significant
sources of GI loss, including nasogastric suction, surgical drains, and ostomies. Current
and past history of diuretic use should also be obtained. Careful evaluation of enteral and
parenteral nutrition may reveal potential sources of exogenous alkali administration.
In the chronic setting, an evaluation for failure to thrive should include investigation
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for alkalosis and hypokalemia. For infants, an assessment of feeding, particularly in
formula-fed infants, may contribute. In older children, particularly adolescents, eat-
ing disorders may present with alkalosis either because of diuretic abuse or chronic
vomiting. This history may be particularly difficult to elicit, and index of suspicion
should be high. Patients with chronic fatigue, particularly muscle weakness or muscle
spasm, should also be evaluated for alkalosis.

4. EVALUATION

Figure 1 is a diagnostic algorithm for patients with metabolic alkalosis. In addition
to patient history and physical exam findings, key factors in guiding diagnosis and
treatment include measurement of urine [CI7], assessment of blood pressure and
intravascular volume, assessment of renal function, and assessment of plasma elec-
trolytes including K*, CI-, Ca™ (including ionized Ca), and Mg**, plasma renin activ-
ity, and serum aldosterone.

Most importantly, urine chloride measurement simplifies differential diagnosis and
guides treatment. Metabolic alkalosis can be divided into chloride responsive and chlo-
ride unresponsive types. If urine CI™ is less than 20 mEq/L, the kidneys are responding
appropriately to HCI losses from non-renal sites [most commonly GI, skin (in cystic
fibrosis patients) or posthypercapnia]. If urine CI~ is greater than 20 mEq/L, the kid-
neys are the site of excessive CI~ loss, either in response to endogenous or exogenous
hormone effects, drugs (diuretics), or due to primary renal tubular defects.

Urine potassium measurement helps differentiate a primary renal defect from an
appropriate renal response to extrarenal potassium loss. Urine [K*] > 30 mEg/L in a
hypokalemic patient demonstrates inappropriate renal losses as seen in intrinsic renal
defects (Bartter and Gitelman syndromes), diuretic use, or high circulating aldosterone
levels. A urine [K*] < 20 mEq/L denotes an appropriate renal response to extrarenal loss.

For patients with chloride unresponsive alkalosis, renal and adrenal imaging stud-
ies, particularly ultrasound or CT imaging, may aid in differential diagnosis. A
finding of nephrocalcinosis in an infant may point to a diagnosis of neonatal Bartter
syndrome. Renal size discrepancy or, more specifically, asymmetrical blood flow to the
kidneys may prompt further evaluation for renal artery stenosis. A finding of a renal
or adrenal mass may suggest, respectively, a renin-producing or aldosterone-producing
tumor. While a complete discussion is beyond the scope of this section, measurement of
plasma renin, plasma aldosterone, and calculation of a plasma aldosterone to plasma
renin ratio can assist in sorting through the differential diagnosis of chloride unre-
sponsive alkalosis (7). Rarely, evaluation for congenital adrenal enzymatic defects or
parathyroid hormone function may be required.

5. CAUSES

Table 2 summarizes the differential diagnosis of metabolic alkalosis. Most cases of
metabolic alkalosis are acquired in the hospital setting, including prolonged nasogastric
suctioning, contraction alkalosis from aggressive diuresis, posthypercapnia, recovery
from lactic acidosis or ketoacidosis, or carbohydrate refeeding after starvation. These
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Table 2

Differential Diagnosis of Metabolic Alkalosis

Mechanism

Disorder

Urine [Cl7]

Exogenous alkali

Intravascular volume
contraction,
Normotension,

K™ deficiency,

2° Hyperreninemic
hyperaldosteronism

Intravascular volume
expansion, hypertension,
K™ deficiency, hypermin-
eralocorticoidism

Acute alkali administration

Regional citrate anticoagulation
Milk—alkali syndrome

Gastrointestinal or other (non-renal)
Pyloric stenosis

Vomiting

Bulimia

Gastric aspiration

Gastrocystoplasty

Congenital chloride diarrhea

Villous adenoma

Cystic fibrosis (sweat CI7) loss

Renal

Diuretics (especially thiazide and loop diuretics)
Edematous states

Posthypercapnia
Hypercalcemia—hypoparathyroidism
Recovery from lactic acidosis or ketoacidosis
Nonreabsorbable anions such as penicillin,
carbenicillin

Mg deficiency

K* depletion

Bartter Syndrome

Gitelman Syndrome

Carbohydrate refeeding after starvation
Associated with high renin

Renal artery stenosis

Accelerated hypertension
Renin-secreting tumor

Estrogen therapy

Associated with low renin

Primary aldosteronism

Adenoma

Hyperplasia

Carcinoma

Glucocorticoid suppressible

Adrenal enzymatic defects
11B-Hydroxylase deficiency
17a-Hydroxylase deficiency

D IR e I i R S e

e

s
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Table 2

(Continued)

Mechanism Disorder Urine [Cl]
Cushing syndrome or disease
Ectopic corticotropin 0
Adrenal carcinoma 0
Adrenal adenoma 0
Primary pituitary 0
Other
Licorice 0
Carbenoxolone 0
Chewing tobacco 0

Intravascular volume Liddle syndrome 0

expansion Apparent mineralocorticoid excess syndrome 0

hypertension

K* deficiency

hyporeninemic

hypoaldosteronism

presentations will respond to early recognition and treatment of alkalosis and resolve
with improvement in the underlying disease process.

Critical Care: Circumstances unique to the critical care setting may lead to alkalosis
and contribute significantly to morbidity in critically ill patients. In patients recover-
ing from respiratory acidosis, an appropriate renal response to acidosis may persist for
several days after hypercapnia has resolved. The resulting avid retention of bicarbonate
by the kidneys, often exacerbated by decreased intravascular volume and hypokalemia
created by the necessary use of diuretics, creates a state of metabolic alkalosis. Once
recognized, attention to restoring intravascular volume, potassium and chloride stores
is usually sufficient to correct alkalosis. Alkalosis is a frequent complication of cardiac
surgery and is strongly associated with younger age, cardiopulmonary bypass, preoper-
ative ductal dependency, and perioperative hemodilution (8). The use of regional citrate
anticoagulation in patients requiring continuous renal replacement therapies can lead to
alkalosis through its metabolism in Krebs cycle to bicarbonate (9). This phenomenon
is often referred to as citrate loc or citrate gap. Citrate-induced alkalosis responds
to decreased citrate infusion rates, increased clearance rates, and/or saline infusion
(10, 11).

Chloride Responsive Alkalosis: While most cases of chloride responsive alkalosis are
acquired in the hospital setting as a result of nasogastric suctioning, drainage, or eme-
sis, several diseases should be considered in the differential diagnosis. Alkalosis is a
classic presentation of pyloric stenosis in infants. Infants with a recent history of eme-
sis and presence of alkalosis should be evaluated by abdominal ultrasound, and fluid
resuscitation with correction of alkalosis should precede surgical correction when pos-
sible to minimize surgical and anesthetic morbidity (/2—15). Cystic fibrosis is unique
among diseases that may present with chloride responsive alkalosis because chloride
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loss is through the skin, via excessive sweat chloride loss, rather than through the GI
tract (16—18). Patients with eating disorders frequently present with alkalosis as a result
of bulimia. However, measurement of urine chloride is particularly important. If urine
chloride is excessive in a patient with a history of eating disorder, diuretic abuse should
be considered (/9). Congenital chloride diarrhea is frequently listed in the differential
diagnosis, but rarely seen. While congenital chloride diarrhea can be fatal if not recog-
nized, once identified treatment consists of NaCl and KCI replacement, with an excellent
long-term prognosis (20, 21). Villous adenoma is often listed in the differential diagno-
sis of alkalosis, but no reports of this association were found in a review of the pediatric
literature.

Chloride Unresponsive Alkalosis: A finding of chloride unresponsive alkalosis should
prompt studies for primary renal and endocrine disorders once acquired alkalosis from
diuretic use/abuse or glycyrrhizic acid (licorice, licorice root) (22) has been ruled out.
The differential diagnosis of chloride unresponsive alkalosis can be refined by consider-
ation of blood pressure. Disorders in which the primary defect is renal chloride wasting
such as Bartter syndrome, Gitelman syndrome, and diuretic abuse present with hypoten-
sion and secondary (compensatory) increases in aldosterone activity. Alternatively,
disorders in which increased mineralocorticoid production or renal tubular activity
mimicking increased mineralocorticoid activity present with hypertension.

Three renal tubular disorders account for most cases of renal-mediated alkalosis:
Bartter syndrome, Gitelman syndrome, and Liddle’s syndrome. Both Bartter and Gitel-
man syndromes present with normotension or hypotension, while Liddle syndrome
presents with hypertension. While molecular diagnostic techniques continue to clar-
ify the transport mechanisms involved in these disorders, considering each by its site of
action in the nephron can help us understand the various clinical presentations and guide
therapy. Bartter syndrome and its variants arise from mutations in electrolyte trans-
porters in the thick ascending limb (TAL) of the loop of Henle, Gitelman syndrome
from electrolyte transport defects in the distal convoluted tubule, and Liddle syndrome
from a defective transporter in the collecting duct.

Bartter Syndrome: To date, four types of Bartter syndrome have been identified based
on molecular identification of mutations in TAL transmembrane proteins (23—25). These
defective proteins include an electroneutral bumetanide-sensitive luminal Na—2CI-K
cotransporter (NKCC2) (type 1), a luminal potassium channel: ROMK (type 2), a baso-
lateral membrane chloride channel: CLCNKB (type 3), and a subunit of two basolateral
chloride channels (CLCNKA and CLCNKB): Barttin (type 4 also associated with sen-
sorineural deafness). Molecular characterization has significantly improved our under-
standing of these disorders but has not, to date, led to specific therapies. Description
of Bartter-like or Gitelman-like syndromes whose physiology and genetics have not yet
been described (26) suggests that additional mutations might be found. A rare genetic
Bartter-like syndrome with hypocalcemia due to activation of the calcium sensing recep-
tor (27) and an acquired Bartter-like syndrome following the use of gentamicin (28) have
been reported.

Despite the various mutations, it is helpful to think of all Bartter syndrome types as
a genetic model resembling loop diuretic abuse. All the mutations above lead to urine
chloride wasting, with resulting hypovolemia and hypotension. Secondary aldosterone
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release to compensate for the hypovolemia leads to further potassium and proton loss
and maintenance of a chronic hypokalemic, hypochloremic metabolic alkalosis. Types
1, 2, and 4 typically present in newborns (neonatal Bartter), often with a history of
polyhydramnios and premature birth. Classic Bartter syndrome (Type 3) may present
at birth, but can also present later in infancy. On occasion, patients with neonatal Bart-
ter (usually type 2) may present initially with a hyperkalemic metabolic acidosis and
hyponatremia before developing the classic picture of hypokalemic metabolic alkalosis
(29). Clinical and laboratory features of Bartter syndrome include: polydipsia, polyuria,
salt craving, growth retardation, dehydration, nephrocalcinosis (in neonatal types), high
urine NaCl excretion, increased urine calcium excretion (in most cases), impaired urine
concentrating ability, hyperreninism/hyperaldosteronism with normo- to hypotension,
increased prostaglandin production, and hypertrophy of the juxtaglomerular apparatus.

Gitelman Syndrome: If loop diuretic abuse serves as a pharmacologic analogy for
Bartter syndrome, Gitelman syndrome can be understood as analogous to thiazide
diuretic abuse. Distal convoluted tubule (DCT) mutations account for the clinical find-
ings. In particular, impaired sodium reabsorption by a thiazide-sensitive NaCl cotrans-
porter (NCCT) is responsible. While both Bartter syndrome and Gitelman syndrome
present with metabolic alkalosis, patients with Gitelman syndrome typically present
later in childhood or adolescence, usually complaining of fatigue, weakness, muscle
cramps, seizures, or tetany. Other features that help to distinguish Gitelman from Bart-
ter include the absence of polyuria/polydipsia, the absence of growth retardation, the
absence of nephrocalcinosis and associated hypercalciuria, and the presence of hypo-
magnesemia.

Liddle syndrome: Unlike the tubular defects in Bartter and Gitelman syndromes,
which cause chronic salt-wasting and hypotension, the defect in Liddle syndrome causes
sodium and volume retention, and hypertension, mimicking states of aldosterone excess.
The disease is caused by mutations in the distal tubule amiloride-sensitive epithelial
Na channel (ENaC), resulting in a sodium channel that is essentially “always open.”
The resulting excess reabsorption of sodium leads to volume overload, with secondary
increased loss of potassium and protons in the urine, leading to hypokalemic metabolic
alkalosis. Liddle syndrome is often found during evaluations for secondary hyperten-
sion, with initial findings of hypokalemic alkalosis, very low plasma renin activity and
serum aldosterone, and a family history of hypertension in younger individuals follow-
ing an autosomal dominant pattern.

Apparent Mineralocorticoid Excess Syndrome (AME): AME is a rare inherited dis-
order that, like Liddle syndrome, presents with hypokalemic metabolic alkalosis and
low-renin, low aldosterone hypertension mimicking hyperaldosteronism. It is caused by
a deficiency of a renal isozyme of 11B-hydroxysteroid dehydrogenase. In the absence of
this enzyme, cortisol is not being oxidized to cortisone. Cortisol, unlike cortisone, binds
to the renal mineralocorticoid receptors. Since cortisol binds as avidly as aldosterone
to the mineralocorticoid receptor but its serum level is 100 times higher than that of
aldosterone, the end result is very excessive mineralocorticoid activity, causing sodium
retention, hypertension, and hypokalemic alkalosis (30). The pharmacologic analog to
AME is chronic glycyrrhizic acid (licorice, licorice root) ingestion, which competitively
inhibits the 11p-hydroxysteroid dehydrogenase.
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AME is usually transmitted as an autosomal recessive trait. It is characterized by
low birth weight, failure to thrive, very early onset of hypertension, and damage to end
organs. Those with the more severe form of AME also exhibit hypercalciuria, nephro-
calcinosis, and renal failure. A milder phenotype was reported in adults with compound
heterozygous mutations.

Glucocorticoid-Remediable Aldosteronism (GRA): GRA is typically diagnosed dur-
ing evaluations for low-renin hypertension in families with a strong history of childhood
hypertension in an autosomal-dominant pattern. Nevertheless, it may present addition-
ally with laboratory features of hypokalemia and metabolic alkalosis. The somewhat
awkward (but physiologically appropriate) name of this disorder provides insight into
the pathophysiology: patients with GRA have a chimeric gene in the adrenal zona fas-
ciculata linking the promoter sequence of the 118-hydroxylase gene (which normally
promotes cortisol synthesis in response to ACTH) to the coding sequence of aldosterone
synthase. With this mutation, aldosterone is produced in response to ACTH (instead of
by angiotensin II and potassium in the zona glomerulosa, as in unaffected individuals),
resulting in adrenal hyperplasia and excessive aldosterone production. Glucocorticoid
administration reduces ACTH production, thus decreasing aldosterone production by
the chimeric gene (3/) and improvement in hypertension, hypokalemia, and alkalosis.
Interestingly some patients with GRA are normokalemic probably due to the circadian
rhythm of ACTH secretion and lack of effect of dietary potassium on aldosterone secre-
tion. Patients with GRA respond by profound hypokalemia to thiazide administration.
GRA has also been called Familial Hyperaldosteronism Type I. A form of Familial
Hyperaldosteronism (Type II) that is not responsive to glucocorticoids has also been
described, and its genomics and proteomics are currently being investigated (32).

Mineralocorticoid Receptor Gain of Function: A recently described mutation adds to
the mechanisms related to increased aldosterone activity and chloride-resistant hyper-
tensive metabolic alkalosis (33). In this disorder, the aldosterone receptor itself is
mutated and is activated by not only aldosterone, but also by cortisol, cortisone, and
progesterone.

Primary hyperreninemia: States of primary renin overproduction leading to signifi-
cant hypertension and metabolic alkalosis are rare in children, and usually are secondary
to renal artery stenosis. Several types of renin-producing tumors have been described in
children and adults, including tumors of the juxtaglomerular apparatus, Wilms’ tumor,
and a rhabdoid tumor of the kidney (34, 35).

Primary Aldosteronism: In adults, increasing attention is being paid to states of
increased aldosterone activity as a cause of hypertension (7, 36). In children, adreno-
cortical adenoma, adrenocortical carcinoma, and bilateral nodular hyperplasia have
been described (37—41), but are quite rare. Renal and adrenal imaging, along with
measurement of plasma renin and aldosterone levels (see “Section 4”) can aid in the
diagnosis.

Adrenal Enzyme Defects: Although one usually thinks of congenital adrenal hyper-
plasia (CAH) presenting as classic 21-hydroxylase deficiency (salt wasting, hypoten-
sion, hyperkalemia), two autosomal recessive rare variants of CAH may present
with hypertension, hypokalemia, metabolic alkalosis, and low plasma renin activity:
11B-hydroxylase deficiency and 17a-hydroxylase deficiency (42). 11B-Hydroxylase
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deficiency is the second most common form of CAH, accounting for 5-8% of cases
of CAH. Virilization secondary to excess adrenal androgen secretion is a characteristic
finding. 17a-Hydroxylase deficiency accounts for approximately 1% of CAH. Under-
production of testosterone leads to undervirilized genitalia in males, and in girls who
fail to develop secondary sex characteristics at puberty. In both disorders, overproduc-
tion of deoxycorticosterone (DOC), an aldosterone precursor, is responsible for hyper-
reninemic, hypervolemic hypertension, hypokalemia, and metabolic alkalosis.

Cushing Syndrome: Hypertension is common in patients receiving exogenous cor-
ticosteroids and in those with Cushing’s disease. The mechanisms contributing to
metabolic alkalosis in patients with states of glucocorticoid excess probably include the
mineralocorticoid effects of glucocorticoids and, in patients with endogenous overpro-
duction of glucocorticoids, the concomitant overproduction of aldosterone precursors
with mineralocorticoid effects.

6. TREATMENT
6.1. Chloride Responsive Alkalosis

Chloride responsive alkalosis is characterized by intravascular volume contraction,
hypo- or normotension, chloride deficiency, potassium deficiency, and secondary hyper-
reninemic hyperaldosteronism. Once alkalosis is established, correction of intravascular
volume, chloride deficit, and potassium deficit is necessary to reverse the alkalosis. In
severe, symptomatic, or life-threatening cases, urgent correction of alkalosis with acid
administration may be required. Ultimately, identification and, if possible, removal or
treatment of the underlying cause is the goal.

Restoring Intravascular Volume: Assessment of intravascular volume and calculation
of fluid deficit has been addressed elsewhere in this volume. To facilitate correction of
alkalosis, the fluid deficit should be replaced with isotonic saline: the administered chlo-
ride is necessary to facilitate renal tubular exchange of bicarbonate for chloride, and
the correction of volume deficit is necessary to reverse the secondary hyperaldostero-
nism, which contributes to ongoing potassium and proton loss if not corrected. Once
intravascular volume is restored and additional maintenance and ongoing losses are
provided for, attention can then focus on whether chloride and potassium deficits still
exist.

Restoring Chloride Deficit: Once euvolemia has been restored, total body chloride
deficit can be calculated using the formula

Cl™ deficit (mEq) = 0.2 x Body Weight (kg) x (100 — patient [C1"])

For example, for a 20 kg patient with a [C]7] = 90 mEq/L,

Cl™ deficit (mEq) = 0.2 x 20 x (100 — 90)
=4x 10
= 40mEq
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Thus, for the above example, an additional 40 mEq of C1~ should be added to calcu-
lations of the patient’s maintenance and ongoing losses (if any). Whether to give the CI~
as NaCl or as KCl will depend on whether the patient also has an accompanying potas-
sium deficit. When in doubt, assume that patients with metabolic alkalosis have a total
body potassium deficit unless there is decreased GFR and provide the bulk of chloride
deficit replacement as KCI.

Restoring Potassium Deficit: Correction of intravascular volume with isotonic saline
and subsequent correction of chloride deficit with KCI is usually sufficient to correct
total body potassium deficit. After initial fluid resuscitation, KCI in concentrations of
10-20 mEq/L should be added to maintenance fluids. In cases of severe hypokalemia,
particularly those associated with cardiac arrhythmias or neuromuscular complications,
additional oral or intravenous potassium may be needed.

Urgent Correction of Alkalosis: When alkalosis contributes to deteriorating clinical
status in critically ill patients (for example, cardiac arrhythmia, digitalis cardiotoxic-
ity, altered mental status, hepatic encephalopathy), typically when serum pH > 7.55,
intravenous administration of acid, either as HCI or NH4Cl may be considered. HCI,
administered as an isotonic solution (150 mEq/L HCl) must be given through a cen-
tral venous catheter with demonstrated good flow. The infusion rate should not exceed
25 mEqg/h. The dose of HCI, in mEq, is calculated as follows:

HCldose (mEq) = 0.5 x Body Weight (kg) x (patient[HCO5 ] — 24 mEq/L)/2

Note (at the end of the equation) that for an initial correction, the difference between
the patient [HCO37] and a normal [HCO37] (24 mEq/L) is divided by 2 to provide a
“1/2” correction. The goal is to decrease symptoms of sever alkalosis, and rapid correc-
tion to a “normal” value may increase the risk of complications, particularly in patients
whose course is complicated by chronic respiratory acidosis. For example, for a 20 kg
patient with an HCO3™ = 34 mEq/L,

HCldose = 0.5 x 20kg x (34 mEq/L — 24 mEq/L)2
=10 x 10/2
= 50 mEq

HCI should be infused over 8-24 h. In this example, 50 mEq of a 150 mEq/L solution
of HCI yields a volume of 333 ml. For an 8 h infusion, the rate would be 42 ml/h
(6.3 mEqg/h), and for a 24 h infusion, the rate would be 14 ml/h (2.25 mEq/h). The
expected [HCO3~] from this “1/2 correction” would be 29-30 mEq/L.

NH4ClI has been used as an alternative to HCI particularly when no central venous
access is available, as it may be given through a peripheral line. NH4Cl is contraindi-
cated in patients with severe hepatic or renal disease. There is little pediatric experience
with this therapy, and use should be limited to the critical care setting. Dose (in mEq)
is calculated using the same formula as that for HCI. Typical administration is to pre-
pare a 200 mEq/L solution and infuse over 3—6 h, with a maximum infusion rate of
1 mEqg/kg/h. Monitor serum electrolytes and ammonia levels during therapy.
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In patients with edematous states, particularly those with decreased GFR and olig-
uria, administration of NaCl or KCI may be contraindicated. NaCl administration
can contribute to volume overload and edema, while KCl administration may lead
to life-threatening hyperkalemia. If some residual renal function is present (GFR >
20-30 ml/min), acetazolamide, a carbonic anhydrase inhibitor, may increase urinary
bicarbonate losses in exchange for increased acid reabsorption. Careful attention should
be paid to serum electrolytes, as acetazolamide may contribute to hypovolemia and
hypokalemia. Chronic use of carbonic-anhydrase inhibitors can result in nephrocalci-
nosis and urolithiasis.

In patients with renal failure (GFR < 20 ml/min) dialysis against a high-chloride
dialysis bath will exchange bicarbonate for chloride and correct alkalosis.

Correcting the Underlying Cause: If ongoing gastric loss of HCI is identified, gastric
HCI production can be decreased with Hs-receptor blockers or proton pump inhibitors.
If possible, diuretics particularly loop or thiazide diuretics should be decreased or dis-
continued and if their use is obligatory, it should be supplemented by KCI or K-sparing
diuretics.

6.2. Chloride Unresponsive Alkalosis

Chloride unresponsive forms of alkalosis are less common than chloride responsive
types. With the exception of diuretic abuse and licorice ingestion, which resolve with
discontinuation of the offending substance, treatment of other forms of chloride unre-
sponsive alkalosis requires recognition of the underlying diagnosis and specific treat-
ment for that disorder.

Bartter Syndrome: No mechanism-specific treatment for Bartter syndrome has yet
been identified. Treatment consists of decreasing the fluid and electrolyte losses as much
as possible and replacement of remaining deficits. Current therapy consists primarily
of prostaglandin synthesis inhibition and potassium replacement. Most clinical experi-
ence is with indomethacin (2-5 mg/kg daily) or ibuprofen (30 mg/kg daily). A specific
COX-2 inhibitor, rofecoxib, has also been used with good results (24), but experience
is limited and further trials needed. With chronic use of any NSAID, careful attention
should be paid to symptoms suggestive of toxicity. In addition to prostaglandin synthe-
sis inhibition, potassium supplementation, in the form of KClI, is usually required, with
patients typically requiring 1-5 mEq/kg daily. Spironolactone and amiloride have also
been used; they have the advantage of Mg-sparing but also carry the risk of worsening
intravascular volume depletion, particularly in infants and young children.

Spironolactone may be superior to amiloride, as it blocks the effect of high serum
levels of aldosterone (43). Enalapril and other angiotensin converting enzyme inhibitors
have also been used with some success, but no clear recommendation has yet emerged.
Their introduction should be gradual due to the risk of hypotension. No treatment for
nephrocalcinosis has been described. The use of thiazide diuretics to reduce urinary
calcium excretion is contraindicated, as thiazides exacerbate the tubule defects seen in
Bartter syndrome. Children with Bartter syndrome are particularly sensitive to dehy-
dration during acute illnesses, and early evaluation for fluid and electrolyte problems
should occur during times of decreased oral intake or increased GI losses.
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Gitelman Syndrome: For Gitelman syndrome, like Bartter syndrome, no defect-
specific therapy has yet been identified, and therapy consists of potassium and
magnesium replacement. The roles of prostaglandin synthesis inhibitors and K-sparing
diuretics need further investigation.

Liddle Syndrome: Early descriptions of Liddle syndrome, before the molecular mech-
anisms were identified, demonstrated that patients responded to amiloride, but not to
spironolactone, suggesting that the defect was directly in the tubule, and not a tubular
response to mineralocorticoid. Amiloride remains the drug of choice. Hypertension in
Liddle syndrome is particularly salt sensitive, and dietary sodium restriction is also an
important part of therapy.

Apparent Mineralocorticoid Excess Syndrome: Spironolactone, a mineralocorticoid
receptor blocker, targets the defect in AME and is an effective treatment.

Glucocorticoid Remediable Aldosteronism (GRA): As the name implies, hypertension
and hypokalemia in GRA respond to ACTH suppression with glucocorticoids. However,
because of the side effects of chronic glucocorticoid use, spironolactone or amiloride
may also be used.

Aldosterone Excess States: Inhibition of mineralocorticoid effects with spironolac-
tone is useful as initial therapy in states of primary mineralocorticoid or glucocorticoid
excess, but definitive diagnosis and treatment (beyond the scope of this section) are often
curative.

CASE SCENARIOS
(a) Easy Fix or a Life-Long Problem?

A 3-month-old infant presents with a 1 week history of poor oral intake, vomiting,
and increasing lethargy. Parents note decreased tears, one wet diaper over the past 24 h,
and four to five episodes of emesis over the past 24 h. There is no history of diarrhea,
no fever, and there are no ill contacts. On presentation, the heart rate is 140/min, the
blood pressure is 80/45 mmHg, respiratory rate is 18/min, and temperature is 37 F.
On physical exam, the child is difficult to arouse, the anterior fontanel is sunken, there
are decreased tears, mucus membranes are sticky, eyes are slightly sunken, capillary
refill is >2 s.

A. Initial therapy: Regardless of our ultimate findings, the child in this vignette is
severely dehydrated, with a fluid deficit of 10-15%. Initial evaluation should include
assessment of renal function, acid-base status, and electrolyte status. Because of the
severe degree of dehydration, intravenous fluid resuscitation should begin immediately
with 20 ml/kg boluses of isotonic saline.

B. Initial laboratory values: Just before a fluid bolus has been given, the initial labo-
ratory values are as follows:

Na = 132 mEg/L
K= 2.5 mEq/L
Cl= 88 mEqg/L
BUN = 30 mg/dL

Creatinine = 0.9 mg/dL
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pH = 7.50
pCO, = 47 mmHg
HCO3™ = 36 mEq/L

A pH of 7.5 reflects alkalosis, not a typical finding since most infants with severe
dehydration present with metabolic acidosis. Using the equations in Table 1 to determine
if the alkalosis is primary metabolic with an appropriate respiratory compensation, or
instead represents a mixed acid—base disorder:

Method I: Compensated PaCO, = 40 + [0.7 (patient [HCO3~] — normal [HCO37])]
In this case the patient’s serum [HCO3™] has increased from normal for age of 22 mEq/L
to 32 mEq/L:

Compensated PaCO, = 40 + [0.7 (32-22)]
Compensated PaCO, =40 + 7
Compensated PaCO, = 47

Method 2: Compensated PaCO, = patient [HCO37] + 15
In this case, the patient has a serum [HCO37] = 32
Compensated PaCO, = 32 + 15

Compensated PaCO, = 47

Either equation can be used to demonstrate that the patient has a primary metabolic
alkalosis with an appropriate respiratory compensation (decrease in ventilation to raise
pCOy).

C. Further diagnosis and treatment are guided by measurement of urine electrolytes,
particularly urine [CI7] (Fig. 1). We will consider two likely diagnostic possibilities
based on the patient’s urine [CI7]:

Case Scenario I: The patient’s urine [Cl7] is <5 mEq/L and urine pH is >6.5. The
urine results reflect an appropriate renal response to HCI loss from a non-renal site, or
exogenous HCO3;™ administration. The history of vomiting and poor oral intake point
to gastric HCI loss (rather than alkali administration) as the alkalosis-generating step,
with maintenance of alkalosis promoted by a decreased GFR from dehydration, and
hypokalemia from both decreased oral intake and increased urine loss from secondary
hyperaldosteronism (an appropriate response to volume depletion, but one which has an
unintended consequence of maintaining alkalosis). The increased aldosterone activity
also contributes to alkalosis by increasing urinary H* loss.

Investigation of causes for vomiting in a 3-month-old should include abdominal
imaging, with ultrasound being the study of choice. In this case, a finding of pyloric
stenosis explains the metabolic alkalosis. Pyloric stenosis is a surgically treatable lesion,
but to minimize the chance of anesthetic and intraoperative complications, fluid deficit
and alkalosis should be corrected prior to surgery. After initial fluid resuscitation, fluid
deficit should again be estimated, with a goal to replace the fluid deficit over 24 h
with isotonic saline. Potassium can be added to maintenance fluids at concentration of
10-20 mEq/L. If either potassium or chloride fails to correct with initial fluid therapy,
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additional KCl can be added to replace the chloride deficit:

Cl™ deficit (mEq) = 0.2 x Body Weight (kg) x (100 — patient [C]])

In this case, for patient with a [C]"] = 90 mEq/L and weight = 6 kg,

Cl™ deficit (mEq) = 0.2 x 6 x (100 — 88)
=12x12
= 14.4 mEq, or approximately 2 — 3 mEq/kg of KCl in addition
to maintenance KCI.

Case Scenario 2: While metabolic alkalosis secondary to gastric loss in pyloric steno-
sis is a classic presentation in pediatrics, measurement of urine [CI”] can sometimes
reveal surprises. In this scenario, urine [CI"] = 35 mEq/L. In a patient with a serum
[CI"] = 88 mEq/L, this is an inappropriate renal loss, and reflects an underlying prob-
lem with renal mechanisms to preserve chloride. Since the patient is relatively hypoten-
sive, with evidence of severe intravascular volume depletion, reference to Fig. 1 points
to renal tubular defects, diuretic abuse, or severe K* or Mg* deficiency. The history in
this case is not suggestive of dietary deficiency or medication administration, and the
most likely diagnosis is Bartter syndrome or Gitelman syndrome. An ultrasound find-
ing of nephrocalcinosis would suggest neonatal Bartter syndrome, but is not seen in
all cases. To further differentiate Bartter from Gitelman syndromes, measurement of
urine calcium excretion (usually high in Bartter, low in Gitelman is helpful). Serum
magnesium is typically low in Gitelman, and normal in Bartter. While initial fluid resus-
citation should follow guidelines for all dehydrated patients, once euvolemia has been
established, disease-specific therapy must be initiated to prevent further serious decom-
pensation.

(b) When metabolic alkalosis is combined with hypertension

A 3-year-old is brought to the Emergency Department for an ear infection. Vital signs
show blood pressure of 150/100 mmHg, confirmed by repeat measurements. The family
history is positive for the biological father having hypertension who since young age
was treated by a medicine unknown to the mother. Besides the ear infection the rest
of the physical examination is unremarkable. Blood work shows Na 136, K 2.8, Cl 86,
HCOj3 34 mEq/l, creatinine 0.5, Ca 9.6, P 4.2 mg/dL. Urinalysis is normal.

What is your next step in evaluating the metabolic alkalosis?

As always, the first step is assessment of urine chloride, which is 38 mEq/L.

The child has chloride resistant metabolic alkalosis with hypertension.

As shown in Fig. 1 and Table 1, in such cases assessment of PRA and serum aldos-
terone is crucial in establishing the diagnosis. In this case, both were very low. The
family history in this case indicates Liddle syndrome rather than AME. In the future,
genetic studies will provide the definitive diagnosis.
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Contrary to most cases of metabolic alkalosis, which are associated with hypov-
olemia, the rare situation of metabolic alkalosis combined with hypertension is caused
by hypervolemia. Therefore, there is no indication to treat with NaCl, which may
aggravate the hypertension. Treatment of Liddle syndrome requires the use of K-sparing
diuretics as discussed above.
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1 O Diagnosis and Treatment of
Respiratory Acidosis

Edwin Young

Key Points

Infants and children have limited pulmonary reserve.

Hypoventilation and hypoxemia are consequences of respiratory acidosis.
Supplemental oxygen can mask worsening respiratory acidosis.
Respiratory acidosis treatment is directed toward each specific cause.
Respiratory acidosis requires rapid assessment and stepwise treatment.

NS

Key Words: Respiratory acidosis; acidosis; hypoventilation; hypoxemia; compliance

1. INTRODUCTION

Respiratory acidosis is a common problem of childhood. Respiratory acidosis
involves ventilation difficulties and is always accompanied by oxygenation impairment.
Infants and children can be compromised quickly and treatment decisions must be made
rapidly.

Functional immaturity of the respiratory system places infants and children at greater
risk for respiratory acidosis. Disadvantages include mechanics of the rib cage and upper
airways, ventilation, gas exchange, and control of ventilation.

The adult ribs extend downward allowing more elevation during inspiration to
improve mechanical efficiency; this configuration results in an oval-shaped thorax (7).
Adults may obtain approximately 60% of their tidal breathing volumes from rib cage
movements. In contrast infant ribs are in a parallel position oriented at right angles to
the thoracic vertebrae. This forms a circular thorax creating mechanical inefficiency by
preventing the ribs from elevating and increasing tidal volume Therefore infants may
obtain as little as one-third of their normal tidal volume from rib cage contributions.

Infant chest wall compliance is greater than lung compliance. This compliance differ-
ence creates a greater load for the chest wall muscles (/). Any pulmonary pathology that
further decreases lung compliance may exceed the infant’s respiratory muscle reserve
and progress to respiratory acidosis and ventilation abnormalities.
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In infancy, the upper airway is delineated by a cephalad position of the larynx, a large
epiglottis, and a horizontal tongue position, all contributing to obligatory nasal breath-
ing. Mouth breathing can occur when the nose becomes obstructed; however, this is
associated with increased work of breathing. Over the first 2 years of life, the configura-
tion of the oropharynx takes on the adult orientation, and oropharyngeal dynamics make
mouth breathing more efficient (2). Baseline airway resistances are increased in infants
and small children because of the smaller diameters of proximal airways. Airway resis-
tance may be ten times higher than the adult at rest. Any pathologic narrowing of the
infant or child’s upper airway can significantly increase airway resistance placing them
at greater risk for respiratory acidosis.

Ventilation disturbances, including apnea and periodic breathing, are much more
common in infancy. Apnea and periodic breathing can occur at various stages of sleep.
Apnea can be elicited or aggravated in infants and small children by many factors. They
include gastroesophageal reflux, hypothermia, hypoxia, CNS abnormalities, respiratory
infections, metabolic disorders, and certain drugs. Gas exchange may be limited by a
number of factors. Adults have ten times as many functional alveoli as a term infant
(500 million versus 50 million) (3). This decrease in alveolar surface area puts infants
at risk for lower oxygen tension in the face of a higher metabolic rate (O, consump-
tion). This becomes especially important due to the newborns’ ventilatory response to
hypoxia producing only a transient increase in respiratory rate followed by a decrease
in rate. This biphasic response is aggravated by sleep states, which can comprise up to
80% of an infant or small child’s day.

Developmental factors of the respiratory system have a large impact on the clini-
cal problems seen in pediatric respiratory acidosis. Infants and children have limited
pulmonary reserve requiring alert observation and early intervention for children with
respiratory difficulties.

2. DEFINITION

Respiratory acidosis results from an abnormal control of ventilation. Carbon dioxide
(COy) production exceeds CO; elimination. This is a direct result of alveolar hypoventi-
lation. Elevations of CO; react with H>O to form carbonic acid (HyCO3). This increases
the denominator in the Henderson—Hasselbalch equation resulting in lower plasma pH
(see chapter on acid—base physiology) (4).

[HCO; ]
[H2COs]

Under normal conditions CO; is eliminated quickly because of a high diffusion gra-
dient. Equilibrium between alveolar and arterial CO; is 97% complete at rest. There
is <1 mmHg difference between alveolar (the number approaches a person’s baseline
arterial CO») and arterial CO,. During exercise this difference can approach 6 mmHg
(5). If control of ventilation is impaired, CO; elevations of 10 mmHg or more can occur
quickly and respiratory acidosis will result (6).

Persistent respiratory acidosis results from chronic hypoventilation. The kidneys
begin immediately to restore pH by generating HCO3™. The renal tubular cells recog-

pH = pKa + log
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nize increased CO, and excrete a more acidic urine. H* ions are eliminated as ammonia
(NH4*) or phosphate (H,PO4™). Bicarbonate ions are generated in the process. Renal
compensation for chronic respiratory acidosis may take several days but does not bring
pH quite back to 7.4 (7-9).

3. ETIOLOGY

Under normal conditions CO; levels are maintained in tight control by central and
peripheral chemoreceptors and upper airway receptors. Central chemoreceptors in the
medulla respond quickly to changes in H" concentration. Minute ventilation is increased
to eliminate CO; and normalize pH. Peripheral chemoreceptors in the carotid bodies are
stimulated by hypoxemia to increase ventilation (70, /). Three mechanisms can impair
control of breathing and result in hypoventilation (12):

1. Central decrease in respiratory drive
2. Lung and chest wall abnormalities
3. Respiratory muscle weakness

Respiratory acidosis from respiratory drive impairment occurs when lung function
is normal. Drugs and diseases of the brain and spinal cord are examples of respira-
tory impairment causing hypoventilation. Lung and chest wall deformities by defini-
tion result in abnormal lung function (13). Either decreased pulmonary compliance or
increased airway resistance can result in decreased alveolar ventilation and cause respi-
ratory acidosis. Respiratory muscle weakness may or may not be associated with nor-
mal lungs. If muscle weakness is chronic, decreased lung compliance is usually present
(11,14, 15). Table 1 is an extensive list of the etiologies of respiratory acidosis.

Table 1
Causes of Respiratory Acidosis

Respiratory Drive Inhibition
Drugs — opiates, anesthetics, sedatives, alcohol
Head trauma
Brain stem lesions
Sleep apnea
Apnea of prematurity
Severe obesity — (Pickwickian syndrome)
Neuromuscular disease
Cervical cord trauma
Neuromuscular junction disorders
Botulism
Tetanus
Myasthenia gravis
Paralyzing drugs

(Continued)
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Table 1
(Continued)

Demyelinating disease
Guillain—Barre syndrome?
Multiple sclerosis
Amyotrophic lateral sclerosis
Poliomyelitis
Transverse myelitis

Skeletal muscle abnormalities

Electrolyte disorders
Hypokalemia
Hypophosphatemia

Myxedema

Myositis

Dermatomyositis

Lupus

Myopathies
Muscular dystrophy
Spinal muscle atrophy

Respiratory muscle fatigue

Mechanical ventilation (permissive hypercapnia)

Obstructive disorders

Upper airway obstruction
Aspiration
Laryngotracheobronchitis
Laryngomalacia
Vocal cord paralysis
Foreign body aspiration
Vascular ring
Laryngospasm
Subglottic stenosis

Asthma

Bronchopulmonary dysplasia (BPD)

Chronic obstructive pulmonary disease (COPD)
Restrictive disorders:

Pneumonia/empyema

Surfactant deficiency

Acute lung injury/adult respiratory distress syndrome

Cardiogenic pulmonary edema

Interstitial fibrosis

Phrenic nerve paralysis

Kyphoscoliosis

Pneumothorax
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Hemothorax

Chylothorax

Pulmonary contusion

Flail chest
Pulmonary embolus
Cardiac arrest/cardiopulmonary resuscitation
Near drowning

Permission granted from Swenson and Hlastla (5).

4. CLINICAL PRESENTATION AND EVALUATION

Patient presentation varies with etiology, duration, and severity of the underlying dis-
ease. Degree of associated hypoxemia also impacts symptoms. Supplemental oxygen
while valuable can mask increasingly severe respiratory acidosis. Mild symptoms of
acute respiratory acidosis include tachycardia, tachypnea, increased work of breathing,
stridor, anxiety, and headache. More severe symptoms are blurred vision, confusion,
hallucinations, shock, and coma (4, 16, 17).

Chronic respiratory acidosis may present with sleep abnormalities, headache, daytime
sleepiness, tremor, myoclonic jerks, and cor pulmonale. Patients with normally func-
tioning CNS are agitated by moderate to severe acute respiratory acidosis. The body’s
defense of normal pH is strong. Respiratory work and tachypnea will mirror severity of
respiratory acidosis until high levels of CO, are reached. Profound hypercapnia (>80)
can be a CNS depressant, slowing minute ventilation and worsening respiratory acidosis
(4, 17). Without supplemental oxygen (O;), the hypoxemia associated with respiratory
acidosis will cause oxygen-starved tissues to switch to anaerobic metabolism resulting
in metabolic acidosis. While the symptoms of respiratory acidosis may be obvious early,
respiratory acidosis with high CO» levels may cause sufficient CNS depression to result
in the loss of work of breathing and other signs of distress. This is a deceptive premorbid
situation, which must be recognized and treated quickly. CNS-depressing medications
can mimic high CO; levels and should be used with extreme caution in patients with
respiratory acidosis to prevent worsening hypoventilation.

Patients with chronic respiratory acidosis have had sufficient time for renal conserva-
tion of HCO3™ and restoration of near-normal pH. These patients are less dependent on
CO; as a respiratory stimulant. Hypoxemia becomes a more important respiratory con-
trol. Supplemental O; in patients with chronic respiratory acidosis can worsen hypoven-
tilation (16, 18, 19).

Long-term consequences of chronic respiratory acidosis also occur. Elevated CO;
directly causes increased cerebral blood flow (CBF) and cerebral blood volume
(CBV) (20). Over time this can raise intracranial pressure (ICP) causing headache,
pseudotumor cerebri, and papilledema (27). Hemoglobin (Hgb) levels rise gradually,
pulmonary hypertension develops, and right heart failure may result (Fig. 1).
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Fig. 1. Diagram showing the primary events, physiologic responses, and clinical features resulting
from alveolar hypoventilation. Permission granted from Phillipson and Dutffin (68).

Arterial blood gas (ABG) analysis is the gold standard for assessing severity and
chronicity of respiratory acidosis. The Henderson—Hasselbalch equation allows us to
predict pH changes with CO; elevations (22).

pH = 6.1 4 log [HCO3 1/(0.03 x PCO,)

Arterial CO; levels of greater than 44 mmHg and pH less than 7.36 are associated
with respiratory acidosis. Importantly children less than 3 years of age may have a
slightly lower normal CO; (33-37mmHg) (23). The lower normal CO; is primarily a
result of less efficient kidney reabsorption of HCO3™ and a slightly lower baseline level.

Both HCO3™ and pH change with CO; elevations. With acute respiratory acidosis
CO3 increases of 10 mmHg are accompanied by a 1 mEq/L rise in HCO3™ and a 0.08
unit fall in pH. For chronic respiratory acidosis CO; increases of 10 mmHg reflect
4 mEq/1 elevations in HCO3™ and a 0.03 unit fall in pH (24, 25) (Fig. 2).

Hypoxemia is an additional consequence of respiratory acidosis. Alveolar O, deter-
mines arterial O,. If alveolar O, is decreased by respiratory acidosis/hypoventilation,
then arterial O, must decrease (Fig. 3)
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This figure shows there are only small drops in pO> despite moderate respiratory aci-
dosis. If supplemental O, is given, the hypoxemia of hypoventilation can be reversed.
The ultimate clinical example of hypoxemia reversal can be seen during an apnea test for
brain death determination. Determining brain death requires confirmation of the absence
of brain stem reflexes including spontaneous respirations. An apnea test is performed,
confirming loss of respiratory drive. Supplemental oxygen and adequate mean airway
pressure are provided for the apnea test. During 5-10 min of apnea, the arterial partial
pressure of oxygen (pO») is maintained greater than 100. The ABG values below were
obtained from a 17-year-old after sustaining a fatal head injury in a motor vehicle acci-
dent. Without significant lung pathology, the pO» is easily maintained with an increase
in FiO, from 0.4 to 1.0.

Baseline ABG before apnea:
pH 7.34; pCO, 34; pO; 120; HCO3 18; FiO, 0.40

ABG after 10 min of apnea:
pH 7.03; pCO; 88; pO; 208; HCO;3 23; FiO; 1.00

Noninvasive monitoring of CO; is the standard in ventilated pediatric patients (26).
End tidal CO; (etCO;) is measured via capnography (27). Healthy patients show close
correlation between etCO, and arterial partial pressure of CO, (pCO3). In patients with
increased dead-space ventilation the gap between etCO, and pCO, widens. EtCO; can
be quite low in patients with large pulmonary embolus or inadequately resuscitated car-
diopulmonary arrest and will poorly correlate with pCO; (28, 29). Wide gaps between
etCO, and pCO» can be an early clue to increased dead-space ventilation.

Transcutaneous CO, (tCO») detectors are used in neonates and children when etCO,
is unreliable, specifically during high-frequency oxygen ventilation (HFOV) (30). The
early tCO; sensors required skin heating and could cause burns, especially in neonates.
Improved technology has refined the probes to be more accurate and similar to pulse
oximetry in safety. These devices will likely be used more frequently to detect respira-
tory acidosis/hypoventilation in spontaneously breathing and ventilated patients. It may
prove to be a valuable noninvasive monitoring technique for sedation procedures, rapid
assessment of respiratory failure, and any other patient situation where hypoventilation
is a concern.

5. TREATMENT

Treatment for respiratory acidosis is directed toward each specific cause. The goal
of therapy is improved ventilation and restoration of normal serum pH. Stepwise treat-
ment is important and may prevent the need for mechanical ventilation or other rescue
therapies.

Treatment of electrolyte deficiencies may improve patient ventilation. Severe
hypophosphatemia, hypomagnesemia, hypokalemia, and hypocalcemia are the primary
electrolyte disturbances that potentiate hypoventilation and should be supplemented to
normal ranges.

Adequate nutrition is vital for recovery from disease. In patients with limited or
fixed minute ventilation, nutritional formula choices can either moderate or exacerbate
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respiratory acidosis. High carbohydrate loaded formulas or overfeeding generate more
CO» by product (317). The excess production of CO; cannot easily be eliminated in
hypoventilation syndromes. Carbohydrate calories may need to be reduced to decrease
CO» production (32).

Elevated temperature control may play an important role in respiratory acidosis.
Every 1° Celsius (C) rise in temperature increases CO, production by 13% (16). Thus 3°
increase raises CO, production by 40%. In infants and children with limited pulmonary
reserve and in disease states with pulmonary reserve limitations, elevated temperature
may significantly exacerbate respiratory acidosis. Antipyretics and cooling techniques
may be used but patient shivering should be avoided. Shivering increases both CO» pro-
duction and O, consumption, thus complicating the treatment of respiratory acidosis.

Heliox therapy, first reported in 1934, has been shown to improve gas exchange in a
variety of clinical problems (33). Since the density of helium is one-seventh the density
of air, laminar flow of helium through narrowed airways occurs at higher flow rates (34).
Helium is used as the carrier gas for O, to increase total flow and oxygen flow. The
net result is decreased work of breathing, improved ventilation and oxygenation, and
improvement in respiratory acidosis (35, 36). Standard heliox ratios (He/O;) are 80:20
or 70:30. If helium concentrations are reduced below these standard ratios, increased
gas density results and the advantageous flow characteristics of helium are lost.

Clinical and laboratory evidence of sodium bicarbonate (NaHCO3) benefits are lack-
ing (37). Significant risks of NaHCOj3 treatment include increased CO; production, tis-
sue acidosis, and possible decreased respiratory drive related to pH correction (37). If
there is a superimposed metabolic acidosis causing severe pH lowering, sodium bicar-
bonate can be considered. Theoretical benefits of sodium bicarbonate include improved
smooth muscle responsiveness to bronchodilators (beta agonists) and improved car-
diovascular function. NaHCO3 administration does not improve CNS acidosis because
HCOs3~ does not cross the blood—brain barrier. Most sources do not recommend routine
NaHCOj3 administration for respiratory acidosis (38).

Noninvasive positive pressure ventilation (NPPV) is a first step in the treatment of res-
piratory acidosis before proceeding to mechanical ventilation (39). NPPV has been used
in neonates in the form of nasal CPAP (continuous positive airway pressure) for many
years (40). NPPV use has exploded with the treatment of obstructive sleep apnea, other
forms of chronic respiratory acidosis, and short-term treatment of congestive heart fail-
ure (41-43). Pediatric intensive care units have added NPPV primarily as nasal or face
mask BiPAP (bidirectional positive airway pressure) as a treatment to avoid intubation
(44). BiPAP has been used for a variety of clinical problems involving hypoventilation,
respiratory acidosis, and respiratory failure (45, 46). BiPAP can be effective both acutely
and chronically.

Positive pressure with mechanical ventilation may be necessary when respira-
tory acidosis is severe or develops quickly and other less invasive treatments have
failed. Mechanical ventilation improves ventilation efficiency, oxygenation, and work
of breathing (47). If spontaneous breathing and supportive therapies no longer meet
metabolic demands and respiratory acidosis is severe, endotracheal intubation is indi-
cated. This decision should be made using clinical assessment, natural history of the
suspected disease, and laboratory findings including arterial blood gas (ABG) analysis.
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Decision for intubation and mechanical ventilation should be made before irreversible
organ failure or cardiovascular collapse occurs. Mechanical ventilation can be life-
saving but important potential complications should be considered (48-50). Direct
trauma can occur at the time of intubation with injury to the oral cavity, posterior
pharynx, or vocal cords. Airway reflexes are impaired during intubation and pulmonary
aspiration can occur, damaging lung tissue and promoting subsequent pneumonia. The
profound pressure changes from spontaneous (negative pressure) breathing to positive
pressure ventilation dramatically affect cardiopulmonary function (517). Preload, stroke
volume, and cardiac output may be compromised. Hyperinflation and the resultant
increase in auto-PEEP (positive end expiratory pressure) increase pulmonary vascular
resistance. This can impair left ventricular loading and results in hypotension. Worsen-
ing hyperinflation, higher auto-PEEP and over-distension of lung units may result in
barotrauma and volutrauma. Examples of barotraumas include pneumomediastinum,
pneumothorax, and pneumopericardium. Volutrauma results from over-distension of
alveoli and precipitates an inflammatory cascade resulting in acute lung injury/ARDS
(acute respiratory distress syndrome) (52). Aspiration, impaired pulmonary secretion
clearance, and bacterial colonization increase the incidence of ventilator-associated
pneumonia (VAP). Increased morbidity and prolonged hospital stays are seen when a
VAP complicates a mechanical ventilation course (53).

Lung-protective ventilation techniques minimize over-distension and prevent or
attenuate acute lung injury (54). Historically, mechanical ventilation was employed to
normalize pCO; in severe respiratory acidosis. The benefit of this approach was near
normalization of ABGs with the cost of excessive airway pressures in the diseased non-
compliant lungs (47, 55). Barotrauma complications were common with this strategy.
Morbidity and mortality have been significantly improved by reducing airway pres-
sures (tidal volumes), allowing pCO; to rise, and tolerating lower pH initially until
renal HCO3™ conservation gradually normalizes pH (56). This lung-protective strategy
is termed permissive hypercapnia (57, 58). Once lung function improves and respiratory
acidosis resolves, normocapnia can be re-established.

6. RESCUE THERAPIES

The most severe cases of respiratory acidosis and respiratory failure may fail to
improve with mechanical ventilation. High-frequency oscillatory ventilation (HFOV)
is used with some success in these patients (59-67). HFOV employs very small tidal
volumes of 1-3 ml/kg. These small volumes are generated by rates or frequencies of
2-15 Hz (Hertz). The tidal volumes are delivered by a power setting that determines
the amplitude of each frequency. The potential benefits of this ventilation strategy are
improved lung recruitment and lung expansion without unwanted barotrauma (62, 63).

Extracorporeal membrane oxygenation (ECMO) can be offered when the underly-
ing etiology of respiratory acidosis/respiratory failure is thought to be reversible and all
less invasive treatments have failed (64, 65). ECMO involves removal of patient blood
volume from a central vein. The blood is oxygenated with a membrane oxygenator and
returned either through central vein or large artery. This technique provides adequate
tissue oxygenation until pulmonary function improves and ECMO can be stopped (66).
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Bleeding complications are possible since blood must be anticoagulated to prevent clot-
ting while traveling through the ECMO circuit (67).

7. CONCLUSION

Infants have their first encounter with respiratory acidosis at birth during vaginal or
cesarean section delivery. Infants and children continue to be at greater risk for respi-
ratory acidosis until compensatory mechanisms and respiratory reserve reach maturity.
Respiratory acidosis has an extensive list of causes. Best patient outcomes are achieved
with rapid accurate assessment and stepwise treatment.

CASE SCENARIO #1

A 2-year-old with winter URI symptoms develops fever and a suspected febrile
seizure. She is brought by ambulance to the hospital. Her seizure has stopped after a
dose of lorazepam but her respiratory rate is decreased. Pulse oximetry reading is 100%
on supplemental O;. An ABG is obtained.

pH 6.95; pCO, 99; pO, 246; HCO3 25; FiO, 1.00

This is a common problem for pediatricians and emergency medicine physicians.
Hypoventilation and respiratory acidosis is a frequent result of seizures and is exacer-
bated by CNS-depressing anticonvulsant therapy. Respiratory acidosis develops acutely
with seizures. If a 0.08 pH change is predicted for every 10 mmHg increase in CO;
with acute respiratory acidosis, the predicted pH is 6.93. This closely correlates to the
measured pH of 6.95 and represents acute respiratory acidosis.

The treatment for this patient was supplemental O, and airway opening maneuvers
until the lorazepam and postictal CNS clouding improved. An ABG 36 min after the
initial sample showed

pH 7.30; pCO, 45; pOy 437; HCO3 22; FiO, 1.00

The predicted pH for a CO, of 45 is 7.36. The measured pH of 7.30 is slightly lower,
representing a mixed acid-base problem with concurrent mild metabolic acidosis.

CASE SCENARIO #2

A 14-year-old boy with Duchenne’s muscular dystrophy has been confined to a
wheelchair and bed for 2 years. He has always been a good student, but is falling asleep
in class. He no longer arouses to his alarm clock and complains of morning headaches.
His mother is also worried that his scoliosis is worse. He is seen by his pediatrician.
Findings include room air O, saturations of 93%, poor air movement with distant breath
sounds, and increased weakness compared to previous office exams. He is referred to a
pulmonologist for further evaluation. The pulmonologist orders an ABG as part of the
work up.

pH 7.36; pCO; 80; pO, 65; HCO3 38; FiO, 0.21
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The ABG confirms the healthcare team’s fear of progressive deterioration with
chronic respiratory acidosis. The predicted pH for a CO, of 80 with chronic hypoven-
tilation is 7.28. This clinical case illustrates compensation with renal conservation
of HCO3™, producing metabolic alkalosis, and consequent correction of pH toward
normal.

Treatment options for this young man include low-flow oxygen therapy, initiation of
nighttime BiPAP, and possible scoliosis repair to improve pulmonary reserve. Nighttime
BiPAP was started with settings of 16/8 and 30% oxygen. Within a week, an ABG
showed evidence of improved ventilation.

pH 7.43; pCO; 44; pO, 95; HCO3 28; FiO; 0.30
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1 1 Diagnosis and Treatment
of Respiratory Alkalosis

Orwell Timmons

Key Points

1. Respiratory alkalosis is defined as a pH above 7.45 due to an arterial carbon dioxide tension less
than 35 mmHg.

2. Respiratory alkalosis accompanies pregnancy and the hyperventilation anxiety syndrome, making
it the most common acid—base imbalance.

3. Carbon dioxide production and elimination are usually matched, but illness, medication, or injury
can decrease production or increase elimination and effect respiratory alkalosis.

4. Among the determinants of carbon dioxide elimination are the cerebral cortex, the brainstem
respiratory centers, and the peripheral receptors that sense chemical and physical phenomena.

5. The most common cause of respiratory alkalosis, the hyperventilation anxiety syndrome, arises
in the cerebral cortex. It often masquerades as an organic pulmonary or cardiovascular disorder.

6. Hyperventilation constricts the coronary and cerebral circulations and dilates the pulmonary cir-
culation.

7. Metabolic compensation for respiratory alkalosis reaches steady state in about 3 days. Over a
longer time, metabolic compensation can return pH to normal despite ongoing hypocarbia.

Key Words: Respiratory alkalosis; respiratory drive; anxiety hyperventilation syndrome;
respiratory stimulants; vascular tone

1. DEFINITION

Respiratory alkalosis is the elevation of body pH above 7.45 due to hypocapnia,
generally accepted as an arterial partial pressure (PaCO,) less than 35 torr. Respira-
tory alkalosis may be a primary disturbance, or it may be compensatory to metabolic
acidosis. It may be acute or chronic. In chronic cases, metabolic compensation may
partially correct the arterial pH or it may normalize the pH.
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2. ETIOLOGY/CAUSATION

All body cells generate carbon dioxide (CO;) in the course of energy metabolism.
All cellular fuels, whether consumed aerobically or anaerobically, generate CO,. The
amount of CO, generated varies among fuels. This amount is reflected in the respira-
tory quotient (RQ), the ratio of moles of CO, produced per mole of oxygen consumed.
Carbohydrate has the highest RQ, 1. The RQ for protein is about 0.8, and for fat it
is 0.7.

From cells, CO; diffuses to the capillary blood. There, it initially dissolves in plasma.
The solubility of CO, in plasma is relatively high, but only a small portion of CO;
retains the form of a dissolved gas. Gaseous CO; is in equilibrium with its hydra-
tion product, carbonic acid (H,COs3), and the bicarbonate ion (HCO3™) in plasma
(Fig. 1). HoCO3 and HCO3™ interact to affect pH, as the Henderson—Hasselbalch equa-
tion describes:

H=pK+1 HCO, (when pK = 6.1)
pH=p OgH2C03 when pK = 6.

pK is the dissociation constant of carbonic acid in blood, which is 6.1. pH reflects the
hydrogen ion (H*) concentration in plasma, and it is easily measured. However, clinical
utility of the Henderson—Hasselbalch equation is limited by its reliance on logarithms
and by the general lack of clinical measures of HyCO3 (/). Practical insight into the

Capillary Lumen
Hgb*CO2
Blood
Hgb Cell
H2CO3 e
/
H20
CO2
r 3
Tissue Cell
CO2

Fig. 1. Transport of CO; from tissue cells to the blood. CA, carbonic anhydrase; Hgb, hemoglobin;
Hgb+CO,, carbaminohemoglobin.
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interrelationship of gaseous CO; and its metabolic congeners comes from the Henderson
equation:

PCO,
HCO;

HT =24 x

The Henderson equation points out the relationship of plasma acidity to the ratio of
PCO; and HCOj3™.

Larger than the plasma CO; stores are intracellular ones. Hydration of CO;, occurs
more rapidly in red blood cells (RBCs) due to the availability of carbonic anhydrase,
and most of the CO; transported in blood is intracellular (Fig. 1). In RBCs, three stor-
age forms exist. In order of importance from greatest to least, these are hydrated CO»,
hemoglobin-bound CO,, and dissolved gaseous CO» (2).

Maintenance of acid—base homeostasis requires excretion of CO, and metabolic
acids. The lungs exhale CO», and the kidneys secrete most metabolic acids. The kidneys
also regulate the concentration of plasma buffers, of which HCO3™ is the most impor-
tant. Bases are molecules that can combine with H*. When the combination produces a
weak acid, the base and its corresponding acid are termed a buffer system. Buffers blunt
the degree of change in pH when the concentrations of CO», other acids, and bases are
altered.

Changes in general physiology can rapidly alter CO, production (Table 1). Fever,
exercise, drug intoxication, and sepsis increase CO, production and alter acid—base sta-
tus. A simple change in the source of non-protein calories from carbohydrate to fat can
decrease CO; production 43%. Acid—base homeostasis requires, among other actions,
that the body match the decrease in CO; production with decreased CO; excretion.

The circulation delivers CO», carbonic acid, and bicarbonate to the lungs. In perfused
lung units, CO; diffuses from the plasma to the alveolus. Hydrolysis of carbonic acid to
gaseous CO, maintains the concentration gradient necessary to drive diffusion. From the
alveoli, CO, is excreted by ventilation (Fig. 2). The amount of CO, exhaled per minute
is proportional to the minute volume, which is the product of respiratory rate per minute
and the effective tidal volume. The arterial partial pressure of CO, (PaCO;) is propor-
tional to CO; production (VCO;) and is inversely proportional to alveolar ventilation
per unit of time (VA):

VCO,
PaCO, «

The lungs excrete the great majority of moles of acid the body produces. Healthy
adult lungs exhale 13,000 mEq of carbonic acid daily, where the kidneys excrete 40
to 80 mEq of metabolic acid daily (2). The alveolar ventilation is the most important
instantaneous determinant of the body’s acid—base status.

Regulation of alveolar ventilation is performed in the brain. The primary drivers
of respiratory drive and respiratory pattern are the medullary respiratory centers of
the brainstem. These centers take inputs from brain chemoreceptors, from peripheral



276 Part III / Disorders of Acid—Base Homeostasis

Table 1
Causes of Respiratory Alkalosis

Central nervous system
Hyperventilation—anxiety syndrome
Volitional hyperventilation
Pain
Increased intracranial pressure
Brain hypoxia or ischemia
Tumor
Trauma
Stroke

Pharmacologic
Aspirin and other salicylates
Progestational hormones
Methylxanthines
Adrenergic agents
Doxapram
Nikethamide
Ethamivan
Nicotine
Dinitrophenol
Metformin

Pulmonary
Restrictive chest wall disease
Pulmonary edema
Pneumonia
Interstitial pneumonitis
Asthma
Pneumothorax
Hemothorax
Pulmonary embolism
Pulmonary fibrosis
Pulmonary hypertension
Mechanical hyperventilation

General state of the patient
Sepsis
Hypoxemia
Anemia
Exercise
Fever
Carbon monoxide poisoning
Methemoglobinemia
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Altitude

Asphyxia

Pregnancy

Liver failure

Inborn errors of metabolism
Heat illness

Cold shock
Change in diet
Thyroid dysfunction
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Fig. 2. Transport of CO, from blood to expired gas. Hgb«CO2, carbaminohemoglobin; CA, carbonic
anhydrase.

chemoreceptors, from receptors that respond to physical inputs in the lungs, and from
other sites in the central nervous system (CNS) (Fig. 3). The interaction of the medullary
respiratory centers with their sensors allows feedback control of alveolar ventilation.
This control makes extremes of pH unusual in most cases of respiratory alkalosis.

The most active sources of stimuli to the medullary respiratory centers are the cen-
tral chemoreceptors. These are chemically sensitive areas that are also located in the
medulla. These chemoreceptors sense the pH of the cerebrospinal fluid (CSF). As CSF
pH varies from physiologic, these receptors signal the medullary respiratory centers to
alter alveolar ventilation and restore normal CSF pH.

The pH of CSF does not change instantly after a change in systemic pH. The blood—
brain barrier allows equilibration of ions, such as bicarbonate, by relatively slow means.
Equilibration of bicarbonate takes hours to days (3). Respiratory compensation for
metabolic acidosis or alkalosis will not be at equilibrium in the interim. By contrast, dis-
solved gases, such as CO;, cross from the systemic circulation to the CSF and back more
rapidly because they can diffuse. Their diffusion, though rapid, is not instantaneous.
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Fig. 3. Inputs to the brainstem respiratory centers.

The response of the chemoreceptors is delayed in congestive heart failure and shock
states where arterialized blood may take longer to reach the cerebral circulation.

Augmenting the central chemoreceptors are the peripheral chemoreceptors, which
consist of the carotid bodies and the aortic bodies. These receptors sense a wider variety
of stimuli, including pH, PaCO,, PaO,, and oxygen delivery, directly from the blood
stream (4). Their contribution to respiratory drive is relatively weak when compared
to that of the central chemoreceptors. The ability to sense PaO, and stimulate alveo-
lar ventilation in response to hypoxemia is the basis for the hypoxic respiratory drive.
Significant respiratory drive in response to hypoxemia is weak until frank hypoxemia, a
PaO; less than 60 torr, exists.

The central and peripheral chemoreceptors may work together, or they may oppose
each other. The receptivity of peripheral receptors to hypoxia and their potential faster
response than the central chemoreceptors increase their influence in rapidly changing
conditions or when the patient is hypoxemic. At any point, the interaction of chemore-
ceptors, the cerebral cortex, and neural sensors within the lungs determines the respira-
tory centers’ output.

Lung reflexes are sensed locally and transmitted by vagal afferent fibers to the brain.
Together, the inflation and deflation reflexes are considered the Hering—Breuer reflex
(4). The inflation reflex ceases inspiration in the presence of lung over distension. It has
a protective function, and it helps regulate tidal volume and respiratory rate to mini-
mize breathing work. The deflation reflex stimulates alveolar ventilation when low lung
volume is sensed. Individually or together, the inflation and deflation reflexes may pro-
mote rapid shallow breathing or, if stimulation of the deflation reflex predominates, deep
breathing. Either pattern may produce respiratory alkalosis. Separate from the stretch
receptors are pulmonary juxtacapillary (J) receptors. These sense increased thickness
of the alveolar—capillary membrane during pulmonary vascular congestion, as in pul-
monary edema. Their stimulation increases alveolar ventilation.

As may be expected from the presence of these receptors, lung disease can manifest
as hyperventilation. Asthma, emphysema, fibrosing alveolitis, pneumonia, pulmonary
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hypertension, and pulmonary embolism have all been associated with hypocapnia.
No one pathway explains the resulting hyperventilation in most of these conditions.
Hypocapnia likely results from hypoxemia and from stimulation of vagal and chest wall
afferents. The breathing pattern may be rapid shallow breathing, or tidal volume may
increase in isolation. That these patterns also manifest during changes in lung elasticity
implicates the J receptors and the Hering—Breuer reflex (5-75). Air hunger and chest
pain may also increase respiratory drive due to volitional or other integrated cortical
inputs.

Higher CNS centers also affect respiratory drive. The anxiety—hyperventilation syn-
drome reflects cerebral cortical inputs that override the usual inhibitory mechanisms.
Body pH can rise substantially, and the resulting clinical signs can feed the initial anx-
iety. Neurological diseases and trauma can produce hyperventilation by disrupting the
regularity of breathing or by damaging inhibitory pathways. Damage to the upper mid-
brain and pons can produce unabated, regular hyperventilation. Lower pontine lesions
mediate apneustic breathing: very prolonged inspiration that is sometimes associated
with other irregularities of the breathing pattern (4).

Alteration in hormone levels can cause respiratory alkalosis directly or indirectly. The
most familiar cause of hormonal hyperventilation occurs in pregnancy. Progesterone,
which is necessary to support embryonic implantation and subsequent development of
the placenta, is a direct stimulant of the medullary respiratory centers (/6). The PaCO,
falls throughout pregnancy, paralleling the rise in progesterone (/7). Hypocapnia is also
seen in the luteal phase of the menstrual cycle (17), also a response to progesterone lev-
els that are higher than baseline. In menopausal women, hypocapnia has been found to
associate with hormone replacement therapy that includes medroxyprogesterone acetate
(18). Severe hypothyroidism has caused hypocapnia, probably due to an extremely low
basal metabolic rate with relative preservation of minute volume (79).

Numerous drugs directly or indirectly cause respiratory alkalosis. The most com-
monly used drug with this effect is aspirin. Aspirin at doses of several grams per day
in adults directly stimulates the medullary respiratory centers. This primary respiratory
alkalosis is distinct from any compensation for the metabolic acidosis aspirin may also
cause. Blood gases in aspirin-intoxicated patients may be consistent with respiratory
alkalosis, with metabolic acidosis, or with a picture of mixed primary disturbances.

Several drugs have received use as respiratory stimulants in hypoventilatory states.
Ingestion of these drugs may cause modest respiratory alkalosis. Among these agents
are nikethamide, ethamivan, doxapram, almitrine, progesterone, medroxyprogesterone,
and methylxanthines (20-22). Drugs that primarily impact other organ targets but which
also can stimulate alveolar ventilation include epinephrine, norepinephrine, angiotensin
I1, nicotine, dinitrophenol, and metformin (23-28).

Hepatic insufficiency may allow accumulation of toxic products of metabolism.
Ammonia is a product of normal protein metabolism that can accumulate in hepatic
disease. In pediatric patients, a common cause of chronic, recurrent hyperammone-
mia is ornithine transcarbamylase deficiency, of which hyperventilation is a clinical
sign. The hypocapnia that is characteristic of liver disease correlates well with blood
ammonia concentration (29). The mechanism by which ammonia may stimulate respi-
ration has not been elucidated.
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Shock due to sepsis, extreme anemia, or cardiogenic failure can cause hyperventi-
lation (30, 31). Theoretically, the spontaneously breathing patient delivers a reduced
volume of oxygen to the oxygen-responsive peripheral chemoreceptors. These recep-
tors fire sufficiently to induce hypocapnia. A metabolic acidosis severe enough to off-
set the respiratory alkalosis is typically present, so a mixed acid—base disturbance or
frank acidosis is the usual case. In the particular case of gram-negative sepsis, bacterial
lipopolysaccharides may stimulate central chemoreceptors directly, accounting for part
of the hypocapnia (32).

Thermal insults, both hypothermia and hyperthermia, can cause respiratory alkalo-
sis. Heat exhaustion and heat stroke both cause hyperventilation through an unknown
mechanism. Cold shock occurs after immersion in ice-cold water for more than a few
minutes. It elicits a gasp followed by involuntary hyperventilation, cutaneous vasocon-
striction, and tachycardia. The hyperventilation is sufficiently severe that it reduces cere-
bral blood flow by vasoconstricting cerebral arterioles, and disorientation results (33).

Numerous patients receive mechanical ventilation in a variety of settings. Hundreds
of thousands of patients receive ventilator support in intensive care units in the United
States each year. Patients are also ventilated in step-down units, rehabilitation hospitals,
long-term custodial care facilities, and at home. The number of such patients whom
are hyperventilated at any time is unknown, but it is likely high. Hyperventilation may
be inadvertent. Patients may have normoventilation until a change in physical activity,
physiologic dead space, lung compliance, or diet occurs. If such a change reduces the
VCO; or increases the minute volume, respiratory alkalosis will occur. Intensivists and
pulmonologists may favor mild hyperventilation over hypoventilation in routine care
because the former offers a “cushion” of stability in case the ventilator ceases to operate.

Therapeutic hyperventilation is offered for a variety of clinical conditions. In each, an
attempt is made to capitalize on the pH raising effect of hyperventilation, as in metabolic
acidosis states, or to use the influence of pH and PCO; on vascular tone.

When metabolic acidosis threatens disability or increases a patient’s mortality risk,
maintenance of pH is important. Extremes of acidosis may reduce cardiac contractil-
ity and alter the kinetics of vital enzyme systems. A very common cause of metabolic
acidosis is ketoacidosis in diabetes mellitus (DKA). While DKA itself rarely indicates
mechanical ventilation, patients with DKA may have diminished neurological respon-
siveness or coma that would indicate mechanical ventilation to maintain a patent airway.
If ventilation is offered for this reason, particular care must be taken to simulate the
minute volume and, thus, the PaCO, the patient had maintained spontaneously. Whether
spontaneous or mechanical, hyperventilation may be the only means to maintain a pH
adequate for myocardial contractility and enzyme function. Allowing the PaCO, to nor-
malize (increase) may also result in increased cerebral blood flow in the setting of exist-
ing brain hyperemia, which is known to occur in DKA. Such increased cerebral blood
flow may provoke a harmful increase in intracranial pressure (34, 35).

The brain benefits from a complex system to maintain vascular tone. In health and
in many disease states, the brain autoregulates its blood flow. The end point of this
autoregulation is a matching of cerebral oxygen supply to cerebral oxygen demand.
Autoregulation is affected by correlates of oxygen delivery, such as cardiac output,
hemoglobin concentration, and arterial oxygen saturation. It can also be affected by
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changes in the cerebral oxygen demand. Cerebral perfusion depends on sufficient sys-
temic blood pressure, though blood pressure is not a direct determinant of oxygen deliv-
ery. Another determinant of cerebral vascular tone is CO,. Cerebral blood flow is lin-
early related to PaCO; in the normal range of PaCO;. For PaCO; values between 22
and 60 torr, cerebral blood flow decreases 2% for each 1 torr decline in PaCO; (36). In
short, hypocarbia equals a cerebral vasoconstrictor.

Clinicians have used hyperventilation for several decades to reduce the cerebral blood
volume and lower intracranial pressure (ICP). At one time, a low ICP was felt to be a
surrogate for successful resuscitation of the brain in a variety of illnesses and injuries,
including trauma, stroke, hypoxia-ischemia, and space-occupying lesions of the brain.
Recently, instrumentation has been developed to measure brain tissue PO,. Hemphill
et al. showed reduced brain tissue PO, as end-tidal CO, was lowered between 20 and
60 torr (37). Of concern is that the tissue PO, may fall into the ischemic range as ther-
apeutic hyperventilation reduces brain blood volume and brain blood flow. One clinical
trial has addressed the potential impact on clinical outcome from hyperventilation of
patients with head trauma (38). Those patients hyperventilated to a PaCO; of 25 torr
for 5 days had worse outcome at 3 and 6 months than patients who had PaCO, tensions
above 30 torr. In adult and pediatric guidelines for the initial treatment of traumatic
brain injury, hyperventilation is reserved for patients who have neurological instability
refractory to less toxic care or for neurologically deteriorating patients (39, 40).

Pulmonary vascular tone also varies with blood gas and pH values. Alveolar gas ten-
sions and pH appear to be the usual determinants of pulmonary vascular tone. In general,
oxygen is a pulmonary vasodilator while hydrogen ion and CO; are pulmonary vaso-
constrictors. The vasodilation seen in oxygenated and ventilated lung units assures good
blood flow to the portions of the lung that are aerated well. The vasoconstriction seen
with local hypoxia or hypercarbia reduces blood flow to poorly ventilated lung units.
These relationships assure good ventilation—perfusion matching in health and mild lung
disease. Pulmonary hypertension includes a failure of lung vasculature to appropriately
vasodilate in response to ventilation and oxygenation. In forms of pulmonary hyper-
tension that reflect short-term abnormalities in pulmonary vasomotor response, such
as persistent pulmonary hypertension of the newborn, hyperventilation, and hyperox-
ygenation have been used to vasodilate the pulmonary vasculature. Hyperventilation
has not been proven effective in controlled trials, however, and concern exists that it
may cause ventilator-associated lung injury. A modern approach is to use selective pul-
monary vasodilators, such as inhaled nitric oxide, and sufficient minute ventilation to
maintain normocarbia (41).

3. EVALUATION

Respiratory alkalosis itself may be mild and symptomless or it may be sufficiently
severe to provoke secondary organ failure. Often, the most prominent findings are those
of the inciting condition. Signs of increased alveolar ventilation may predominate. These
may include increased respiratory rate, increased depth of respiration, rapid shallow
breathing, and increased work of breathing. As a general rule, minute ventilation must
increase 10% for significant hypocapnia to result.
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By far, the most common cause of respiratory alkalosis is the hyperventilation syn-
drome, in which hyperventilation and anxiety are associated. In voluntary hyperven-
tilation, patients experience breathlessness as well as the effects of hypocarbia on
neuronal excitability and on blood flow to various tissues. Among symptoms of neuronal
excitability are paresthesias and tetany in the hands, face, and trunk. Symptoms refer-
able to reduced cerebral blood flow include giddiness, paresthesias, visual disturbance,
headache, ataxia, tremor, tinnitus, hallucination, unilateral somatic symptoms that pre-
dominate on the left side, and loss of consciousness. Systemic vascular resistance falls
during the first several minutes of hyperventilation. Blood pressure falls, and heart rate
and cardiac output both increase. Cutaneous vascular resistance increases, accounting
for cold extremities and some tingling (42). Coronary blood flow parallels PaCO3, so it
falls during respiratory alkalosis. Myocardial oxygen supply falls, but not to a level that
would limit myocardial oxygen consumption (43, 44). Atypical chest pain is commonly
seen, and it may worsen anxiety by mimicking coronary disease. Coronary spasm and
cardiac arrhythmias may occur in patients who have pre-existing artery disease (42). Air
hunger is out of proportion to other clinical signs of pulmonary disease. An effective
screening tool for hyperventilation syndrome in adults is the Nijmegen questionnaire
(Table 2) (45).

Physical examination may show the increased work of breathing that is associated
with the increase in minute ventilation. A patient may sigh frequently. His abdomen
may be distended from aerophagia. The breath-hold time may be short, though patient

Table 2

The Nijmegen Questionnaire for Evaluation of the Hyperventilation Syndrome in Adults
Symptom Never Seldom Sometimes Often Very often
Chest pain 0 1 2 3 4
Feeling tense 0 1 2 3 4
Blurred vision 0 1 2 3 4
Dizziness 0 1 2 3 4
Confusion or loss of touch with reality 0 1 2 3 4
Fast or deep breathing 0 1 2 3 4
Shortness of breath 0 1 2 3 4
Tightness across chest 0 1 2 3 4
Bloated sensation in stomach 0 1 2 3 4
Tingling in fingers and hands 0 1 2 3 4
Difficulty in breathing or taking a deep breath 0 1 2 3 4
Stiffness or cramps in fingers and hands 0 1 2 3 4
Tightness around the mouth 0 1 2 3 4
Cold hands or feet 0 1 2 3 4
Palpitations in the chest 0 1 2 3 4
Anxiety 0 1 2 3 4

Patients circle the frequency with which they experience each symptom. Points are added, and a score
equal or greater than 23 indicates hyperventilation with 91% sensitivity and 95% specificity (45). From van
Doorn P, Colla P, Folgering H (56).
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and operator variability widen the reference range of this test. Anxiety and air hunger
may be prominent, and they prompt concern that significant organic respiratory disease
exists.

Blood gas criteria for simple respiratory alkalosis are arterial pH above 7.45, PaCO;
less than 35 torr, and no evidence to implicate hypoxia as a drive to breathe, e.g., PaO;
below 60 torr or arterial blood oxygen saturation less than 0.9. Blood gas sampling may
itself be anxiety provoking and may yield data that are not representative of the patient’s
condition. This might be particularly true in the crying infant. Non-invasive tests in
centers experienced with their use may prove more valuable for individual patients.
Non-invasive measures include end-tidal CO,, transcutaneous CO», and pulse oximetry.

Acute hypocarbia reduces the ratio of CO; to HCO3™ in the plasma. As per the Hen-
derson equation, H* concentration will fall and pH will rise. The degree of pH rise has
inherent variability. Plasma and intracellular buffers will blunt some of the rise. Among
these buffers, HCO3™ acutely falls about 0.2 mEq/L for each one torr decrease in PaCO,
(46). This change is a function of equilibria among the elements of the Henderson equa-
tion and is not dependent on HCO3™ excretion by the kidneys. Organic acids, espe-
cially lactic acid, may accumulate. The activity of proton and HCO3™ transporters in the
cell membrane changes in the direction necessary to maintain pH (47). Thus, the 95%
confidence limits for pH and HCO3™ after acute onset of hypocarbia are broad bands
(Fig. 4) (46).
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Fig. 4. Ninety-five percent confidence bands for pH and HCO3™ across varying levels of PaCO; in
patients undergoing acute hyperventilation. From Madias and Adrogue (57). Modified from Arbus
et al. (46).
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Within hours of the onset of hypocarbia, the kidneys reduce acid excretion and
increase HCO3™ excretion to begin renal compensation for respiratory alkalosis. In
about 3 days, a new steady state occurs during which pH has returned about half-way to
normal. Plasma HCO3~ declines approximately 0.4 mEq/L and H* increases about 0.4
nEq/L for each 1 torr decrement in PaCO, (47, 48). Chronic hypocarbia can elicit suf-
ficient metabolic compensation that pH returns to normal in the absence of an obvious
source of metabolic acidosis. Chronic respiratory alkalosis is the only simple acid-base
disturbance known to be compatible with a normal pH (7).

In the setting of cardiopulmonary resuscitation, arterial blood gases may falsely show
respiratory alkalosis despite an increased total body burden of CO;. The low pulmonary
blood flow inherent in cardiac arrest diminishes the delivered volume of CO, from the
venous blood to the alveoli. If ventilation is supported, ordinary minute volume provides
more than sufficient ventilation to eliminate this small volume of CO, and the end-tidal
CO; and the pulmonary capillary CO; plummet. Blood from the pulmonary capillaries
determines the makeup of arterial blood, and arterial blood gases may appear very alka-
lotic. At the same time, venous blood may show a significant respiratory acidosis. This
venous acidosis more accurately reflects the total body acid-base balance. It normalizes
after the return of spontaneous circulation. The discrepancy between arterial and venous
CO; tension limits the value of arterial blood gas sampling during cardiopulmonary
resuscitation. Venous blood gases may be needed to show the patient’s true acid-base
status (49, 50).

4. TREATMENT

The most common cause of respiratory alkalosis is the hyperventilation syndrome.
Treatment must focus on reassurance, reducing the minute volume, and relieving the
symptoms of hypocarbia. When a single source for the anxiety can be found, counseling
can be structured to improve the patient’s response to the provocation. There are cases,
however, when such counseling focuses such thought on the breathing process that the
patient may worsen (42). Rebreathing from a paper sack may normalize the PaCO,, but
it has no demonstrated benefit to control the anxiety. Its value may mostly be educational
in those patients who can accept their diagnosis.

Drugs are of limited usefulness in hyperventilation syndrome. Anxiolytics include
benzodiazepines, beta-adrenergic blockers, and anti-depressants. Benzodiazepines may
only be given within a limited time because of dependence and withdrawal potential.
Beta blockers may exacerbate mild asthma, which is among the differential diagnoses
of the anxiety—hyperventilation syndrome. Anti-depressants may normalize CO» in pan-
icked patients (51).

Relief of mechanical hyperventilation is usually straightforward. The approach dif-
fers based on the nature of the hyperventilation. Inadvertent hypocarbia of patients
receiving complete mechanical support should respond to reduction of minute venti-
lation, through use of either a lower tidal volume or a lower respiratory rate. Notably,
high-frequency oscillatory ventilation differs from conventional ventilation in that lower
minute volume occurs at higher, rather than lower, respiratory rates. If an anomaly
of ventilator triggering causes numerous controlled or assisted breaths, the use of
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intermittent mandatory ventilation without assisted spontaneous breaths may resolve
the problem (52). Such anomalies include air-leak syndromes of the airway or the
lungs, pressure waves generated by splashes of condensate within the ventilator circuit,
and excessive sensitivity of the demand valve. Patients in controlled ventilatory modes
receive full volume breaths whenever they breathe spontaneously. They may benefit
from intermittent mandatory ventilation or from measures to reduce the spontaneous
respiratory rate. Effective measures may include optimizing inspiratory flow to match
patient demand, sedating patients, or pharmacologically paralyzing patients. Finally,
adding dead space to the ventilator circuit may reduce the effective tidal volume.

5. MIXED ACID-BASE DISORDERS INVOLVING RESPIRATORY
ALKALOSIS

Mixed acid-base disturbances occur when a metabolic disorder coexists with a res-
piratory disorder, when two metabolic disorders coexist, or when three disorders occur
together. Most diagnoses are made by taking a history, and this should be true in the
diagnosis of mixed acid-base disorders. When laboratory methods must be called on to
establish the diagnosis, the following discussion may be helpful.

Simple acid-base disorders have predictable biochemical effects. Most of these
involve pH, blood gas tensions, and total CO», which is the sum of HCO3;™ and H,CO3.
Others include the anion gap and the serum potassium concentration. The anion gap
is the difference between the concentration of sodium, the major extracellular cation,
and the sum of the concentrations of the major measured anions, chloride and HCO3™.
The anion gap measures the influence of minor, usually unmeasured anions on body
chemistry. The anion gap is elevated after intake of exogenous acids, generation of
unmeasured endogenous acids, and by several acid-base disturbances. Potassium is a
predominantly intracellular cation. Its extracellular (plasma) concentration varies with
pH, increasing with acidosis and decreasing with alkalosis. In simple acid—base dis-
orders, the pH is defended by compensatory mechanisms. These include renal actions
on the balance of electrolytes in the plasma to compensate for primary respiratory dis-
turbances. They also include changes in the respiratory drive, usually in response to a
change in cerebrospinal fluid pH that has occurred due to a primary metabolic distur-
bance. Respiratory compensation can occur quickly because of the large capacity of the
lungs to excrete acid as CO,. Metabolic compensation, controlled in the kidneys, occurs
more slowly and may take days to weeks to complete.

A simple way to assess for complex acid—base disturbances is to inspect an acid—
base nomogram. Acid-base nomograms vary, but they commonly relate PaCO,, pH,
and either HCO3~ or measured base excess. Use of a nomogram allows interpreta-
tion of the acid—base status without the need for mathematical calculations (53). An
interactive acid—base map is available on the World Wide Web at http://www.acid—
base.com/diagram.php (54). Its usual ranges were established by meta-analysis of 35
years of human case reports. A simple paper-based acid—base map is also available
(Fig. 5) (55).

Mixed acid—base disorders may include one or two metabolic disturbances with
or without a single respiratory disturbance. Multiple respiratory disturbances are not
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Fig. 5. An acid-base map. This graph relates pH, PCO,, and H* across concentrations of HCOj3 to
suggest proper assessment of acid—base status. The user plots a patient’s blood gas data to find the
point where pH, PCO;, and HCO3™ intersect. The central area, N, denotes normal acid—base status.
Labeled bands reflect single acid—base derangements. Patients whose points of intersection lay outside
the labeled areas likely have a mixed acid-base disturbance. From Malley (55).

possible because a patient cannot have hypocarbia and hypercarbia at the same time.
Diagnosis of the acid-base state relies on history, physical examination, and interpre-
tation of electrolytes and blood gases. Use of an acid—base nomogram may simplify
diagnosis.

CASE SCENARIOS

Case Scenario 1. A 20-year-old patient is ventilated for a pulmonary contusion. His
lung compliance improved markedly 4 days ago, and for 3 days his pH has been above
7.5 with PaCO, 30-34 torr. When you reduce his mandatory breath rate, he is apneic.
You should expect this patient’s respiratory drive to improve

1. in 12 min
2.in12h
3.in72h

This patient has an uncompensated acute respiratory alkalosis of 3 days duration.
Though his PaCO, may normalize within minutes, the pH of the cerebrospinal fluid and
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brain extracellular fluid will take hours to normalize. In the absence of active treatment
with systemic acid or other measures, the respiratory drive will likely stay depressed for
12-24 h.

Case Scenario 2. A 13-year-old girl is found unresponsive with an open bottle of
aspirin. Perhaps 200 tablets, each containing 325 mg aspirin, are missing. After initial
stabilization, an arterial blood gas shows pH 7.3, PCO; 20 torr, PO, 350 torr, and base
deficit 16 mEq/L. Based on the acid-base derangement, the next steps in medically
managing this girl should include the following:

. Decrease the minute volume to prevent cerebral vasoconstriction

. Increase minute volume to normalize the pH

. Hemodialyze to remove aspirin

. Treat metabolic acidosis with intravenous fluid containing bicarbonate

S R S

The high base deficit and low PCO, indicate this patient’s acid—base derangement
is acute metabolic acidosis with acute respiratory alkalosis. The respiratory alkalosis
is a direct effect of aspirin on the respiratory centers. The metabolic acidosis is due
to aspirin’s block of the electron transport chain in mitochondria. Aerobic metabolism
cannot occur, and the body becomes anaerobic despite elevated oxygen tension. This
results in excessive generation of heat and lactic acid. Though the first choice may pre-
vent cerebral vasoconstriction and the second choice may raise the pH, neither will
prevent death or disability from this potentially lethal aspirin overdose. The patient will
likely die unless timely hemodialysis can remove the aspirin and restore aerobic cellular
metabolism. Because the acidosis is not due to hypovolemia or bicarbonate loss, fluid
repletion with bicarbonate solutions will help only transiently.
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1 2 Liver Disorders
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Key Points

1. Always obtain an ultrasound marking of the site prior to abdominal paracentesis to increase the
yield.

2. In the setting of cholestasis and coagulopathy always administer vitamin K IM daily for 3 days
and recheck INR to evaluate for liver failure.

3. Hepatorenal syndrome can occur in the setting of portal hypertension without ascites.

Key Words: Ascites; fluid; electrolytes; sodium; cirrhosis; liver failure; hepatorenal syndrome

1. ASCITES

The term “ascites” refers to the pathologic accumulation of excess fluid within the
peritoneal cavity. With reference to the liver, ascites can result from pre-hepatic, intra-
hepatic, or post-hepatic processes. When ascites occurs secondary to intrinsic disease
of the liver, it is usually in the setting of advanced cirrhosis and hepatic decompen-
sation (/).

1.1. Pathophysiology of Ascites

There are two proposed theories for the formation of ascites that can be referred to
as the “overfill” and the “underfill” theories (Fig. 1). The overfill theory postulates that
there is a primary renal tubular retention of sodium that serves to increase the plasma
volume and a subsequent extravasation of fluid into the peritoneal cavity. In the underfill
theory, a primary decrease in effective arterial blood volume results in renal retention
of sodium and the cascade outlined above. Impaired hepatocellular functioning and por-
tal hypertension trigger the release of the endogenous vasodilators such as nitric oxide,
glucagon, and prostaglandins. The resulting peripheral vasodilatation leads to a decrease
in central blood volume. Decreased plasma volume stimulates the neurohormonal sys-
tem consisting of the renin—angiotensin—aldosterone (RAAS) pathway, sympathetic
nervous system (SNS), and arginine vasopressin (AVP) (antidiuretic hormone). The
combined effect leads to renal retention of sodium and water. Cirrhosis is also
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Fig. 1. Pathogenesis of ascites and hyponatremia.

associated with an increase in both atrial and ventricular atrial natriuretic peptide (ANP)
release. Currently, support for the underfill theory seems most common (2).

In addition to the above theories, there are several other physiologic factors that con-
tribute to the development of ascites. Individuals with late-stage liver disease often
have hypoalbuminemia secondary to poor nutrition and synthetic liver dysfunction.
The hypoalbuminemia leads to a significant decrease in vascular oncotic pressure and
subsequent sodium and water retentive state through RAAS and AVP as reviewed
above. Additionally, portal hypertension serves to facilitate localization of this exces-
sive amount of fluid to the peritoneal space.

1.2. Diagnosis and Treatment

Ascites may be graded as grades 1-3 or as mild, moderate, or severe (Table 1). When
patients no longer respond to maximum doses of spironolactone (400 mg/day) and
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Table 1

Grading of Ascites

Grade Definition

Grade I (mild) Normally detectable only by ultrasound

Grade II (moderate)

Grade III (severe)

examination
Manifest clinically by symmetric
distension of the abdomen
Gross tense ascites with marked
abdominal distension

furosemide (160 mg/day) or they develop serious side effects that prohibit continued

use of diuretic therapy, they are said to have untreatable (refractory) ascites.

Clinical findings of massive ascites include abdominal distension with shifting dull-
ness and/or fluid thrill with associated lower-extremity edema and can accompany other
clinical findings of chronic liver disease. Dietary restriction of sodium to about 2 g/day
in adult patients (90 mEq/day), diuretic therapy with spironolactone alone or in combi-
nation with furosemide is standard practice (Figs. 2, 3, 4)

Mild Ascites
(Grades 1-2)

A 4

Spironolactone
1-6 mg/kg/day

PR

GR y

Adjust Dosage

Increasing doses of:
Spironolactone (up to 400
mg/day)

+
Furosemide 1-3mg/kg/day
(max 160 mg/day)

GR
A\ 4 A\ 4
Adjust Dosage | | Refractory Ascites

Good response
Poor response

Fig. 2. Management of mild ascites.
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Moderate to Severe
Ascites (Grade 3)

: Consider

A 4
Therapeutic
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+
IV Albumin (1g/Kg)

Spironolactone
1-6 mg/Kg/day
(max 200 mg/day)
+
Furosemide
1-3 mg/kg/day
(max 160 mg/day)

PR GR

A\ 4 A
Refractory Ascites | | Adjust Dosage

. v Intravenous
. GR Good response
. PR Poor response

Fig. 3. Management of moderate ascites.

2. HEPATORENAL SYNDROME

Hepatorenal syndrome (HRS) is a state of functional renal failure in a patient with
end-stage liver disease and occurs despite structurally normal kidneys. While relatively
rare in pediatric patients, it can occur in 18-39% of adult cirrhotics over a 1-5 year
interval without liver transplantation (2).

The syndrome is characterized by persistent oliguria (<500 ml/day), urine osmolal-
ity greater than plasma osmolality, urine—plasma creatinine ratio greater than 30:1, an
elevated serum creatinine level, and urinary sodium excretion of <10 mEq/L, with a
fractional excretion of sodium (FENa) < 1%. The oliguria does not respond to plasma
volume expansion alone.

2.1. Pathophysiology

HRS is a severe complication of cirrhosis occurring as a consequence of an intense
vasoconstriction of the renal circulation, resulting from a loss of renal autoregu-
lation. This leads to reduced renal perfusion and a reduced glomerular filtration
rate.
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Refractory Ascites

\ 4
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+
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Spironolactone

1-6 mg/Kg/day

(max 400 mg/day)
+

Furosemide
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(max 160 mg/day)

NR

\ 4 A 4 v

? TIPS Repeated PVS

Paracentesis

. v Intravenous
. PVS Peritoneovenous Shunt
. TIPS Transjugular Intrahepatic Portosystemic Shunt

. NR No response

Fig. 4. Management of refractory ascites.

2.2. Management

Patients with HRS are usually candidates for liver transplantation if no other con-
traindications are present. Volume expansion and large volume paracentesis have been
used for acute control of HRS. Volume expansion increases mean arterial pressure
and paracentesis increases cardiac output and decreases renal venous pressure. The net
effect of this is an increase in renal perfusion pressure and the renal flow. This leads
to temporary improvement in renal function in patients with HRS. Vasodilators such
as dopamine, or shunt procedures such as LeVeen (peritoneovenous), TIPS (transjugu-
lar intrahepatic portosystemic stent shunt), or orthotopic liver transplantation may be
required for long-term improvement.

3. ACUTE LIVER FAILURE

The broadest definition of fulminant hepatic failure (FHF) is the development of hep-
atic necrosis leading to loss of liver function occurring within weeks of onset of liver
disease (3).
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Ascites in acute liver failure is the result of acute portal hypertension, vasodilata-
tion, poor vascular integrity, and reduced oncotic pressure. Possible fluid and electrolyte
imbalances that should be anticipated include

* Hypo/hyperkalemia.

* Hypo/hypernatremia.

* Hypophosphatemia: It should be noted that there is a risk for hypophosphatemia with
hepatic regeneration and ATP synthesis.

* Hypoglycemia due to decreased production and increased utilization: Defective gluconeo-
genesis and inadequate hepatic uptake of insulin.

3.1. Management

1. Maintain hydration without inducing fluid overload. Often 2/3 routine maintenance fluids
are used to maintain urine output >0.5 cc/kg/h.

2. Restrict sodium <0.5 mEq/kg/day.

Diuretics spironolactone (1-6 mg/kg/day) with or without furosemide.

Hypoglycemia: Addition of 10% dextrose to intravenous fluids may be necessary. Fre-

quent monitoring of blood glucose levels. Maintain blood glucose >70 mg/dL.

Sodium: 0.5-1 mmol/kg/day.

Potassium: 3—6 mmol/kg/day.

Phosphorus: Give IV potassium phosphate if hypophosphatemic.

Decreased renal perfusion (hepatorenal syndrome): State of intravascular hypovolemia

hence at risk for oliguria; may need to maintain renal perfusion with

w

® N

* High-dose loop diuretics: furosemide 1-3 mg/kg q 6 h.
e Dopamine: 2-5 pg/kg/min and FFP.
* Hemofiltration or dialysis for severe oliguria.

CASE SCENERIO: 1

A 16-year-old male with a known diagnosis of cryptogenic cirrhosis and awaiting
liver transplantation is brought to the hospital in a confused state with decreased urine
output over the last 2 days. His medical condition was also complicated by marked
ascites and fatigue for the last few weeks. His oral maintenance medications include
lactulose given as 30 ml three times a day, spironolactone 50 mg three times a day, and
ursodeoxycholic acid 300 mg twice a day.

On examination, he was afebrile with icteric sclera. His laboratory results revealed
sodium of 120 mEq/L, BUN of 80 mg/dL, creatinine of 2.0 mg/dL. His serum albumin
was 2.5 g/dL and conjugated bilirubin was 6.0 mg/dL.

What Is the Assessment of This Patient?

It is important to establish a diagnosis. With no history of recent medications causing
nephrotoxicity, this represents acute renal deterioration in a patient with end-stage liver
disease. Make sure the patient does not have excessive diarrhea and dehydration related
to lactulose or diuretic therapy. The diagnosis of true hepatorenal syndrome (HRS) is
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made by having an appropriate level of suspicion while excluding other potential pre-
cipitating factors.

What Is the Next Step in Management?

Obtain urinary electrolytes and creatinine to determine fractional excretion of sodium
(FENa). Central vascular pressure monitoring can be considered to help assess intra-
vascular volume status although, in this compromised host, the risk of infection from
this intervention must be carefully considered. An FEn, < 1% is consistent with the
diagnosis of HRS.

How Will You Treat This Patient?

1. Hyponatremia: Fluid restriction to 75% maintenance fluid with normal saline to correct
hyponatremia. Dialysis may be required in this patient. Rapid correction with hypertonic
saline is contraindicated as it may lead to pulmonary edema, worsening ascites, and cen-
tral pontine myelinolysis. In asymptomatic patients, the target rate of rise of the serum
sodium should not exceed 2—4 mEq/L every 4 h or about 20 mEq/L in 24 h.

2. Hypoalbuminemia and Oliguria: Large volume paracentesis with concomitant albumin
infusion can be considered. Alternative to this may be a trial of albumin infusion followed
by a high dose of a loop diuretic like furosemide. A low-dose infusion of dopamine may
be helpful as well by stimulating renal dopaminergic receptors leading to renal vasodi-
latation. If these measures fail to induce an adequate diuresis, then dialysis should be
considered pending procurement of a suitable liver donor and transplantation.

CASE SCENERIO: 2

A 15-year-old boy with end-stage liver disease due to primary sclerosing cholangitis
has just undergone orthotopic liver transplantation. The patient’s intra-operative course
was remarkable for a significant transfusion requirement of 15 units of packed red cells,
10 L of crystalloid, and 4 L of coagulation products. Postoperatively, he demonstrates
good liver graft function; however, he has had a 15 kg weight gain and a decreased urine
output to 10 cc/h for last few hours.

What Is the Assessment of This Patient?

The patient is in acute renal failure in the postoperative period (Fig. 5). The origin
of renal failure in this patient may be due to a variety of factors such as post-operative
acute tubular necrosis (ATN), intravascular volume depletion with pre-renal azotemia,
and less likely, post-renal causes such as obstructive uropathy. A component of acute
nephrotoxicity from immunosuppressive medications should be considered especially if
calcineurin inhibitors are being administered. Since ATN is a salt-wasting entity, patients
with ATN usually have granular casts present in the urine, high urinary sodium, and an
FENa > 1%. A normal renal ultrasound will usually exclude any obstructive uropathy.
Central vascular monitoring may be necessary to exclude pre-renal causes such as vol-
ume depletion.
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Fig. 5. Algorithm to approach a patient with cirrhosis and impaired renal function.

How Will You Treat This Patient?

Carefully evaluate the patient to assess possible etiology for renal failure as in Fig. 5.

Reassess intravascular volume and total body fluid status. Once this is determined, vol-
ume expansion or slow diuresis with careful monitoring of calcineurin inhibitor levels
can be instituted.
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children

A normal kidney regulatory function is essential in order to maintain optimal body
fluid dynamics and preserve electrolyte homeostasis. Similarly, a good kidney function
is dependent on adequacy of its perfusion. The initial phase of this review will high-
light the progress made so far in a consensus definition of acute kidney injury (AKI).
Emphasis on the prospect of a future application of tissue biomarkers as a more accurate
diagnostic tool will follow. Second, the pathogenesis and clinical outcome of pre-renal
azotemia and intrinsic AKI will be differentiated. The mechanisms of renal injury in
the course of fluid and electrolyte disorders are then discussed. Finally, clinical man-
agement of AKI and the challenges of fluid and electrolyte status in surgical kidney
transplantation are delineated.

1. DEFINITION

Acute kidney injury is an abrupt and sustained decline in renal function that occurs
over a period of few hours or days, resulting in a buildup of nitrogenous toxins, and loss
of fluid, electrolyte, and acid—base homeostasis. The impairment of glomerular filtration
causes fluid and salt retention leading to oliguria while excessive urine output is the
likely outcome in a predominant tubular injury.

Partly because of a wide variation in operational definition, epidemiological data on
AKI are often inaccurate. Indeed it is estimated that there are more than 30 definitions
of AKI in the literatures (/). In an effort to standardize clinical evaluation and pro-
mote comparison of research studies, AKI Network proposed a consensus definition by
modifying the previously recommended RIFLE criteria. The pediatric version of RIFLE
criteria is shown in the Table 1. Loss of kidney function is graded by severity into three
categories on the basis of creatinine clearance [derived from Schwartz formula] and per-
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Table 1

Pediatric RIFLE Criteria

PRIFLE criteria Estimated creatinine clearance Urine output

Early R (risk) 1 25% <0.5 ml/kg/h x 8 h
I (injury) 4 50% <0.5 ml/kg/h x 12 h
F (failure) 3 75% <0.5 ml/kg/h x 24 h

or anuria

Late L (loss) Renal failure > 4 weeks

E (end stage) Renal failure > 3 months

sistence of oliguria (2, 3). The late manifestations of kidney dysfunction, namely acute
renal loss and acute renal failure, are recommended as outcome variables (2, 4).

Furthermore, AKI qualitatively describes a spectrum of renal dysfunction that
includes an asymptomatic elevation in serum creatinine concentration on one end and
acute kidney failure (AKF) at the other end of the spectrum. Because of its severity,
AKEF has the highest probability of evolving into a permanent structural renal damage.
In support of its validity, subjects with AKI as defined are hospitalized for longer dura-
tion (14 vs. 7 days, p < 0.01) and sustain a higher mortality rate (45.8 vs. 16.4%, p <
0.01) compared to the control (4).

2. DIAGNOSTIC CHALLENGES

Kidney is a highly adaptive organ, with an efficient auto-regulatory mechanism and is
therefore able to withstand an extreme variation in hemodynamic changes. In addition,
because of a substantial renal reserve, there may be no immediate increase in serum cre-
atinine with impairment in kidney function. Furthermore, tubular secretion of creatinine
increases with severe reduction in glomerular filtration leading to an over-estimation of
its clearance (5). In view of these, serial evaluation of trend rather than absolute val-
ues of serum creatinine may lead to early detection of AKI (6). Unfortunately, baseline
information on serum creatinine value is seldom available in clinical practice. Never-
theless, highlighting its limitation as a diagnostic tool for an early kidney injury, even
a marginal increase in serum creatinine value is associated with a high mortality rate in
critical illness (7).

Unlike creatinine, serum cystatin C does not vary with skeletal muscle mass or is it
secreted by the renal tubules and may serve as a better index of glomerular filtration
(8). However, a multidimensional diagnostic approach that takes into account differ-
ent phases of kidney injury may be more accurate than a single index. Such candidate
biomarkers are cystatin C for glomerular filtration, kidney injury molecule-1 (KIM-1)
for tubular function, cysteine-rich protein (CYP 61) and neutrophil gelatinase-associated
lipocalin (UNGAL) for ischemia, and interlukin-18 for inflammation (9—12). This novel
technique may facilitate early diagnosis of AKI giving a hope for a timely therapeutic
intervention and an improved mortality outcome (that had otherwise remained stagnant
in the last two to three decades).
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3. PRE-RENAL AZOTEMIA: PATHOPHYSIOLOGY

Pre-renal azotemia is an adaptive physiological response to an inadequate perfusion
pressure that may result from either extracellular (EC) fluid depletion (e.g., acute gas-
troenteritis) or an ineffective circulatory volume (e.g., congestive heart failure). Nor-
mally, systemic blood flow is protected by the vascular activity of baroreceptors, which
respond to hypovolemia by amplifying signal transmission to the vasomotor centers.
This results in an activated sympathetic outflow, which increases the systemic arteriolar
resistance and stimulates intra-renal B-adrenoreceptors for plasma renin release. In addi-
tion, release of vasopressin and aldosterone with a reduction of atrial natriuretic peptides
causes salt and water retention in an effort to restore the blood volume (13, 14).

Similarly, low tubular sodium delivery from impaired renal perfusion induces plasma
renin release by the stimulation of macula densa (within the juxtaglomerular appara-
tus). In turn, plasma renin stimulates an increased synthesis of angiotensin II, a potent
vasoconstrictor. With the dilatation of afferent arteriole by prostaglandin E and I,, and
an efferent vasoconstriction by angiotensin II, greater fraction of the (otherwise poor)
glomerular capillary flow is filtered. This auto-regulatory process is sometimes called
tubulo-glomerular feedback (14, 15).

4. INTRINSIC AKI: PATHOGENESIS

Etiology of AKI includes renal vascular obstruction [e.g., hemolytic—uremic syn-
drome], acute nephritis, acute tubular necrosis (ATN), toxic nephropathy, interstitial
nephritis, and post-renal obstruction. Acute tubular necrosis is a term that is broadly
applied to all instances of kidney injury outside of arterial, glomerular, or obstructive
nephropathy. Common causes of ATN are severe hypovolemia, endotoxemia, and expo-
sure to toxins. Acute kidney injury, arising from drug toxicity, irradiation injury, sepsis,
and dehydration, is a potential complication of bone marrow transplantation (/6). Sim-
ilarly, pathogenesis of ATN in critical illness is multi-factorial and may include drugs,
hypovolemia, sepsis, coagulopathy, and major organ failure. Furthermore, association
of AKI with a major organ failure (or sepsis) increases the attributed mortality rate by a
factor of 7-10 (7, 13-17).

Failure of auto-regulatory mechanism with inadequate restoration of hemodynamic
status ultimately results in loss of tubular function and structural integrity. The blood
flow to the medullary kidney falls short of its intense metabolic demand, making the
distal third of proximal tubules and the loop of Henle most susceptible to ischemic
injury. Nephrotoxic and ischemic injuries, by increasing the local synthesis of endothe-
lin, induce vasoconstriction by binding to ETa receptor. In addition, pro-inflammatory
cytokine up-regulates endothelial wall adhesion molecules and increases activity of
migratory leucocytes. Finally, the tubular injury causes a disruption of the epithelial
cytoskeleton and promotes cell apoptosis and necrosis. Debris from the desquamated
epithelial cells causes obstruction of the tubular lumen resulting in a backleak of its
filtrate contents. The recovery phase is heralded by histological de-differentiation and
regeneration of the tubular cells, which may be clinically associated with an increased
urine output (13, 14, 18).
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5. NORMAL FLUID AND ELECTROLYTE DYNAMICS

Water constitutes close to 80% of the body weight of a newborn infant. With the
growth of skeletal muscle and fat mass, water content is reduced to 50-60% of the
body weight by the end of puberty. Greater amount of total body water (TBW) is sit-
vated in the intracellular (IC) space (30-40%) while EC fluid shares 20-25% of the
volume. Extracellular fluid consists of plasma water (5% of TBW) and interstitial space
is derived from 15% of the body fluids. To maintain adequate plasma flow, sufficient
hydrostatic force must be generated by cardiac output to counteract the opposing effect
of the interstitial (oncotic) pressure. Although EC and IC fluid spaces are separated by
cellular membrane, osmotic equilibrium is maintained by free water permeability across
the two compartments. Sodium and chloride ions are the major solutes in the EC fluid
while potassium and phosphate anions are predominant in the IC unit (79).

6. EXTRACELLULAR FLUID LOSS AND ACUTE KIDNEY INJURY IN
CHILDREN

Children are more prone to dehydration than adults because of their unique physio-
logical characteristics. Thus there is a greater insensible water loss in young children due
to a high body surface area to weight ratio. In addition, children have a higher incidence
of gastroenteritis while they depend on caregivers for an adequate access to water. Com-
mon sources of EC fluid loss are gastrointestinal tract (diarrhea, emesis), skin (fever,
deep burns), and urine (forced diuresis) (18, 19).

Hyper-oncotic kidney injury: Hyperglycemia, as in diabetic ketoacidosis, causes
osmotic induced diuresis and severe dehydration. Poor renal perfusion is followed by
azotemia in the short term while a prolonged course may lead to ischemic injury (20).
ATN may be prevented by an early and aggressive fluid resuscitation (/9). Particularly
at high risk for permanent kidney injury are diabetic patients with poorly controlled
hyperglycemia and a pre-existing nephropathy.

Similarly, the use of hyper-osmolar substances for forced diuresis such as manni-
tol in cerebral edema and 25% albumin in severe nephrotic syndrome is a potential
source of AKI. Osmotic-induced renal toxicity was a common complication of sucrose-
based intravenous gamma globulin (IVIG) therapy. Over the years, incidence of IVIG-
mediated nephrotoxicity has been minimized with the avoidance of the sucrose medium
(21).

Ineffective circulatory volume: Renal perfusion may be compromised because of poor
circulatory volume in spite of a positive gain in total body water. Accumulation of body
fluid at the expense of plasma water deficit occurs in congestive heart failure due to
reduction in cardiac output, diminished hydrostatic pressure, and expansion of venous
capacitance. Similarly, low plasma oncotic pressure from severe hypoalbuminemia in
nephrotic syndrome invariably results in excessive fluid retention. Cumulative gain in
total body water is facilitated by pituitary vasopressin (VP) release, thirst stimulation,
activated sympathetic nervous system, and induction of renin—angiotensin mechanism.
Indeed there is correlation between mortality attributable to the predisposing disease
and dilutional hyponatremia (18).
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Surgery and AKI: The incidence of an AKI after cardiac surgery in children ranges
from 5 to 20%. Mortality associated with post-cardiac renal injury has remained essen-
tially unchanged in the last two decades (22). Extracorporeal diversion of blood (or car-
diopulmonary bypass) during cardiac surgery may potentiate low tissue oxygen delivery
and causes acute ischemic kidney injury (23). To avoid life-threatening post-operative
complications, a pre-emptive placement of peritoneal dialysis catheter during surgical
repair of complex cardiac anomaly is desirable (24). Furthermore, strategies to prevent
hypovolemia are necessary in order to minimize sources of kidney injury, including
rhabdomyolysis, in critically ill surgical patients. In addition to surgical hemorrhage,
poor circulatory volume from capillary leaks may result from ischemic-reperfusion phe-
nomenon, elaboration of free oxygen radicals, and cytokine-mediated endothelial injury
(22, 25).

7. LABORATORY EVALUATION

Serum analysis: Serial analysis showing the trend of hematocrit, hemoglobin, and
serum albumin may be a useful adjunct in the evaluation of severe dehydration and ade-
quacy of the following rehydration therapy. Metabolic acidosis may result from stool
bicarbonate loss in diarrhea, and lactic acid may be generated from poor tissue perfusion
in hypovolemia, sepsis, and multi-organ failure. Serum biochemistry is seldom neces-
sary in assessing most cases of dehydration. If serum analysis is obtained, a bicarbonate
concentration less than 16 mEqg/L may discriminate moderate and severe dehydration
from the milder form (26).

Blood urea nitrogen (BUN)/serum creatinine (Cr) ratio: Extracellular fluid depletion
with poor renal blood flow causes an increase re-absorption of urea by the proximal
tubules. Compared with the elevation in serum creatinine, renal retention of urea is an
earlier manifestation of poor kidney perfusion. Hence, BUN/Cr ratio is often greater
than 20 in pre-renal azotemia. Unfortunately, blood urea nitrogen is not a reliable index
of glomerular filtration as it may vary with skeletal muscle catabolism, gastrointestinal
bleeding, and dietary protein intake. Similarly, serum uric acid is a sensitive but poorly
specific index of renal perfusion, its concentration increases with arterial volume con-
traction and decreases with its expansion (27).

Urine analysis and biochemistry: Urine sample is not only easy to collect; its random
analysis often indicates the degree of volume deficit. In the absence of poor concen-
trating capacity or osmotic diuresis, a specific gravity in excess of 1015 may signify
dehydration while values that are less than 1010 may suggest adequate hydration.

Urine microscopy in acute tubular necrosis may demonstrate a non-specific finding
of hyaline and granular casts, few white and red blood cells, and mild proteinuria. These
urinary sediments of tubular injury are reversible, subsiding few days after a successful
restoration of fluid status.

In severe dehydration, poor renal perfusion with impaired glomerular filtration causes
an adaptive increase in tubular sodium and water absorption, leading to a fall in urine
sodium concentration (UNa) to a value less than 20 mEqg/L (Table 2). The fractional
excretion of urinary sodium (FENa) is less than 1% (or <2.5% in neonates), tubular
concentration capacity (U/Osmol > 500 mOsm/kg) is preserved while urinary creatinine
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Table 2

Diagnostic Urinary Indices to Differentiate Pre-renal Azotemia and Intrinsic Kidney Injury
Urine test Pre-renal AKI Intrinsic AKI SIADH
UNa (mEq/L) <20 >40 >40

U/SG >1020 <1010 Generally >1020
U/Osmol (mOsm/kg) >500 <350 Generally >500
U/P Osmol >1.3 <13 Generally >2
U/Cr (mg/dL) >40 <20 >30

FENa <1% >1% ~1%

UNa = urine sodium, U/SG = urine specific gravity, U/Osmol = urine osmolality, U/P Osmol = urine:
plasma osmolality ratio, U/Cr = urine creatinine, FENa = fractional excretion of sodium, AKI = acute
kidney injury, SIADH = syndrome of inappropriate anti-diuretic hormone secretion.

FENa = [Urine Na/Plasma Na] x [Plasma Cr/ Urine Cr] x 100

(U/Cr) is greater than 40 mg/dL. On the other hand, the loss of tubular function in
intrinsic AKI results in salt wasting (FENa > 3% or > 5-10% in neonates) and poor
renal concentration (U/Osmol < 350 mOsm/kg) while impaired glomerular filtration
causes a reduction in urine creatinine to a value below 20 mg/dL (18, 27).

Because of its correction for creatinine clearance, FENa is more sensitive (96% vs.
90%) and specific (95% vs. 82%) than urinary Na in differentiating pre-renal azotemia
from intrinsic AKI. Unfortunately, accuracy of urine indices is confounded by excessive
Na excretion in forced diuresis (e.g., furosemide and saline infusion). Therefore, these
tests are only reliable when performed prior to institution of fluid challenge. However,
given the limited diagnostic yield, therapeutic intervention should not be delayed on the
account of these urinary indices (18, 27).

8. CLINICAL MANAGEMENT

Pre-renal AKI: To prevent irreversible kidney injury prompt correction of EC fluid
depletion is mandatory. Clinical approach is a function of the underlying cause of renal
hypoperfusion. While volume restoration is critical in hypovolemia, forced diuresis and
ionotropic supports (e.g., milrinone) are needed in cardiac failure. Because kidney injury
in sepsis syndrome is multi-factorial, therapeutic intervention must include correction of
volume deficit, hypotension (e.g., dopamine and dobutamine), coagulopathy, and endo-
toxemia. In addition to the repair of fluid deficit in diabetic ketoacidosis, normoglycemia
must be restored with insulin therapy. Immediate restoration of plasma oncotic pressure
with slow infusion of 25% albumin and furosemide therapy will improve renal perfusion
in severe nephrotic syndrome complicated by fluid overload. Exposure to therapeutic
and diagnostic agents with a potential for renal insult such as hypotensive substances,
renal vasoconstrictors (e.g., nonsteroidal anti-inflammatory drugs), radiopharmaceutical
agents, and antibiotics (e.g., gentamicin) must be avoided or minimized. If toxic thera-
peutic agent (e.g., vancomycin) must be used, serum trough levels must be monitored
to avoid renal injury (I8, 27). At high risk of a permanent kidney injury are patients
with a pre-existing glomerular impairment and a limited renal reserve, e.g., solitary
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kidney, renal transplant, hypoplastic—dysplastic kidney, renal artery stenosis, and use of
angiotensin receptor inhibitor.

Normal saline bolus with 10-20 ml/kg over 30 min to correct peripheral circulatory
failure is of utmost priority (28). Assessment of mental alertness, pulse rate, blood pres-
sure, central venous pressure (CVP), and urine output (UOP) may signify adequacy of
fluid resuscitation. Lack of urine output within 2 h of fluid resuscitation should warrant
examination of bladder for distension. If unsure of bladder findings, urethral catheteri-
zation is performed to determine if there is urinary retention. For patients with central
vascular access, in the absence of cardiac insufficiency CVP (5-10 cm H>O) may indi-
cate if there is adequate volume status. If there is no urine output in spite of adequate
resuscitation, diuretic challenge may be attempted with an intravenous administration of
2-4 mg/kg furosemide. If oliguria persists (UOP < 0.5 ml/kg/h) furosemide dose may be
repeated either as a bolus or as a continuous infusion. Failure of diuretic fluid challenge
may indicate there is an intrinsic rather than pre-renal AKI (18, 27).

After a successful fluid resuscitation, volume deficit in severe dehydration is replaced
as 10-15% of the body weight, moderate dehydration as 6—10%, and mild dehydra-
tion as 3-5%. Many cases of dehydration are treated with oral rehydration therapy (see
Chapter 7).

Oliguric intrinsic AKI: Once there is an established kidney injury, modality of treat-
ment will depend on the severity of glomerular filtration loss. To avoid fluid overload,
intake is restricted to replace ongoing output (ml-for-ml) and the insensible water loss
(400 ml/m?/24 h) in oliguric kidney injury. To avoid sodium retention and fluid over-
load, metabolic acidosis is corrected only if severe (arterial pH < 7.15; serum bicar-
bonate <12 mEq/L). In addition, rapid correction of acidosis may decrease ionization
of calcium and therefore precipitate hypocalcemic tetany. In the event of a concomitant
metabolic acidosis and hyperkalemia, infusion of 1-2 mEq/kg of sodium bicarbonate
over 5-10 min may normalize the serum potassium. Acidosis promotes hyperkalemia
by supplying hydrogen ions for an exchange with intracellular potassium. Although
furosemide diuresis does not increase renal survival in oliguric AKI, it may improve
fluid control and increases renal clearance of potassium and hydrogen ions. Nebulization
with albuterol solutions produces beta-agonist effect to stimulate intracellular uptake of
potassium. Additional means of correcting hyperkalemia (>6 mEq/L) is the infusion of
0.1 units of regular insulin and 1 ml/kg 50% glucose over 1 h (drives potassium into
the cells). Furthermore, oral or rectal administration of sodium polystyrene sulfonate
resin (1 g/kg kayexalate) causes an exchange of Na for a fecal elimination of potassium
(18,27, 29).

The risk of aggressive use of furosemide for volume control may outweigh its poten-
tial benefit, as it does not decrease the need for dialysis use and may in fact increase the
risk of death because of delayed onset of dialysis therapy (29).

Non-oliguric intrinsic AKI: In general, AKI without oliguria has a more favorable
renal survival. Non-oliguric kidney injury requires a liberal fluid supply to replace the
loss from the associated water diuresis. Furthermore, fluid requirement may vary with
the phase of renal injury; thus the initial oliguria in ATN may give way to polyuria
during the recovery phase. Hence frequent but scheduled evaluation of urine output and
body weight is necessary to guide the amount of fluid requirement (78, 27).



308 Part IV / Special Situations of Fluid and Electrolyte Disorders

Hyperhydration and reno-protection: Generous hydration may be required to
enhance renal excretion of potentially toxic endogenous or exogenous substances. Thus
there is a lower incidence of contrast nephropathy with the infusion of normal saline
prior to cardiac catheterization than the control. Additionally, renal sparing benefit is
observed with intravenous saline support (for volume expansion) and the use of non-
ionic contrast agents (290-850 mOsm/kg) in radio-imaging studies (29). Adequate
hydration is also a necessity to minimize possible kidney injury from acute tumor lysis
during chemotherapy. The same precaution is needed to protect kidney from oncologic
irradiation injury. Furthermore, renal survival is increased with an early and aggressive
fluid support in traumatic rhabdomyolysis (27).

Renal replacement modality: Development of fluid overload, severe hyperkalemia
(>6.5 mEq/L), intractable metabolic acidosis, and inability to maintain basic nutritional
needs may necessitate a renal replacement therapy. The options available in AKI are
acute peritoneal dialysis (PD), acute hemodialysis (HD), and continuous renal replace-
ment therapy (CRRT). Acute PD is a practical choice for infants because of the limited
option for vascular access. Although not as technologically advanced as CRRT, it may
be used in an unstable patient with hypotension. Because solute clearance is remarkably
slow, PD is of no use in rapid removal of poisons or toxic metabolites (inborn errors
of metabolism). Hemodialysis is the treatment of choice in systemic intoxication (e.g.,
acetyl salicylate poisoning) or in a sudden fluid overload. Dialysis is not an appropriate
modality in the removal of any toxic substance with a wide body tissue distribution.
Patients with unstable hemodynamic status (e.g., sepsis) are preferably managed with
CRRT rather than a conventional dialysis. Because of improved technology, modern
conventional hemodialysis may be run slowly and for longer hours to achieve a bio-
equivalent outcome with the CRRT in selected patients. Although quite efficient for
ultrafiltration and dialysis, use of CRRT in AKI does not improve renal outcome or
mortality rate (18, 27, 30).

9. KIDNEY TRANSPLANTATION: FLUID AND ELECTROLYTES

During the immediate pre-operative care of renal transplant recipients efforts should
be made to avoid dehydration in order to minimize the risk of allograft hypoperfusion.
Similarly, the potential recipients on chronic dialysis are prone to peri-operative pul-
monary edema because of a cumulative fluid retention. The need for a pre-transplant
dialysis must be individualized depending on the fluid status, time of the last dialysis,
presence of residual renal function, and type of electrolyte disorders. Immediate dialysis
should be instituted to correct pre-operative hyperkalemia [serum K > 5.5] or metabolic
acidosis [serum HCO3 < 18]. Fluid removal is minimized during pre-operative dialy-
sis to protect the transplanted kidney from poor perfusion and a delayed graft function
(31, 32).

A pre-requisite for successful kidney transplantation is an optimal cooperation
between nephrology and transplant surgical teams. An adequate knowledge of the pecu-
liar clinical characteristics of both the allograft recipient and donor is invaluable. For
an example, the nature of the primary renal disease may influence the fluid status of
the recipient. Thus a poor tubular concentrating capacity in children with a previous
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Fig. 1. Schematic illustration of the relationship between fluid and electrolyte dysregulation and acute
kidney injury.

obstructive uropathy may result in a negative fluid balance. On the other hand, increased
total body water is likely in hypoalbuminemia from a pre-existing nephrotic syn-
drome. Furthermore, patients with long-standing kidney disease may have a limited
cardiac reserve due to uremic-induced diastolic dysfunction, dysautonomia, and chronic
hypertension (32).

Small-sized pediatric patients (<10 kg) are particularly at risk of allograft vein throm-
bosis because of the disparity between body mass, kidney volume, and size of the renal
vessels. Adequate perfusion of the donor kidney is readily undermined by the diminu-
tive systemic pressure and low blood volume that are typical of pediatric recipients.
Consequently, the transplanted kidney is prone to vascular thrombosis from poor plasma
perfusion, ischemic endothelial injury, and surgery-related mechanical stress. To mini-
mize the occurrence of vascular thrombosis, enough fluid is administered during surgery
to maintain CVP at 16-20 cm H,O prior to allograft vascular anastomosis. Use of 5%
albumin may be preferred if serum albumin is <2.5 g/dL. Sometimes, the volume of
intra-operative fluid required to sustain an adequate perfusion may lead to the devel-
opment of post-operative pulmonary edema (29%) and a need for assisted ventilation
(8.3%) (33, 34).

Intra-operative administration of (hypertonic) mannitol solution has the potential not
only to enhance allograft perfusion but it also minimizes oxidative stress (as a free
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oxygen radical scavenger) from ischemic reperfusion injury. Pulse steroid therapy,
though primarily used for immuno-suppression, may increase vasoactivity and improve
renal blood flow. Immediate UOP after allograft vascular anastomosis is a good indica-
tor of an adequate renal perfusion. In the absence of prolonged ischemia, brisk diure-
sis occurs within few minutes of surgical anastomosis. Initial urine output is massive
because of osmotic effect of urea nitrogen load, intra-operative fluid challenge, and
mobilization of retained body water from chronic kidney disease (32, 35).

Prolonged cold ischemia, inadequate renal perfusion, and loss of autoregulation in a
denervated graft are predisposing factors for a delayed function. Post-operatively, ade-
quate fluid input must be maintained by keeping CVP between 8 and 10 cm HO. Esti-
mated from the average daily urinary Na excretion (>40 mEq/L) and gastric Na secretion
(20-80 mEq/L), post-transplant loss of urine or nasogastric secretions is replaced ml-
for-ml with half-normal saline (77 mEq/L). The insensible water loss is replaced with
5% dextrose water as 45-50 ml/100 kcal of daily energy expenditure. Insensible water
loss may also be crudely estimated as 40-50% of the maintenance fluid requirements
(31, 32).

Frequent evaluation of fluid status is essential to allow for adjustment in intake if
necessary. Normal saline fluid boluses (10-20 ml/kg body weight) is given if there is
a fall in CVP below 7 cm H>O and/or reduction in UOP below 1-2 ml/kg/h and/or
progressive fall in BP below the baseline. If there is no increase in UOP after 2-3 boluses
of NS, forced diuresis with furosemide may be attempted. Absence of urine output in
spite of an elevated CVP is another reason for a furosemide diuresis. It should be noted
that forced diuresis does not necessarily improve graft outcome; its major advantage is
to forestall fluid overload and postpone an immediate need for dialysis (31, 32).

The rate of intravenous fluid infusion is reduced by 25% every 1 h if urine output
exceeds 5 ml/kg/h. Urine volume should be maintained at 2-5 ml/kg/h. Post-ischemic
diuresis may follow the recovery of renal allograft from ATN. Therefore, inadequate
fluid support may compromise long-term allograft function (317).

CASE SCENARIO

AR is an 11-year-old African American female who was previously healthy until few
months prior to the presentation at a local emergency room (ER). She had anorexia,
sleepiness, body weakness, and close to 15 kg weight loss in the last five months. She
had an increased frequency of emesis in the last few weeks, and an associated diarrhea
for 3 days. Her current medications included “apple cider vinegar” and an unidenti-
fied “enzyme supplement;” both of which were obtained from a health food store for
symptomatic relief. Her perinatal history was uneventful and immunization was up to
date.

What in the history suggests a possible diagnosis of kidney injury?

The history highlights a common clinical scenario in the presentation of chronic kid-
ney disease. This girl had been sick for a minimum of 5 months. She presented with
protracted uremic symptoms but apparently because of an adequate renal reserve visit
to the ER was avoided until the later phase of the illness. Uremia alters the control of
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hunger—satiety cycle by increasing brain secretion of anorectic serotonin, and causing
a decreased synthesis of (appetite stimulant) neuropeptide Y. In addition to low caloric
intake, catabolism with weight loss is promoted by pro-inflammatory cytokines (IL-1),
elaboration of leptin, and metabolic acidosis. Anemia and metabolic acidosis are con-
tributory to body weakness and somnolence. The protracted symptoms, in the setting of
a poor accessibility to health care services, may promote risky behavior such as seek-
ing homeopathic medicine or over-the-counter therapy. Often, these non-FDA approved
alternative agents (largely untested for nephrotoxicity) may cause further kidney injury.
Medication such as nonsteroidal anti-inflammatory drug may also cause a rapid loss in
renal function leading to deterioration in a compensated kidney disease. Her symptoms
progressively worsen over the months, and in the last 1 week an acute deterioration
necessitates urgent medical services.

What are the common chronic kidney diseases in which family history could be helpful
in making diagnosis?

Common kidney diseases with strong family history are Alport nephritis (X-linked
or autosomal inheritance), polycystic kidney disease (autosomal recessive or domi-
nant), and nephrogenic diabetes insipidus (X-linked or autosomal). Focal segmental
glomerulosclerosis (FSGS) is a common cause of nephrotic syndrome particularly in
African American population. FSGS is heterogeneous kidney disease, some of which
have clearly defined genetic mutation that involves functional integrity of podocytes (a
component of foot process in the glomerulus; important for ultrafiltration).

The family history in this patient is highly suspicious of a possible diagnosis of FSGS.
Both parents and a maternal aunt were on dialysis for end-stage kidney disease. Except
for the maternal aunt who had a preceding nephrotic syndrome the etiology of end-stage
kidney disease was unknown in both parents. Her paternal grandmother died of chronic
kidney disease. Her 20-year-old brother and 14-year-old sister were healthy, and both
had tested negative for proteinuria. Review of the system was unremarkable.

If this is an acute on chronic kidney injury, what are the expected physical findings?

Protracted fluid loss might have resulted in dehydration. On the other hand, long
standing oliguria may predispose to fluid retention including body edema, conges-
tive heart failure (CHF), and pulmonary edema. Severe hypertension with or without
encephalopathy is a likely complication. Advanced kidney disease may present with
anemia because of erythropoietin deficiency or dilutional effect of fluid retention. Defi-
cient 1-alpha hydroxylation of 25-vitamin D and secondary hyperparathyroidism may
result in hypocalcemia. Impaired glomerular filtration reduces renal phosphate clear-
ance. Metabolic acidosis may lead to lethargy and acidotic hyperventilation. Hyper-
kalemia is a possible complication due to impaired potassium clearance and an extracel-
lular shift of potassium in exchange for hydrogen ions. On the other hand, she may also
have hypokalemia because of the protracted emesis and total body potassium depletion
from skeletal muscle wasting.

Her clinical and laboratory findings reflect a number of the projected possibilities:
she had a normal mental status, good nutritional status, moderate pallor, mild—moderate
dehydration, but there was no jaundice, body edema, or peripheral adenopathy. Her axil-
lary temperature was 99°F, pulse rate 75/min, RR 20/ min, BP 162—177/100—115 mmHg,
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and pulse oximetry was 99% in room air. Her height was 153 cm and weight was 48.7 kg.
Other physical findings were not clinically significant.

Laboratory analysis: WBC was 5.1, hemoglobin 8.1 gm/dL, hematocrit 22.6%, and
platelet count was 145,000. Serum Na was 137 mEq/L, K 2.6 mEq/L, Cl 97 mEq/L,
HCOs3 19 mEq/L, glucose 77 mg/dL, BUN 93 mg/dL, Cr 18.7 mg/dL, Ca 4.3 mg/dL, P
9.6 mg/dL, and albumin 4.1 gm/L. Urine had a pH of 6.5, protein was >300 mg/dL, was
positive for ketones, but glucose was negative. EKG showed a prolonged QTc interval
with no arrhythmia. Echocardiogram showed a mild decrease in ventricular contractility.

Her calculated GFR (cGFR) by Schwartz formula is

¢GFR = k x Ht(cm)/Serum Cr (mg/dL) = 0.55 x 153/18.7 = 4.7 ml/min/1.73m2
(k; proportionality constant for age and sex = 0.55)

% loss in GFR = eGFR — cGFR/eGFR x 100 = 127 — 4.7/127 x 100 = 96.3%

(where eGFR = estimated normal GFR for age)

Using the pRIFLE criteria (see Table 1), she has a stage 3 AKI or acute kidney failure
(AKF). Thus, most likely she has an acute loss in GFR on a pre-existing kidney injury.
Because there is hardly any chance for renal recovery, a chronic maintenance dialysis
will be ultimately required.

Note that she presented with a weight of 48.7 kg which is >90th percentile for height.
With the loss of 15 kg in the course of the illness her real weight exceeds 64 kg (>99th,
percentile for height). Using the baseline weight to calculate her body mass index (BMI),
the value equals 28.4 kg/m? (which is >95th percentile = 26 kg/m?). Thus obesity is
a contributing factor to the kidney failure. The ensuing weight-loss in the course of
her illness is an adaptive mechanism by the kidney to minimize the metabolic load of
obesity. This is one of the reasons why kidney may be so resilient, and why kidney
injury may last long before obvious clinical manifestation.

What are the immediate and long-term therapeutic concerns?

Life-threatening complications must be addressed immediately including cardiac tox-
icity (prolonged QTc) from hypocalcemia and/or hypokalemia and correction of fluid
deficiency. Infusion of bicarbonate was not a priority because of its less severe deficit
and due to the danger of hypocalcemic tetany. Blood transfusion may be avoided if
there are no symptoms attributed to anemia. Otherwise, it may be given during dialysis
to avoid fluid overload in the presence of oliguric kidney injury. Severe hypertension
should be reduced slowly (50-75% over 24 h) with oral antihypertensive agents in the
absence of symptoms. If there is hypertensive encephalopathy, immediate intravenous
therapy with nicardipine, labetalol, diazoxide, or sodium nitroprusside is administered.
After the initial hemodynamic stability, central dialysis catheter is inserted and acute
hemodialysis is provided. To maintain fluid and electrolyte homeostasis, and restore
important renal function deficit, chronic dialysis is offered while supportive care is insti-
tuted for anemia, Vitamin D deficiency, hyperphosphatemia, hypertension, and nutri-
tional deficit. Dialysis modality is not an end in itself but a transitional procedure that
will allow for eventual renal allograft transplantation.
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Acute therapy for the patient included infusion of 5% dextrose and half saline with
20 mEq/L per liter of potassium chloride to correct dehydration and hypokalemia, intra-
venous Ca gluconate for severe hypocalcemia (restoring EKG changes back to nor-
mal), and thereafter acute hemodialysis. Chronic supportive care included home peri-
toneal dialysis, sevelamer hydrochloride as phosphate binder, erythropoietin for ane-
mia, nifedipine for hypertension, and 1, 25 Vitamin D as maintenance therapy for Ca
deficiency.

After an extensive pre-transplant work up, she was placed on a waiting list for cadav-
eric transplantation. Ten months after the initial diagnosis, she was offered the kidney
of a 31-year-old head injury victim of a motor vehicle accident. Cold ischemic time for
the allograft was 10 h. She had oliguria in the first 3 h of surgery with urine output of
15-20 ml/h. Although BP was 150/95 mmHg, CVP was low, 2-5 cm H,O. She received
three boluses of normal saline, which was followed by a prompt increase in rate of UOP
to 100—150 ml/h. Blood urea nitrogen was 48 mg/dL, while serum Cr was 18.8 mg/dL.
shortly after the graft surgery. By post-operative day 3, serum creatinine had decreased
to 7.4 mg/dL while by the 7th day the Cr was 1.6 mg/dL.
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14 Adrenal Causes of Electrolyte

Abnormalities: Hyponatremia/

Hyperkalemia

Lawrence A. Silverman

Key Points

1. Sodium and potassium homeostasis is tightly controlled by adrenal mineralocorticoid production.

2. Disorders of sexual differentiation are frequently associated with electrolyte disorders.

3. Inborn errors of aldosterone biosynthesis and bioactivity leading to lead hyponatremia and hyper-
kalemia.

Key Words: Congenital adrenal hyperplasia; Aldosterone deficiency; 17-OHP; aldosterone;
plasma renin activity

1. CONGENITAL ADRENAL HYPERPLASIA

An 8-day-old baby boy presents to the emergency department. He is ill appearing,
lethargic, and hypotensive. Initial laboratory assessment reveals a serum sodium of
131 mEqg/L and potassium of 6.3 mEq/L.

The diseases of the adrenal glands that result in disorders of salt and water metabolism
can be classified as diseases of either aldosterone deficiency or aldosterone excess. Fur-
ther classification of diseases of aldosterone deficiency includes disorders of decreased
aldosterone production or decreased activity.

Case Scenario I: The most common cause of decreased aldosterone production lies
within the group of disorders commonly referred to as congenital adrenal hyperplasia
(CAH). CAH is a group on inherited disorders of adrenal steroid biosynthesis (Fig. 1).
While this group of diseases is commonly thought of only as a disorder of sexual differ-
entiation at birth, the associated disorders in production of aldosterone and its precursors
frequently lead to abnormalities in sodium and potassium homeostasis. Eventually, these
disorders can lead to issues of severe dehydration, sodium and potassium imbalance,
and, ultimately, life-threatening shock (Table 1) (7).
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Fig. 1. Pathway of adrenal steroid synthesis.

As noted in earlier chapters, aldosterone is produced by the cells of the zona glomeru-
losa of the adrenal gland. Its production is regulated by angiotensin II, which in turn is
regulated by renin levels. Renin production reflects intravascular volume, as detected by
renal perfusion through the juxtaglomerular apparatus. Both potassium and to a lesser
degree adrenocorticotropic hormone (ACTH) levels are also important in the regulation
of aldosterone levels. Aldosterone in turn acts at the distal tubule, via the mineralocor-
ticoid receptor, resulting in activation of sodium channels and the sodium—potassium
pump. This results in resorption of sodium and water and excretion of potassium. This
ultimately controls electrolyte and fluid regulation (2).

Table 1
Forms of CAH with Electrolyte Disturbances

Lipoid adrenal hyperplasia (StAR or 20,22 desmolase deficiency)
3B-Hydroxysteroid dehydrogenase deficiency

21-Hydroxylase deficiency

Aldosterone synthetase deficiency

Of the six forms of CAH, 21-hydroylase deficiency is the most common, accounting
for 90% of all CAH (3). With an incidence of approximately 1 in 15,000, up to 75% of
cases are noted to be “salt wasters.” As noted in the adrenal steroidogenic pathway, this
disease state is not a primary defect in aldosterone biosynthesis, but rather the inability
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to synthesize aldosterone precursors leading to aldosterone deficiency and a consequent
inability to resorb sodium and excrete potassium in the tubules. Hence hyponatremic
hyperkalemic metabolic acidosis is observed in untreated patients.

The presentation of infants with 21-hydroxylse deficiency may be dependent upon
the sex of the newborn. An overvirilized female will frequently be noted to have a dis-
order of sexual differentiation and generally be observed in the nursery for signs of salt
wasting, once the diagnosis of CAH is entertained. However, a newborn male with salt
losing 21-hydroxylase deficiency may only have the subtle stigmata of mild hyperpig-
mentation. Thus, an infant boy may present ill appearing with hyperkalemic, hypona-
tremic acidosis. This presentation is usually after the first week of life, as the control
of fetal electrolytes relies on the placenta and the mother’s kidneys. With the institution
of newborn screening programs for 21-hydroxylase deficiency throughout the United
States, this presentation will hopefully become less common. However, normal new-
born screening results do not rule out the possibility of disease.

The other, less common causes of CAH may similarly present with ambiguous gen-
italia and abnormalities related to salt wasting and hypertension. These include 3f-
hydroxysteroid dehydrogenase deficiency as well as StAR (congenital lipoid hyperpla-
sia) deficiency (4, 5). As noted from Table 1, both of these forms of CAH also lead to
decrease production of aldosterone with subsequent salt wasting crisis in the newborn
period. Both of these enzyme deficiencies may lead to disorders of sexual differentia-
tion, as males with StAR deficiency and males with 3B-hydroxysteroid dehydrogenase
deficiency will be undervirilized while females will be overvirilized.

2. ALDOSTERONE BIOSYNTHETIC DEFICIENCIES

Specific disorders in aldosterone biosynthesis have also been described that are not
usually associated with either disorders of sexual differentiation or cortisol production
(2). Aldosterone synthetase deficiency, also known as corticosterone methyl oxidase
(CMO) I and II, deficiency are among this subgroup. These patients will present with
failure to thrive and mild salt-wasting crisis, hyponatremic, hyperkalemic, metabolic
acidosis in the first few months of life. The secretory rate of deoxycorticosterone (DOC)
is insufficient to meet the mineralocorticoid requirement of a newborn. As they also have
normal cortisol production, hypotension and shock are less likely.

3. DEFECTS IN ALDOSTERONE ACTION

With less than 100 cases reported in the literature, a rare resistance to aldosterone
has been reported. These patients with pseudohypoaldosteronism type I would present
in a fashion similar to those with aldosterone deficiency, but laboratory findings would
note elevated aldosterone levels and elevated plasma rennin activity (PRA). As noted in
earlier chapters, patients with primary renal disease, including obstructive and infective
process, may also present with aldosterone resistant picture, sometimes referred to as
type 4 RTA.



318 Part IV / Special Situations of Fluid and Electrolyte Disorders

4. CONGENITAL SYNDROMES

There are rare syndromes associated with lack of development of the adrenal gland
(Table 2). These are not specifically related to enzyme deficiency in the gland, but a lack
of development of a normally functioning gland from an anatomic/physiologic perspec-
tive. Among these disorders are syndromic disorders, including Smith—Lemli—Opitz and
deficiencies of two genes important to adrenal gland development, DAX and SF-1. This
specific X-linked adrenal hypoplasia may also be associated with muscular dystrophy
and glycerol kinase deficiency.

Table 2
Syndromes Associated with Adrenal Insufficiency

Smith-Lemli—Opitz

X-linked muscular dystrophy/glycerol kinase deficiency/adrenal hypoplasia
Zellweger syndrome

Wolman disease

Adrenal leukodystrophy

Allgrove syndrome

Other congenital syndromes may affect lipid production, and hence an inability to
provide the cholesterol precursors necessary for adrenal steroid biosynthesis. These
include Zellweger and Wolman syndromes. The adrenal leukodystrophies and the AAA
syndrome of achalasia—addisonianism—alacrima often present later in childhood and
have variable mineralocorticoid deficiency.

5. ACQUIRED ADRENAL INSUFFICIENCY

Case Scenario 2: A 13-year-old girl with a history of Hashimoto’s thyroiditis presents
with fatigue and weight loss.

While less common, there are a number of acquired forms of adrenal insufficiency.
Included among these are insufficiency secondary to adrenal hemorrhage, either in the
newborn period, or secondary to infection, i.e., Waterhouse—Friderichsen syndrome.
Viral, fungal, and tuberculin infections leading to adrenal insufficiency have been
described, as has infiltrative disorders, including sarcoidosis, amyloidosis, and histio-
cytosis X (6).

Perhaps more relevant to pediatric practice are those disorders that fall into the
autoimmune classification. While frequently isolated, acquired adrenal insufficiency
may be associated with other endocrine hypofunction, as well as vitiligo and muco-
cutaneous candidiasis. Certainly in the setting of other autoimmune disease, as well
as a positive family history, an increased index of suspicion will help in making the
diagnosis.

It is important to note that those diseases that lead to ACTH deficiency rarely cause
disturbances in electrolyte balance, as this system is under the control of the renin—
angiotensin—aldosterone system, which is independent of ACTH production.
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6. HYPOKALEMIA

While rare, 17a-hydroxylase deficiency presents later in life, usually around the time
of puberty, with hypokalemia and hypertension and delayed puberty. Increased sub-
strate, specifically deoxycorticosterone (DOC), which has aldosterone-like effects in the
mineralocorticoid pathway, leads to increased production of precursors, hence leading
to hypokalemia (7).

7. ACUTE ADRENAL INSUFFICIENCY WITH MINERALOCORTICOID
DEFICIENCY

7.1. Evaluation and Treatment

Most commonly acute adrenal insufficiency with electrolyte disturbances presents in
the neonatal period.

Referring to the vignette (Case Scenario 1) at the beginning of this chapter, an 8-day-
old baby boy presents to the emergency department. He is ill appearing, lethargic, and
hypotensive. Initial laboratory assessment reveals a serum sodium of 131 mEq/L and a
potassium of 6.3 mEq/L. Serum glucose is 35 mg/dL. Further history reveals persistent
vomiting and poor feeding as well as decreased wet diapers. A family history reveals
a previous male child died at 3 weeks of age of reported diarrhea, dehydration, and
shock. On physical exam, the infant is ill appearing and markedly dehydrated. He is in
shock. His weight is 15% below birth weight. He has a generous sized phallus, with
hyperpigmented nipples, and scrotum.

The patient’s history, physical, and laboratory exam are consistent with the diagnosis
of salt losing congenital adrenal hyperplasia (Table 3). The most likely disease in the
CAH spectrum is 21-hydroxylase deficiency.

Table 3
Signs of Mineralocorticoid Deficiency

Weakness

Weight loss

Anorexia

Fatigue

Salt craving

Hypotension

Hyperpigmentation

Hyponatremic, hyperkalemic acidosis

As with any patient, the first goal is acute resuscitation. In this case, fluid in the form
of normal saline, with or without dextrose, to correct shock is of primary importance.
In addition, a stress dose of hydrocortisone should be given, 25 mg/m? IV; this may
be life saving. During the initial workup, a “red top tube” can be set aside for serum
analysis of adrenal steroid precursors, the most important of which is 17-hydroxypro-
gesterone. Additional laboratory evaluation that may be obtained to help diagnose
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mineralocorticoid deficiency include urine electrolytes and a plasma renin activity
(obtained in a “purple top”” EDTA tube and placed on ice).

Once the patient has been stabilized and is no longer in extremis, the diagnosis is
confirmed by elevation of adrenal precursors, either random or after ACTH testing, and
DNA analysis, replacement therapy can begin. The goal of therapy in CAH is to decrease
adrenal androgen production by replacing cortisol and to insure electrolyte homeosta-
sis by replacing aldosterone. To achieve this goal, hydrocortisone replacement require-
ments are generally higher than the normal cortisol secretory rate of 7.5-12.5 mg/m?
divided into every 8-h oral dosing In addition mineralocorticoid replacement is given as
9-alpha-fluorocortisol acetate (fludrocortisone). This dose is titrated to blood pressure,
electrolytes and plasma renin activity levels. Infants generally need larger doses than
older children. As infants generally receive very little sodium though either breast milk
(7.7 mEq/1) or infant formula (18.5 mEq/l), sodium replacement, frequently as 2 g of
table salt daily, is needed until enough dietary sodium is ingested daily. The sodium
requirement of an infant is 2-3 mEq/kg/day.

CASE SCENARIO 2

A 13-year-old girl with a history of Hashimoto’s thyroiditis presents with fatigue and
weight loss. History reveals intermittent abdominal pain and occasional vomiting in the
afternoon. Upon further questioning there is increased intake of salty foods. Family his-
tory is positive for a relative with type 1 diabetes and premature ovarian failure. Upon
exam, the girl is cachectic, with a 10-pound weight loss. There is mild hyperpigmenta-
tion on the palms, soles, and gums, and no tan lines are noticed. Laboratory evaluation
reveals a serum sodium concentration of 131 mEq/L, potassium 5.4 mEqg/L. A morn-
ing cortisol level is low, 3.2 mcg/dL (3-21), with an inappropriately elevated ACTH of
824 pg/ml (6-48).

This patient appears to have acquired adrenal insufficiency. In the setting of another
autoimmune endocrinopathy in the patient, and the family history of a relative with
autoimmune endocrinopathy, the history and findings are consistent with polyglandu-
lar autoimmune syndrome (§). The autoimmune etiology can be confirmed by measur-
ing anti-21-hydroxylase antibodies. Treatment in this situation is related to long-term
replacement of glucocorticoids and mineralocorticoid; as the patient is not in extremis,
stress coverage may not be necessary (Table 4). In general, older patients will have their

Table 4

Maintenance and Stress Glucocorticoid and Mineralocorticoid Replacement

Medication Maintenance dosage range Stress dosage

Glucocorticoid replacement 7.5-12.5 /every 8 hours 25-50
(mg/m2/24 hours)

Mineralocorticoid 0.05-1.5 0.05-1.5
(mg/day)

Note: no additional mineralocorticoid stress dosage is required, as the increased glucocorticoids will
provide enough mineralocorticoid effect.
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own “salt seeking” behavior and supplemental sodium is rarely necessary to maintain
sodium and potassium in the normal range.
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1 5 A Physiologic Approach to Hereditary
Tubulopathies

Marva Moxey-Mims and Paul Goodyer

Key Points

1. The primary function of the proximal tubule is the bulk reabsorption of inorganic and organic
solutes.

2. Fanconi syndrome is a generalized term applied to a large number of disorders characterized by
defective proximal tubular reabsorption of numerous solutes. The most common inherited cause
is cystinosis.

3. Normally, 99% of filtered sodium is actively reabsorbed by the renal tubules, with sequential
fine-tuning as the glomerular filtrate moves along the nephron.

4. Isolated salt-losing syndromes result from luminal transporter disorders along the thick ascending
limb of Henle, the distal convoluted tubule, or the cortical collecting tubule.

Key Words: Fanconi syndrome; cystinosis; salt-losing syndromes; aminoaciduria; bicarbon-
aturia; proximal tubule; phosphaturia; pseudohypoaldosteronism; nephrogenic diabetes insipidus;
Bartter syndrome

1. CASE SCENARIO

A 4-month-old boy presents to his pediatrician with failure to thrive (birth weight
was 2800 g but body weight is now <3rd percentile). He was born 1 month prema-
turely and the mother reports polyhydramnios during pregnancy. She is bottle-feeding
her child and reports that he drinks vigorously, going through more diapers than his
older sister used to. The boy has been circumcised and has an excellent urinary stream.
He is afebrile and there are no dysmorphic features but the baby seems irritable and
occasionally vomits in the morning. Serum creatinine is at the high end of the normal
range.

Although the investigation of failure to thrive in infancy requires us to consider a
broad differential diagnosis, the history of polyhydramnios and polyuria in this case sug-
gest the possibility of an inborn renal tubulopathy. One approach is to consider specific
investigations for a fairly long list of rare inherited diseases that might affect renal tubu-
lar transport, but a more efficient diagnostic strategy is to begin with simple screening
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tests of tubular function to define the dysfunctional nephron segment causing polyuria.
This narrows the differential diagnosis and helps to define the therapeutic plan that might
correct growth failure.

Here, we take a physiologic approach to diagnosis of inherited forms of infantile
polyuria and divide the causes into those arising from salt wasting in the proximal tubule,
loop of Henle, or collecting duct and polyuria arising from defective water reabsorption
in the collecting duct. We focus on functional tests of specific nephron segments, which
can be obtained with single blood and urine samples at the time of a clinic visit.

2. DYSFUNCTION OF THE RENAL PROXIMAL TUBULE (FANCONI
SYNDROME)

2.1. Renal Fanconi Syndrome

Fanconi syndrome is the term used to describe a generalized dysregulation of prox-
imal tubular function. This disorder may be inherited, acquired or idiopathic (Tables 1
and 2). Since the proximal tubule is where most solute and water reabsorption normally
occur, impaired reabsorption results in excessive urinary excretion of many solutes,
specifically glucose, bicarbonate, phosphate, amino acids, low molecular weight pro-
teins, and uric acid.

Table 1

Inherited Causes of Fanconi Syndrome

Cystinosis

Tyrosinemia

Lowe’s syndrome
Galactosemia
Fructosemia
Fanconi—Bickel syndrome
Dent’s disease
Mitochondrial disorders
Wilson’s disease

Cystinosis is the most common cause of the Fanconi syndrome in children. It is
an autosomal recessive disorder characterized by intracellular deposits of cystine. The
genetic mutation here is in the CTNS gene that encodes cystinosin, a lysosomal mem-
brane cystine transport protein (/). As a result, cystine cannot be transported to the
cytosol after protein degradation, causing progressive lysosomal cystine accumulation.
Cystinosis is a systemic disease, but the initial clinical presentation is dominated by the
signs and symptoms of the proximal tubular dysfunction. In contrast, the clinical presen-
tations of the other inherited causes of Fanconi syndrome (Table 1) tend to be dominated
by their systemic findings.
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Table 2
Drugs that Can Induce Fanconi Syn-
drome

Anticancer Drugs
Ifosfamide
Cisplatin and carboplatin
Streptozocin
Azacitidine
Mercaptopurine

Antiviral Agents
Didanosine
Adefovir
Cidofovir
Tenofovir

Antibacterial drugs
Tetracyclines
Aminoglycosides

Other drugs/toxins
Suranim
Valproate
Fumaric acid
Ranitidine
Salicylates
Methyl-3-chromone

Glue sniffing

2.1.1. CLINICAL PRESENTATION

Many inherited tubulopathies can lead to renal Fanconi syndrome. Laboratory find-
ings include glucosuria (in the face of normoglycemia), aminoaciduria, low molecular
weight proteinuria, renal tubular acidosis due to loss of bicarbonate, hypokalemia, uri-
cosuria, and phosphaturia. Children with genetic causes for tubular dysfunction often
present in infancy. For example, the most severe form of cystinosis (infantile) presents
between 6 and 12 months with the biochemical abnormalities described above, along
with rickets.

2.1.2. PATHOPHYSIOLOGY/PATHOGENESIS

There is now evidence for a single common pathogenetic mechanism for all Fanconi
syndrome etiologies, rather than multiple defective transporters causing excess solute
loss. The unifying defect appears to be the reduced availability of ATP for the enzyme
Na,K-ATPase. This is caused by various metabolic disorders, which reduce sodium
extrusion from the tubular cell, reducing the gradient for transport of solutes coupled
to sodium reabsorption (2, 3) (Fig. 1).

In 1935, Fanconi described several children with a broad pattern of proximal tubular
dysfunction; subsequent autopsy studies indicated that his patients probably had nephro-
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Fig. 1. Proximal tubule. X = solutes coupled to sodium reabsorption, e.g., amino acids, glucose,
phosphate. If sodium absorption is impaired, the gradient for transport of these solutes is reduced.

pathic cystinosis. In this disease, homozygous null mutations of the cystinosin gene
preclude normal efflux of cystine from the lysosome. Lysosomal cystine accumulation
causes progressive tissue injury, beginning with renal proximal tubular dysfunction in
the first year of life. The renal proximal tubule is damaged earlier than many other tis-
sues, presumably because of the high burden of protein delivered to lysosomes during
endocytosis of low molecular weight (LMW) proteins from the proximal tubular fluid.
Thus, the polyuria and failure to thrive described in the index case above could eas-
ily be caused by cystinosis or some other cause of congenital renal Fanconi syndrome.
Evidence of proximal tubule function based on the tests below allows one to focus dif-
ferential diagnosis on the causes of hereditary renal Fanconi syndrome.

2.1.3. PROXIMAL TUBULE PHYSIOLOGY

A 5-month-old infant with normal glomerular filtration rate ultrafilters about 40 L
of isotonic fluid into Bowman’s space each day. More than two-thirds of the filtered
load is reabsorbed during its passage along the convoluted and straight portions of the
proximal tubule. Proximal tubular cells are endowed with elaborate microvilli to expand
the luminal reabsorptive surface and are richly supplied with mitochondria to generate
energy for active transport. Luminal reabsorption of sodium chloride is coupled to the
uptake of both inorganic (bicarbonate, phosphate, sulfate) and organic (glucose, amino
and carboxylic acids) solutes; transfer across the basolateral membrane into the per-
itubular space is driven largely by Na—K-ATPase and 3HCO3-Na co-transport. Active
transport generates a small but powerful osmotic gradient (4 mOsm/L) across the prox-
imal tubule, which drives the flow of water through aquaporin-1 water channels in the
cell membrane and via the leaky paracellular pathway between cells. Flow through the
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paracellular pathway causes additional reabsorption of NaCl through passive solvent
drag. Together, these mechanisms remove about 65% of the filtered NaCl and water and
nearly 100% of the filtered bicarbonate, phosphate, and organic solutes.

The renal glomerulus effectively restricts the flux of large proteins into the urine, but
LMW proteins such as beta-2 microglobulin (12 kDa), alpha-1 microglobulin (33 kDa),
retinol binding protein (21 kDa), or peptide hormones easily enter the tubular fluid along
with other small solutes and water. Proteins in the tubular fluid are efficiently adsorbed
to non-specific cationic sites in the luminal membrane the proximal tubular cell and are
taken up through endocytosis. Endocytotic vesicles traffic to lysosomes where the pro-
tein is cleaved into its constituent amino acids and recycled by exiting the compartment
through selective channels in the lysosomal membrane. Once the protein cargo has been
delivered, endocytotic vesicles are recycled to the luminal membrane.

2.1.4. CLINICAL TESTS TO IDENTIFY PROXIMAL TUBULAR DYSFUNCTION

As mentioned above, dysfunction of the renal proximal tubule may cause profound
polyuria when bulk reabsorption of salt and water is compromised. However, the unique
features of proximal tubule dysfunction are best identified by clinical tests, which mea-
sure reabsorption of organic solutes and protein or specific inorganic solutes primar-
ily absorbed in the proximal tubule such as phosphate, bicarbonate, and potassium.
Because proximal tubular bicarbonate transport is quantitatively important, polyuria
may be expected in infants with isolated proximal renal tubular acidosis. However, this
is an extremely rare condition. Isolated transport defects affecting phosphate (e.g., X-
linked hypophosphatemic rickets) or specific groups of amino acids (e.g., cystinuria) do
not produce significant polyuria. Practically speaking, therefore, infants presenting with
the syndrome above should be investigated for evidence of a broad dysfunction of the
proximal tubule, i.e., renal Fanconi syndrome.

2.1.5. AMINO ACIDURIA

Since approximately 99% of the filtered load of amino acids are reabsorbed in the
proximal tubules, quantification of urine amino acids (factored for urine creatinine) in a
random aliquot of urine provides a robust indicator of broad proximal tubule dysfunc-
tion. The widespread transport defect of renal Fanconi syndrome should, however, be
distinguished from selective patterns of aminoaciduria (e.g., cystinuria), which affect
only one of the many amino acid transport mechanisms. Cystinuria carriers (affecting
only cystine, ornithine, arginine, and lysine) are not uncommon (1:75 live births) and
might be present by chance in children without a broad Fanconi syndrome. Urine amino
acids are usually measured on automated amino acid analyzers, however, with an inher-
ent cost and delay in obtaining the result.

2.1.6. LOW MOLECULAR WEIGHT (“TUBULAR’’) PROTEINURIA

Healthy infants excrete about 40-50 g of protein per day in the urine (109
wg/m?/day); urine protein/creatinine ratio is normally <0.49 mg protein/mg creatinine
in infants or <0.18 mg protein/mg creatinine in children over 1 year of age. About half
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of this is albumin and half is constituted by other proteins such as the LMW proteins
(molecular weight <40 kDa), which are more freely filtered through the glomerular
slit pore diaphragm. In renal Fanconi syndrome, urinary excretion of both albumin and
LMW proteins increases. Dipsticks (embedded with tetrabromophenol blue) commonly
used to detect proteinuria may detect the increased albuminuria, but are relatively insen-
sitive to most LMW proteins. A simple “bedside” test, which detects both albumin and
LMW protein, involves addition of 3 drops of 20% sulfosalicylic acid to 5 ml of urine;
proteinuria is evident if the urine becomes turbid (due to protein denaturation at low
pH). For convincing evidence of proximal tubular dysfunction, however, quantification
of a specific LMW is usually required. In normal children, urinary beta-2 microglobulin
concentration is less than 0.36 mg/L (less than 0.4% of the filtered load), whereas it typ-
ically ranges from 10 to 30 mg/L in children with renal Fanconi syndrome (4). Beta-2
microglobulin, normalized for urine creatinine, should be <40 mg/mmol creatinine (5).

2.1.7. PHOSPHATURIA

The renal proximal tubule normally reabsorbs between 85 and 95% of the filtered load
of phosphate during infancy. Excessive phosphaturia is common in Fanconi syndrome,
often depleting the body pool of phosphate and causing hypophosphatemic rickets. In
the setting of low serum levels of phosphate, failure to reabsorb at least 85% of the fil-
tered load is abnormal. The tubular reabsorption of phosphate (TRP) is easily calculated
from simultaneous blood and urine samples:

[Urine PO4 x serum creatinine]

- . — x 100%
[Serum PO4 X urine creatinine]
Two important caveats must be considered, however, in the interpretation of TRP
values. In the setting of hyperparathyroidism (e.g., vitamin D-deficient rickets or renal
failure) phosphaturia is physiologic and represents the normal effect of parathyroid hor-
mone rather than proximal tubular dysfunction. Conversely, TRP may be close to normal
when serum phosphate (and thus the phosphate load presented to the proximal tubule) is
markedly decreased; in this case, TRP should be re-evaluated after partial correction of
phosphate depletion. Alternatively, nomograms estimating the renal threshold for phos-
phate (TmP/GFR) from the parameters above have been published; TmP/GFR should
be >2.8 mg/dL (6).

2.1.8. BICARBONATURIA (PROXIMAL RTA)

In infants with renal Fanconi syndrome, variable degrees of proximal tubular trans-
port dysfunction may cause urinary bicarbonate wasting, systemic acidosis, and low
serum bicarbonate levels. The challenge is to distinguish proximal from distal renal
tubular acidosis. At the time of presentation, physicians have the opportunity (often
missed) to determine whether distal nephron acid secretion is intact. This may be accom-
plished by assessing urine pH in a urine sample obtained prior to any bicarbonate
therapy. In the face of acidosis caused by proximal RTA, the distal tubule can acid-
ify the urine to a pH below 5.3. Insertion of a urinary catheter allows serial measures of
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urine pH during slow intravenous bicarbonate infusion to repair acidosis; simultaneous
measures of serum bicarbonate allow an estimate of the renal bicarbonate threshold — the
point at which the bicarbonate filtered load exceeds proximal tubule reabsorptive capac-
ity, spilling into the distal nephron to increase urinary pH to >6.0. The renal bicarbonate
threshold measured in this fashion should be above 18 mEq/L.

2.1.9. PROXIMAL POTASSIUM REABSORPTION

The interpretation of urinary potassium excretion is complex, since bulk reabsorp-
tion (normally greater than 90% of the filtered load) occurs in the proximal tubule, but
also in the loop of Henle and (in states of potassium depletion) in the collecting duct.
Furthermore, the daily intake of potassium is secreted by principal cells of the renal
collecting duct. Thus, urinary potassium excretion is not a simple measure of proximal
tubule function. Nevertheless, infants with renal Fanconi syndrome exhibit potassium
excretion in excess of the usual amount secreted by the collecting duct.

Fractional excretion of potassium (FEx) is calculated as

[Urine potassium x serum creatinine]

FEk x 100%

= [Serum potassium x urine creatinine]

Potassium excretion by normal infants is slightly higher than in older children and
adults; among normal infants, mean FEx = 12.2% (range = 5-27%); values above 27%
indicate potassium wasting (7).

2.1.10. WORKUP

The laboratory workup includes serum electrolytes, urea, creatinine, calcium, phos-
phate, and magnesium to document metabolic acidosis and hypophosphatemia and rule
out evidence of kidney failure. The urinary pH should be documented when the patient
is acidotic. Urinary phosphate and glucose excretion, as well as aminoaciduria need to
be evaluated. A check of urinary low molecular weight proteins (retinol binding pro-
tein, beta-2 microglobulin, or N-acetylglucosaminidase) should also be considered for
diagnostic confirmation. If cystinosis is suspected, a slit lamp examination by an oph-
thalmologist to look for corneal cystine crystals is a must, as well as a check for elevated
leukocyte cystine levels. In cases of a family history of the disease, the diagnosis can
actually be made prenatally via amniocentesis or chorionic villus sampling (8).

2.1.11. TREATMENT

Once the diagnosis of cystinosis is made, it is very important to start definitive treat-
ment with cysteamine (B-mercaptoethylamine), as early treatment has been shown to
substantially delay the progression of renal failure (9—/17). The recommended dose is
1.3-1.9 g/1.73 m?/day. Without treatment, these patients progress to end-stage kidney
disease during the first decade of life in the majority of cases. Despite its efficacy, the
odor and taste of cysteamine are impediments to long-term medication compliance. In
addition, patients require correction of the metabolic acidosis with sodium or potas-
sium citrate at a dose of 10-20 mEq/kg/day. The hypophosphatemia and rickets are
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treated with oral phosphate at 25-75 mg/kg and calcitriol 10-30 ng/kg/day. Sodium
supplements are often necessary as well to address the mild hyponatremia and improve
growth. Many children with cystinosis also develop hypothyroidism, so appropriate sup-
plementation with thyroxine should be initiated.

2.2. Salt-Wasting Syndromes

Salt wasting can occur because of a central stimulus to increase renal excretion (cere-
bral salt wasting — see Chapter 1), or because of mutations in sodium transporters that
result in decreased distal reabsorption (renal salt wasting).

2.2.1. RENAL SALT-WASTING SYNDROMES

The two major proximal tubular salt and water transporter mechanisms involve the
water channel aquaporin (AQP1) and the sodium proton exchanger, NHE3. Despite the
fact that 60-70% of total renal salt and water absorption occurs in the proximal tubule,
defects in this region are unlikely to lead to clinically significant sodium losses. Knock-
out mice with mutations of genes encoding AQP1 or NHE3 exhibit efficient hemody-
namic compensatory mechanisms that result in a decreased glomerular filtration rate
and consequently minimal impact on sodium excretion (37). Severe syndromes of salt
wasting are caused by transport deficiencies downstream from the proximal tubule, in
the thick ascending limb of Henle (TALH), the distal convoluted tubule (DCT), or the
cortical collecting tubule (CCT).

3. DYSFUNCTION OF THE LOOP OF HENLE (BARTTER SYNDROME)

3.1. Loop of Henle Physiology

Nearly 30% of filtered NaCl is reabsorbed in the TALH, but the segment is largely
impermeable to water (Table 3). At the luminal surface, uptake of sodium, potassium,
and chloride are accomplished by the furosemide-sensitive cotransporter, NKCC2. At
the basolateral surface, sodium is pumped into the peritubular space by Na—K-ATPase,
while chloride exits passively down its electrochemical gradient through two chloride

Table 3
Tubular Transporter Defects of Primary Renal Salt Wasting
Affected nephron Defective

Syndrome segment transporter

Bartter syndrome TALH NKCC2
ROMK
CIC-Kb
Barrtin

Gitelman’s syndrome DCT NCCT

PHA1 CCT NCCT
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channels (CIC-Ka and CIC-Kb), which both utilize the same subunit protein, Barttin.
Potassium is recycled into the lumen through an outwardly directed potassium channel,
allowing the next round of Na/K/Cl, uptake. By transferring salt in the absence of water,
the TALH generates a hypertonic medullary interstitium, which allows water reabsorp-
tion from the collecting duct in the presence of vasopressin. Thus mutation of any of
the above proteins interferes with the overall function of the transport mechanism in the
TALH, causing profound loss of salt and water resembling the effects of furosemide.

3.2. Bartter Syndrome

Infants presenting with polyuria and failure to thrive may have Bartter syndrome,
a hereditary dysfunction of the TALH. Bartter first described this autosomal reces-
sive syndrome in adults with a milder defect of Na/K/Cl, co-transport in the TALH
(12). The most striking features of the syndrome (hypokalemia, alkalosis, increased uri-
nary prostaglandins, and hyperplasia of the juxtaglomerular apparatus with elevation of
plasma renin) are actually manifestations of the compensatory renal response to massive
salt wasting. The syndrome is genetically heterogeneous and may be caused by half a
dozen different mutant genes — all related to the complex transport mechanism for salt
reabsorption in the TALH.

In Type 1 Bartter syndrome, TALH dysfunction is due to inactivating mutations of
the Na/K/Cl, co-transporter gene (SLC2A1) (13). Neonates are profoundly affected
and there is typically a history of polyhydramnios. Affected infants may become dehy-
drated in the first days of life and fail to thrive. Hyponatremia and hypokalemia are
profound and early recognition of the syndrome may be life-saving. Plasma renin is typ-
ically elevated 10-20 times normal and elevated levels of urinary prostaglandins reflect
stimulated production of PGE in the juxtaglomerular apparatus in an effort to maintain
glomerular blood flow.

A second genetic type of neonatal Bartter syndrome has been identified in which
mutations of the gene (KCNJ1) encoding the outwardly rectifying potassium channel
(ROMK) in the thick ascending limb of Henle (/3). While urinary salt wasting may be
profound, ROMK is also needed for potassium excretion in the collecting duct, therefore
serum potassium may be normal or even elevated. The presence of alkalosis, however,
distinguishes this form of Bartter syndrome from pseudohypoaldosteronism, congenital
adrenal hyperplasia, or adrenal insufficiency (Fig. 2).

Infants may also develop Type IV Bartter syndrome with deafness due to mutations of
the BSND gene, encoding a protein (Barttin) expressed in the basolateral membrane of
TALH cells, collecting duct intercalated cells and in cells of the cochlea and vestibular
system of the ear (/4). Barttin is a critical subunit of both the CLC-Ka and CLC-Kb
chloride channels in the TALH, so affected patients develop severe salt wasting. Rarely,
patients with digenic mutations of both chloride channels develop the same pattern of
disease. Since CLC-Ka is expressed in the ear, these digenic type IV Bartter patients
also develop deafness (15). Hypercalciuria and nephrocalcinosis are uncommon.

In slightly milder forms of Bartter syndrome, children may present during the first
2 years of life with polyuria, vomiting, episodes of unexplained fever, and growth
retardation. Among these patients are those with mutations in only one chloride channel
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Fig. 2. Thick ascending limb of Henle. Loss of function of NKCC2 results in one form of neonatal
Bartter syndrome. Loss of ROMK function causes another, and a defect in barttin causes the form of
Bartter syndrome associated with deafness. “Classic” Bartter results from a defect in CLCNKB and
is less severe than the neonatal form.

gene (CLCNKB) (76). Since the alternative chloride channel (CLC-Ka) is intact, there
is some chloride efflux and salt wasting is only moderately compromised. Patients have
normal hearing and tend not to have hypercalciuria and nephrocalcinosis (/7).

Finally, it has been noted that patients with activating mutations of the calcium sens-
ing receptor may exhibit modest salt wasting and hypokalemia. Since the disease is char-
acterized by autosomal dominant hypocalcemia, it is easily distinguished from classical
Bartter syndrome. However, the mechanisms for salt wasting in the two conditions are
related. Increased reabsorption of calcium produces a less favorable electrical gradient
for the NKCC2-mediated salt reabsorption in the TALH.

3.2.1. CLINICAL TESTS TO EXAMINE TALH FUNCTION
In the absence of Fanconi syndrome, TALH dysfunction is identified by

(1) Evidence of intravascular volume contraction (massive elevation of plasma renin
and aldosterone); normal levels are slightly higher than in adults and it is difficult to
distinguish recumbent from upright levels but the striking elevation in primary salt-
losing states is easily distinguished from normal.

Plasma renin activity (infants): normal = 3.1£3.5 ng/mL/h
Bartter syndrome = 10-30 ng/mL/h
Plasma aldosterone (infants): normal = 18.3+12.2 ng/dL
Bartter syndrome = 30-300 ng/dL.
(wide variation depending on hypokalemia)
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(2) Evidence of inappropriate urinary excretion of NaCl; the extent of urinary sodium
losses can be assessed by measuring fractional excretion of sodium after central volume
restoration. If measured when the infant presents with massive renin and aldosterone
elevation, FENa™ excretion can be deceptively close to “normal” (1%).

FENa* — [Urine Na™ x Serl.lm creat?n?ne] < 100%
[Serum Nat x Urine creatinine]

(3) Evidence of compensatory stimulation of sodium reabsorption in the collecting
duct. In all states of severe volume contraction, elevated levels of aldosterone stimulate
sodium reabsorption in the collecting duct in exchange for hydrogen ion or potassium
excretion. Since restoration of central volume takes precedence over acid/base balance,
infants who lose salt from the TALH exhibit an acid urine pH (<6.0) in the face of
systemic alkalosis. Stimulated potassium secretion can be demonstrated by an estimate
of the potassium secretory gradient from blood to the lumen of the cortical collecting
tubule. A “bedside” measure of the transtubular potassium gradient (TTKG) (see below)
involves an adjustment of urine potassium concentration for the amount of water reab-
sorbed during transit along the collecting duct. Normal infant TTKG ranges between
4 and 8; values between 10 and 13 are commonly seen in Bartter syndrome and other
salt-wasting states where aldosterone levels are high and the collecting duct is intact.

(4) Evidence of hypercalciuria (salt wasting in the TALH causes unfavorable elec-
trophysiology for distal tubular calcium reabsorption). Hypercalciuria can be identified
by measuring urine calcium to creatinine ratio, but in practice, the wide range of nor-
mal values among infants greatly reduces the sensitivity of this test before the age of 1
year. Care should be taken regarding units for normal values of this ratio since the upper
limit of normal for infants > 1 year is 0.6 (mmol calcium/mmol creatinine) — or 0.2 (mg
calcium/mg creatinine) (18, 19).

3.2.2. TREATMENT OF BARTTER’S

Patients require sodium chloride and potassium replacement (5—-10 mEq/kg/day in
four divided doses). For infants, the salt content of formula can be adjusted to 40—
50 mEqg/L. In addition, the use of NSAIDS reduces the effect of prostaglandins on
the kidney. Traditionally, indomethacin, 2-3 mg/kg/day has been used, but certain
other NSAIDS have also been found to be effective, including aspirin, ibuprofen, and
ketoprofen.

4. DYSFUNCTION OF SODIUM REABSORPTION IN THE CORTICAL
COLLECTING DUCT (PSEUDOHYPOALDOSTERONISM)

4.1. Defective Na* — H*/K* Exchange in the Renal Collecting Duct

In pseudohypoaldosteronism (PHA), exchange of sodium for hydrogen ion or potas-
sium is absent, despite massively elevated circulating levels of renin and aldosterone.
Infants exhibit renal salt wasting accompanied by hyperkalemia and acidosis (20) and
usually present in the first weeks of life with dehydration and hyponatremia. Two clin-
ically distinct forms of this syndrome (PHA1) have been identified. The autosomal
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recessive form of PHATI is caused by homozygous loss of one of either the a, B, or y
subunit of the luminal sodium channel (ENaC) in the cortical collecting tubule (27-23).
Dysfunction of the ENaC blocks sodium reabsorption but also eliminates the driving
force for secretion of potassium and hydrogen ions. The features of this syndrome are
mimicked by spironolactone because ENaC expression is normally stimulated by aldos-
terone. Since ENaC is expressed elsewhere, affected infants also have severe salt wasting
in the colon, sweat glands and salivary glands, but are easily distinguished from cystic
fibrosis patients in whom acidosis and hyperkalemia are generally absent. Children with
PHAT1 have recurrent episodes of salt wasting and hyperkalemia requiring therapy with
oral salt supplements, sodium bicarbonate, and potassium binding resins for life.

An autosomal dominant form (PHA?2) is caused by heterozygous loss of the mineralo-
corticoid receptor gene (Fig. 3) (24, 25). While affected neonates may be extremely ill
and can die from hyperkalemia, they respond well to oral salt supplementation. With
volume expansion and adequate delivery of sodium to the collecting tubule, hyper-
kalemia is controlled. With tubular maturation, the clinical problems resolve by 1-2
years of age and heterozygous adults are asymptomatic. Aldosterone levels remain ele-
vated (>30 ng/dL), apparently compensating for the reduced number of mineralocorti-
coid receptors.

Pseudohypoaldosteronism must be distinguished from adrenal insufficiency, aldos-
terone synthase (CYP11B2) deficiency, and salt-wasting forms of congenital adrenal
hyperplasia (CAH) in which collecting duct dysfunction is caused by a defect in the
adrenal pathway of cortisol and aldosterone synthesis (26). Most commonly, CAH is
caused by inactivating mutations of the 21-hydroxylase gene (CYP21) and is con-
firmed by demonstrating elevated plasma renin activity, low serum aldosterone, and
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Fig. 3. Cortical collecting tubule. Pseudohypoaldosteronism is caused by a defect in ENaC or loss of
the mineralocorticoid receptor (MRCR) gene.
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accumulation of 17-hydroxyprogesterone and androgens in the blood. In infants with
hypotension or severe electrolyte disturbances, an urgent therapeutic trial of hydrocor-
tisone (2 mg every 8 h) may be life-saving (27). This rapidly corrects collecting duct
dysfunction and directs attention toward some form of aldosterone deficiency rather
than renal tubular unresponsiveness to the hormone. Ideally, blood and urine samples
for physiologic tests of renal tubular function are made before and after administration
of hydrocortisone.

4.1.1. PHYSIOLOGY OF SALT REABSORPTION IN THE CORTICAL
COLLECTING DucCT

Only about 2—-5% of the filtered load of sodium is reabsorbed in the collecting tubule.
However, this site is the final arbiter of sodium excretion and is a major site of aldos-
terone action in states of volume contraction. Sodium reabsorption in the cortical collect-
ing duct involves passive entry of sodium through luminal channels in the principal cells;
sodium is then pumped across the basolateral membrane by aldosterone-stimulated Na—
K-ATPase (28, 29) This sodium movement generates a negative potential in the lumen,
which favors potassium secretion from the cell via aldosterone-stimulated potassium
channels. Thus, the energy for sodium uptake is indirectly coupled to potassium secre-
tion and can generate a substantial potassium gradient from blood to collecting duct
lumen.

The negative luminal potential generated by sodium reabsorption also favors hydro-
gen ion secretion by alpha-intercalated cells interspersed among the principal cells.
Here, H*/K*-ATPase pumps hydrogen in to the tubular fluid, while reabsorbing potas-
sium. Thus, aldosterone-stimulated sodium reabsorption is indirectly coupled to acid
secretion via its powerful effect on luminal electropotential.

4.1.2. TESTS OF COLLECTING DUCT SALT TRANSPORT

Collecting duct secretion of potassium can be assessed by calculating the transtubu-
lar potassium gradient (TTKG), an index first proposed by West et al. to estimate
aldosterone-dependent potassium secretion in the collecting duct (30). This test assumes
that urine osmolarity at the top of the collecting duct is essentially equivalent to
serum osmolarity (300 mOsm/L). Measurement of final urine osmolarity then allows
an approximation of the proportional increase in luminal potassium concentration due
to water reabsorption en route to formation of the final urine. TTKG values for infants
were reported by Rodriguez-Soriano et al. (7).

TTKG — [Urine potassium x 300 mOsm/L]

Serum potassium x Urine osmolarity

In the setting of hypoaldosteronism or pseudohypoaldosteronism, TTKG is usually
<4.1 in children and <4.9 in infants (7).
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5. DYSFUNCTION OF WATER REABSORPTION
IN THE COLLECTING DUCT.

5.1. Nephrogenic Diabetes Insipidus (See Chapter I Water)

While failure to thrive and polyuria in infants may be explained by one of the various
salt-losing states above, it may also be caused by inability to concentrate the urine in the
renal collecting duct. In 90% of infants with congenital nephrogenic diabetes insipidus
(NDI), dysfunction of water reabsorption in the collecting duct is due to null muta-
tions of the AVPR2 (vasopressin receptor) gene on the X-chromosome (Xq28) (31).
Thus, the disease is inherited in an X-linked pattern; males are fully affected while most
women have only mild polyuria (37). Some families bear mild mutations of AVPR2 and
have a subtler form of NDI (32, 33). Occasional females in classical X-linked kindreds
may be strikingly affected (through lyonization). Thus, the physiologic tests described
above should eventually be complemented by molecular genetic testing when possible.
Sequence analysis detects the causative mutation in at least 95% of families; at least 180
different AVPR2 mutations have been described.

Infants with null mutations of AVPR2 typically present with a history of polyhy-
dramnios and polyuria in infancy and exhibit striking failure to thrive in the first months
of life. Periods of dehydration are associated with hypernatremia, unexplained fever,
vomiting and lethargy, or irritability. Older children excrete about 8-9 L/m?/day of
urine, often associated with urinary tract dilatation and, occasionally, with bladder
decompensation.

In about 10% of cases, NDI is due to mutations of the aquaporin II water channel
gene (AQP2 on chromosome 12q13) and is usually inherited in autosomal recessive
fashion (3/). The phenotype is equivalent to that in X-linked NDI. Occasional aquaporin
II mutations are transmitted as a dominant trait, but produce a slightly milder form of
NDI, often coming to medical attention only in late childhood.

5.1.1. PHYSIOLOGY OF WATER REABSORPTION IN THE COLLECTING DUCT

Tubular fluid leaving the TALH is dilute (about 50 mOsm/L). However, during its
passage along the collecting tubule, between 10 and 15% of the water filtered through
the glomerulus can be reabsorbed passively into the hyperosmotic medulla. Under con-
ditions of water deprivation, circulating vasopressin binds to receptors (AVPR2) in col-
lecting duct cells, activating the insertion of water channel proteins (aquaporin II) into
the cell membrane and allowing transcellular flow of water. Final urine osmolarity may
reach 1200 mOsm/L.

5.1.2. TEST OF WATER REABSORPTION IN THE COLLECTING DuCT

In states of volume contraction and or hypernatremia, where the physician is certain
that circulating levels of vasopressin are elevated, the urine should be concentrated; in
older children with normal serum sodium it is often sufficient to screen for defective
urinary concentration by measuring urine osmolarity after overnight water deprivation.
However, infants in whom diabetes insipidus is suspected are at risk during water depri-
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vation. Newborns with nephrogenic diabetes insipidus (NDI) may lose 10% of their
body weight overnight. Thus, it is prudent to use a “short” dDAVP test in babies, ide-
ally with a catheter in place to ensure quick assessment of urine output and osmolar-
ity. Following a urine sample for baseline osmolarity, all fluids are withheld for 2 h;
body weight is assessed every hour and serum sodium every 2 h to ensure that no
more than 5% of the body weight is lost and serum sodium remains below 150 mEq/L.
dDAVP is then administered intranasally (10 g for infants, 20 g for children) or intra-
venously (0.3 pg/kg). Urine is collected every 2 h for 6 h. Maximum urine osmolarity
exceeds 500 mOsm/L in normal infants or > 800 mOsm/L in children and is less than
200 mOsm/L in infants with NDI (32). If available, blood levels of vasopressin can be
measured at baseline and are highly elevated in NDI.

CASE SCENARIOS

Case Scenario 1 — an 8-month-old infant is evaluated in the ER due to lethargy and
fever and is found to be dehydrated on physical examination. Physical examination
reveals a rachitic rosary and “popping” on palpation over the scalp. History indicates
a birth weight at the 50th percentile, but the child’s weight is now at the 10th percentile.
Mom says she can’t keep up with all the heavy, wet diapers, and the baby always seems
to be thirsty.

What laboratory tests would you like?

Laboratory values show Na — 130 mEq/L, K — 2.8 mEq/L, CO> — 14 mmol/L, PO4
—2 mg/dL, Ca — 8.5 mg/dL, glucose — 70 mg/dL. As intravenous hydration progresses,
polyuria becomes evident. After a renal consult, you send urine for electrolytes (Na, K,
Cl, Ca, PO4), amino acids, glucose, and creatinine.

What other evaluation is indicated?

While awaiting these results, you get an urgent ophthalmologic consult for slit-lamp
examination, which reveals corneal cystine crystal deposits. Renal ultrasound reveals
nephrocalcinosis, and a radiograph of the wrists shows splaying. Blood is sent for
leukocyte cystine level for definitive diagnosis. The level comes back at 10 nmol half-
cystine/mg protein (normal values are <0.2 nmol half-cystine/mg protein).

What is the renal prognosis?
Progression to end stage renal disease from cystinosis if untreated.

What is the appropriate treatment?

Cysteamine (beta-mercaptoethylamine), sodium or potassium citrate, oral phosphate
and calcitriol.

Case Scenario 2 — a 3-month-old presents with a history of failure to thrive, vomiting,
and loose stools. Physical examination shows a patient at the 5th percentile for height
and weight, and he appears dehydrated. There are no other physical abnormalities. After
hydration, urine output is 4-5 mL/kg/h.
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What laboratory tests would you like?

Lab results — Na 127 mEq/L, K 2.0 mEq/L, CI 85 mEq/L, HCO3 33 mEq/L. Normal
serum calcium and magnesium. Blood pH 7.49, pCO, 40. Urine — specific gravity 1.006,
Cl45, K 40, Ca:Cr 0.38 (normal < 0.2).

What other evaluation would you like?
A renal ultrasound shows medullary hyperechogenicity. Plasma renin is reported to
be 40 U/L (normal 4-8 U/L).

What is your diagnosis?
Bartter’s syndrome.

What is the appropriate treatment?
After 1 week of potassium supplementation and supportive care, the patient’s labs are
Na 138 mEq/L, K 3.6 mEq/L, CI 98 mEq/L, HCO3 28 mEq/L; blood pH 7.45, pCO, 41.

What additional therapy should be added now?

Non-steroidal anti-inflammatory drugs (NSAIDs) to reduce the effect of
prostaglandins on the kidney. Traditionally, indomethacin, 2-3 mg/kg/day, but other
NSAIDs have also been found to be effective, including aspirin, ibuprofen, and keto-
profen.
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1 6 Enteral and Parenteral Nutrition

Dina Belachew and Steven J. Wassner

Key Points

1.

While volume status is normally controlled by renal function and thirst, individuals maintained
solely on prescribed enteral or parenteral alimentation are at increased risk for electrolyte and
volume status disorders.

When fluid intake is limited, enteral formulas with higher osmolar concentration may lead to an
osmotic diuresis and dehydration.

During the early phases of enteral or parenteral nutrition, fluid and electrolyte intakes should be
monitored and adjusted on a regular basis.

The refeeding syndrome is a disorder due to metabolic abnormalities occurring in malnourished
patients undergoing the initial phase of enteral or parenteral refeeding.

Serum potassium and phosphate concentrations may be normal prior to the initiation of eneral or
parenteral regimens, only to decrease to dangerous levels early in the course of refeeding.
Provision of trace elements is necessary to prevent the development of trace element deficiencies
associated with the rapid restoration of body mass.

Specific groups within pediatrics (e.g., neonates, those with renal insufficiency or eating disor-
ders) require special attention when prescribing enteral or parenteral nutrition.

Key Words: Electrolyte abnormalities; enteral nutrition; hyperalimentation; hypokalemia;

hypophosphatemia; parenteral nutrition; refeeding syndrome

1. INTRODUCTION

Enteral and parenteral nutrition are now accepted components in the care provided
to vulnerable populations. While both enteral and parenteral routes can be utilized and
the choice of feeding technique depends on each patient’s specific requirements; unless
specific contraindications exist, the enteral route is preferred (/). In the almost one-half
century since the introduction of total parenteral therapy (TPN) (2, 3) it has become
part of our standard therapy for severely ill individuals, and Table 1 notes some of the

indications for enteral and parenteral therapy.

Nutritional therapy has been shown to improve weight, anthropometric measures, and
immune function (4, 5). Unfortunately, there is no convincing evidence that improved
nutrition actually decreases mortality (6, 7) and one meta-analysis has noted the
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Table 1

Some Indications for the Use of Enteral and Parenteral Support

Enteral nutritional support Parenteral nutrition

Neurologic: altered mental status, cerebral Severe illness with altered mental status
palsy

Cardiorespiratory: tracheoesophageal fistula, Premature infants with severe
respiratory distress, cystic fibrosis, chronic respiratory disease, cardiac failure,
lung disease, congenital heart disease post cardiac surgery

Gastrointestinal: inflammatory bowel disease, Congenital anomalies of the
short bowel syndrome, chronic diarrhea, gastrointestinal tract, necrotizing
malabsorption, biliary atresia enterocolitis, short bowel syndrome,

intractable vomiting and diarrhea

Renal: chronic or acute renal failure Renal failure

Others: prematurity, hypermetabolic states, Extensive burns, post-chemotherapy
severe trauma or head injury, phase, post bone marrow transplant
oropharyngeal trauma, cancers, ulcers or
burns

potential harm associated with nutritional support in the critically ill adults (8). It is
understandable therefore, that there is still much to learn about the proper indications,
prescriptions, and complications associated with this form of therapy.

The purpose of this chapter is to delineate the alterations in fluid and electrolyte
metabolism related to the use of enteral and parenteral nutrition. A full discussion of
fluid and electrolyte metabolism is, however, beyond the scope of this chapter and is
best found in specific chapters elsewhere in this volume. No attempt is made to dis-
cuss the nutritional aspects of this therapy and the interested reader is referred to other
sources (9).

2. SODIUM AND WATER

Under normal circumstances, salt intake is delicately balanced by salt excretion.
However, a positive sodium balance is required for appropriate growth. It has been
demonstrated that salt depletion early in life leads to diminished weight gain and lin-
ear growth associated with decreased protein synthesis rates (10—12).

It is important to distinguish between the concepts of serum sodium concentration
and that of total body sodium content. Serum sodium concentration is a function of total
body water content so that hypo- or hypernatremia is most often related to abnormal-
ities in water metabolism. For normal individuals, water is not limiting and both renal
and posterior pituitary functions combine to maintain appropriate water balance. When
enteral or parenteral diets are prescribed in patients unable to drink on their own, we
substitute our calculations for the body’s homeostatic controls. Table 2 lists a variety of
factors that can lead to volume overload or dehydration.
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Table 2
Conditions That Affect Sodium and Water Balance
Positive balance Negative balance
Supplemental IV fluids Vomiting, diarrhea, ostomy losses
Oral intake, tube feeds Burns, cystic fibrosis, excessive sweating
Intravenous or enteral water Renal dysfunction, diuretics
“flushes”
Medication admixtures Hyperosmotic states, e.g., hyperglycemia
Mist tents, respirators Radiant warmers, phototherapy

Dehydration, either with, or without alteration of the serum sodium concentration can
be induced in patients receiving enteral nutrition by a variety of dietary changes. Increas-
ing the caloric density of formula by adding less than the standard amount of water to
powdered preparations will increase the renal solute load, which may cause an osmotic
diuresis and result in further dehydration. Pureed diets generally have a higher osmo-
lality and viscosity than prepared formulas and unless monitored, may also lead to the
development of hypernatremic dehydration (/3). During conditions where antidiuretic
hormone (ADH) secretion is increased, even the administration of “normal” quantities
of water may result in hyponatremia.

Hyperglycemia is a common metabolic disturbance encountered during parenteral
nutrition therapy. Severe hyperglycemia is often associated with hyponatremia due to the
movement of water from the intracellular to the extracellular compartment in response
to the high serum glucose concentrations (increased osmolality). Other complications
associated with severe hyperglycemia include dehydration and electrolyte abnormali-
ties due to an osmotic diuresis and hyperinsulinemia. Rarely, hyperglycemia and the
resulting osmotic diuresis can result in the development of intracellular dehydration and
cerebral bleeds. Glucose-induced insulin secretion may be responsible for a variety of
fluid and electrolyte abnormalities including both hypokalemia and hypophosphatemia
(vide infra). Insulin increases proximal tubular sodium reabsorption (/4) so that rapid
refeeding with the development of high insulin concentrations has been associated with
the expansion of extracellular fluid volume and edema formation (75).

Since growth requires a positive sodium balance, it is understandable that anabolic
states are associated with increased renal sodium retention. Under most circumstances,
sodium intake is sufficient to permit growth. However, when growth is most rapid (e.g.,
the neonatal period) or where there are abnormal sodium losses through the skin, kidney
or gastrointestinal tract, care must be taken to ensure that the formulas contain sufficient
sodium for adequate growth (10). Practically, if renal function is normal and diuretics are
not being administered, a urinary sodium concentration greater than 20 mEq/L suggests
that sodium intake is adequate.

3. POTASSIUM

In the setting of normal renal function, hyperkalemia is uncommon during enteral
feeding. In acute renal failure or in the later stages of chronic kidney disease, the
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ability to excrete potassium is limited and hyperkalemia may result due to a combi-
nation of decreased renal potassium excretion, inappropriately high intakes and/or the
use of medications that inhibit potassium excretion (e.g., angiotensin converting enzyme
inhibitors).

Hypokalemia is a common abnormality in hospitalized patients (/6). Severe
hypokalemia, defined as a serum potassium concentration of less than 2.5 mEq/L, may
be associated with significant clinical complications (/7). Gastrointestinal potassium
loss is most often due to diarrhea or laxative abuse. Patients with chronic intravascu-
lar volume depletion (e.g., diuretics, emesis or nasogastric suction, prolonged sweating,
or cystic fibrosis) develop secondary hyperaldosteronism, which predisposes them to
hypokalemia. Clinical features associated with hypokalemia are numerous and consist
of cardiac, gastrointestinal, neuromuscular, renal, and metabolic abnormalities (/7). For
a full listing of possible causes and consequences of hypokalemia the reader is referred
to Chapter 13.

Hypokalemia during nutritional rehabilitation is most often due to the provision of
insufficient potassium along with insulin-induced transcellular potassium shifts (/8).
Hypokalemia is a major electrolyte abnormality associated with the refeeding syndrome
as discussed in the sudsequent section.

4. PHOSPHOROUS

While phosphate is best recognized for its role in bone calcification, it is important in
multiple metabolic pathways and is essential for a variety of cell functions (Table 3).

Phosphate is ubiquitous in our diet and its intake is closely linked to protein intake.
Since phosphate is predominantly excreted through the kidneys, hyperphosphatemia is

Table 3
The Role of Phosphate in Body Metabolism
Function
Structural Component of phospholipids, nucleoproteins and nucleic
acids
Cellular metabolism 2,3-diphosophoglycerate regulates oxyhemoglobin

dissociation and delivery of oxygen to tissues
Production of high energy phosphates (e.g., ATP, ADP)
Appropriate function of ion channels and maintenance of
cell membrane resting potential

Enzymatic processes Protein phosphorylation of enzymes and cellular signal
compounds
Hematologic Chemotaxis
Phagocytosis
Clot retraction
Cardiovascular Myocardial contractility

Metabolic Buffering function
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most often seen in individuals with decreased kidney function. For healthy individu-
als with normal dietary intakes, hypophosphatemia is a rare finding (/9, 20). How-
ever, hypophosphatemia is frequently encountered in certain subgroups of hospitalized
patients including those with sepsis, major trauma, and those in the intensive care units
where it has been associated with poor clinical outcome (2/). Hypophosphatemia is also
a major component of the refeeding syndrome.

5. CALCIUM AND MAGNESIUM

Hypercalcemia may be seen as a result of severe hypophosphatemia and will respond
to increases in serum phosphate levels. Resorption hypercalcemia can also be present in
individuals who are kept immobile or who have increased bone catabolism secondary to
tumor infiltration. Serum calcium will also be elevated when excessive calcium is added
to parenteral solutions or in individuals receiving enteral nutrition and supplemental
Vitamin D or Vitamin A.

Preterm infants are a special group of patients with increased calcium requirements
and minimal body calcium stores. Both enteral and parenteral solutions should contain
sufficient calcium (and Vitamin D when enteral feeds are prescribed) to avoid mobi-
lization of bone calcium stores, the development of osteopenia, and hypocalcemia (22).
On the other hand, neonatal hypercalcemia has also been reported as a result of excess
calcium intake during nutritional support (23).

While total calcium concentrations are measured routinely, it is only the ionized com-
ponent of calcium that is metabolically active. Particularly in patients with malnutri-
tion and decreased serum albumin concentrations, the concentrations of ionized calcium
may be normal in spite of hypocalcemia. While there are formulas available to correct
total calcium concentrations on the basis of serum albumin concentrations, the ready
availability of ionized calcium determinations has made direct assessment a practical
alternative.

Magnesium is found mainly in the bone and soft tissue and is mandatory for opti-
mal cell function as well as being an essential cofactor to many enzymes (24). Only
about 0.3% of the total body magnesium is present in serum and exists in both the ion-
ized and non-ionized states. Unfortunately, studies have shown that serum magnesium
levels do not correlate with total body magnesium stores (25). Analogous to serum cal-
cium concentrations, it is the concentration of ionized magnesium that is active. Thus,
measurements of total serum magnesium reflect only an approximation of whole body
magnesium status.

The refeeding syndrome is associated with hypomagnesemia. The proposed mech-
anism, while not entirely clear, is thought to be due to intracellular shifts of magne-
sium after a period of poor intake (26). Preexisting magnesium depletion appears to
exacerbate the degree of hypomagnesemia (27). While most cases of hypomagnesemia
are not clinically significant, severe hypomagnesemia, i.e., plasma concentrations less
than 1.2 mg/dL (0.5 mmol/L), can result in complications such as cardiac arrhythmia,
anorexia, abdominal discomfort, tremor, paresthesia, tetany, as well as symptoms of irri-
tability, confusion, weakness, and ataxia (28).
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6. BICARBONATE

Under normal circumstances, bicarbonate is reclaimed from the glomerular filtrate by
the proximal renal tubule and hydrogen ion is secreted into the urine within the distal
renal tubule. In adults, dietary intake of fixed bases (phosphates and sulfates) provides
approximately 1-2 mmol of acid/kg/day. In children, net acid production is increased
as a byproduct of bone calcification. The net result is that during periods of growth,
renal acid excretion in infants and children may reach significantly high levels (up to
5 mmol/kg/day) (29).

Patients receiving parenteral nutrition, particularly those with diminished renal func-
tion, may require a significant amount of bicarbonate to balance their net daily acid
production. When formulating parenteral alimentation solutions, bicarbonate and chlo-
ride ions form the predominant anions required to maintain electrical neutrality. Care
must also be taken to ensure that sufficient chloride is available to prevent the chloride
depletion syndrome (30), which is associated with the development of volume contrac-
tion and a primary metabolic alkalosis (37). In individuals with metabolic alkalosis, the
development of a compensatory respiratory acidosis with elevation of the pCO;, can
make it more difficult to wean patients from respiratory care.

7. THE REFEEDING SYNDROME

The refeeding syndrome is a potentially lethal condition that can be defined as severe
electrolyte and fluid shifts associated with metabolic abnormalities, which occur in
malnourished patients undergoing refeeding. Historically, some of the earliest reports
occurred just after World War II and dealt with the refeeding of Japanese prisoners and
victims of Leningrad and Netherlands famines. These reports noted that refeeding after
a period of prolonged starvation was often associated with cardiac failure and death
(32). Although initially reported in patients undergoing enteral refeeding, this syndrome
was revisited after the introduction of parenteral nutrition (26, 33-35). Currently, the
groups appearing to be at greatest risk include those with anorexia nervosa, oncology
patients undergoing chemotherapy, malnourished elderly patients, alcoholics, and some
post-operative patients. The incidence is reported to be as high as 25% in cancer patients
who require nutritional support (36). The same study also reported a higher incidence in
those fed enterally than parenterally (36). The electrolyte disturbances mainly involve
the intracellular ions phosphate, magnesium, and potassium and appear similar to distur-
bances observed when aggressive therapy is begun in individuals with poorly controlled
diabetes mellitus (37).

When a malnourished patient begins nutritional support, the refeeding syndrome is
most likely to occur during the first 72 h of refeeding (38). While it is most commonly
seen in individuals refed after prolonged periods of undernutrition, the refeeding syn-
drome has been reported to occur after starvation periods as short as 48 h (34).

7.1. Pathophysiology of the Refeeding Syndrome

In starvation the secretion of insulin is decreased in response to a low carbohy-
drate intake while endogenous fat and protein stores are catabolized to produce energy.
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This results in loss of intracellular electrolytes, in particular phosphate. Malnourished
patients become total body phosphate depleted although they often have normal or
only mildly decreased serum phosphate concentrations (39). There are several mech-
anisms that maintain the serum phosphate during starvation (40). Overall phosphate
requirements are decreased and are initially maintained by mobilizing bone reserves.
Poor phosphate intake suppresses parathyroid hormone (PTH) secretion, which leads to
increased renal tubular phosphate reabsorption. Phosphate deficiency also leads to renal
PTH resistance, further preventing phosphaturia.

When individuals resume eating, carbohydrate intake rapidly stimulates the secretion
of insulin resulting in significant cellular uptake of phosphate, magnesium, and potas-
sium. This can lead to profound hypophosphatemia, and less frequently, hypokalemia
and hypomagnesemia. Since adenosine triphosphate (ATP) is required for the phospho-
rylation and metabolism of glucose, the administration of large carbohydrate loads to
individuals with severe hypophosphatemia can lead to death due to depletion of body
ATP stores (19).

Hypophosphatemia can be mild (2.3-3.0 mg/dL), moderate (1.6-2.2 mg/dL), or
severe (<1.5 mg/dL). Severe hypophosphatemia can produce a plethora of clinical man-
ifestations mostly resulting from impaired cellular energy pathways (ATP) or reduced
red blood cell 2,3-diphosphoglycerate (DPG) concentrations (Table 4). Importantly, the
early clinical features are often non-specific and may go unrecognized.

Table 4
Clinical Manifestations of Hypophosphatemia
Respiratory Musculoskeletal
Impaired diaphragmatic contractility Myalgia
Difficulty in weaning from mechanical Weakness

ventilators (52). Rhabdomyolysis
Cardiac Neurologic
Heart failure and sudden death Change in mental status
Abnormal sarcomere contractility Paresthesia
Direct myocardial damage (53) (54) Seizures
Hematologic Renal
Hemolysis Renal tubular impairment
Thrombocytopenia Acute tubular necrosis
Coagulopathy Metabolic acidosis

Reduced leukocyte phagocytosis and chemotaxis

Severe hypokalemia is also a concern since low serum potassium concentrations can
lead to the hyperpolarization of cell membranes and the development of a flaccid paraly-
sis. If the muscles of the diaphragm are affected this can result in death due to respiratory
failure.

It is important to have a good understanding of the pathophysiology of the refeeding
syndrome and have a high index of suspicion in patient populations at risk. With the
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increasing incidence of eating disorders, the practicing physician may encounter this
problem not only in the in-patient hospital setting but also in outpatient clinics (47).

To date, there are no randomized controlled studies on phosphate supplementation
in children and recommendations are extrapolated from adult studies. An older regi-
men recommended administering 9 mmol (27.9 mg) potassium phosphate by continu-
ous infusion over 12 hours (42). More recently, a graduated dosing scheme based on
the serum phosphate level has also been found to be safe and efficacious in patients
receiving specialized nutrition support. In this schema, phosphate infusion is calculated
based on serum level and the infusion is run at a rate of 7.5 mmol/hour or approximately
4 mmol/hour/meter? (Table 5). Other regimens have been utilized as well (43).

Table 5

Phosphate Replacement in Hypophosphatemia (from (55))

Serum Phosphate concentration Amount of Phosphate infused
Mild (2.3-3 mg/dL) 0.033 mmol/kg
Moderate: (1.6-2.2 mg/dL) 0.066 mmol/kg
Severe: <1.5 mg/dL 1 mmol/kg

To convert mg/dL to mmol/L divide by 3 (e.g., 4.5 mg/dL = 1.5 mmol/L)

It is appropriate to begin phosphate supplementation at least 4 hours before start-
ing feeds. Complications associated with overzealous phosphate repletion include renal
failure, hyperphosphatemia, hypocalcemia, and electrocardiographic abnormalities (44).
Patients receiving parenteral alimentation often receive significant glucose intake but
limited phosphate intake since high concentrations of calcium and phosphate will pre-
cipitate in solution. “Standard” recommendations are often inadequate and may be asso-
ciated with significant hypophosphatemia. There is little information within the pediatric
literature but when adults received 6.8 mmol/L (21 mg/dL) of phosphate in TPN, none
became hypophosphatemic (45).

8. TRACE ELEMENTS

Trace elements are components and cofactors of enzyme systems and essential to a
variety of metabolic processes. They are of special concern to pediatricians as the effects
of trace element deficiency are frequently most severe during periods of rapid growth.
Table 6 notes the major abnormalities associated with individual trace elements as well
as suggested intakes during nutritional therapy.

Copper deficiency is seen most often in premature infants and children with mal-
nutrition secondary to chronic diarrhea, individuals receiving parenteral nutrition and
after oral zinc supplementation (46, 47). Preterm infants are at particular risk as copper
mainly accumulates during the third trimester. Since copper metabolism can be altered
by liver damage or cholestasis, serum copper levels should be measured when TPN is
utilized in this group of individuals.
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Zinc deficiency affects rapidly dividing cells and tissues and has been implicated in
growth failure. Zinc deficiency can be due to poor nutritional intake as well as steator-
rhea, alcoholism, and renal disease with the development of zincuria.

Manganese is a cofactor for some enzymes but its essentiality has not been established
in humans. Due to its ubiquitous presence in foods, deficiency is extremely uncommon
and has not been reported in infants and children but overload is a concern. The thresh-
old for development of toxic effects is not known but manganese toxicity can result in
central nervous system dysfunction and cholestatic disease.

9. SPECIAL SITUATIONS
9.1. Renal Failure

In renal failure, care must be taken to adjust intakes to the output capability of the
kidneys. In oliguric/anuric renal failure, it is generally necessary to decrease fluid intake
by concentrating nutrients while limiting and monitoring electrolyte intakes. In spite of
decreased excretory ability, the use of both parenteral and enteral alimentation can be
associated with the development of hypokalemia and hypophosphatemia. Only general
recommendations can be made and these patients require careful daily or more frequent
clinical and laboratory evaluation. Often, the provision of adequate nutrition will require
the institution of some form of renal replacement therapy. This should be instituted early
in the course of care to prevent the development of the nutritional depletion associated
with diminished intake. One additional advantage to the provision of adequate nutri-
tional intake is the ability to limit endogenous catabolism, thus diminishing the release
of endogenous acid, potassium, and phosphate associated with tissue catabolism.

In patients undergoing maintenance dialysis, studies have demonstrated that oral sup-
plements and tube feeding do not result in significant alteration in electrolyte concentra-
tions (48, 49). When a specially prepared low-electrolyte formula was used as the main
source of nutrition, it was occasionally associated with hypokalemia, hyponatremia, and
hypophosphatemia; however, when used as supplementary feeding, no adverse effects
on electrolyte status were reported (50, 51).

9.2. Neonates

The use of parenteral and enteral nutrition in premature, frequently ill, neonates is a
routine part of current practice. It should be remembered that in spite of their low serum
creatinine concentrations, these infants actually have a low absolute rate of glomerular
filtration and inability to concentrate their urine past 600—700 mOsm/kg water. Particu-
lar care must be paid to the use of solutions with high osmolar loads, which may result
in dehydration as well as the possible development of necrotizing enterocolitis. While
protein requirements are increased in this age group, the administration of excessive
protein loads can be associated with the development of metabolic acidosis.

Neonates with acute renal failure present a particularly complex set of problems. They
require higher calorie and protein intakes per kilogram of body weight than older indi-
viduals, and their diets are limited to liquids. Provision of adequate nutritional intake in
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this patient population most often requires the coordinated care of a variety of specialties
within the neonatal intensive care unit.

CASE SCENARIOS

Case Scenario 1

You are covering for the weekend and receive a call from the mother of one of your
patients, a 15-year-old female with anorexia nervosa. The mother was concerned that
her daughter was looking more fatigued over the past 24 h and had not gotten out of bed
for over a day. The patient denied any intercurrent illnesses and the rest of the family was
well. Upon further questioning, you learn that the child had been binge eating for the past
3 days. You were able to access her records and learn that laboratory studies done the
week prior demonstrated mild anemia, with an otherwise normal blood count as well as
serum electrolytes, calcium, phosphorous, glucose, BUN, and creatinine concentrations.

The most likely explanation for this patient’s condition is?

In spite of previously normal electrolyte values, individuals with anorexia nervosa are
undernourished and at significant risk for metabolic/electrolyte derangements. While
both intercurrent illness and refeeding can lead to the rapid development of electrolyte
abnormalities, in this patient there is no evidence to support intercurrent illness. Her
recent history of increased food intake (binge eating) would have led to an increase
in serum insulin concentrations and likely precipitated the refeeding syndrome. The
signs are often non-specific signs and can include fatigue, listlessness, decreased energy
level, and muscle aches. The severity of her symptoms will be related to both her prior
malnourished state and the amount/composition of her recent binge eating intake. These
individuals are at significant risk and should be closely evaluated and monitored.

The most appropriate next step would be to?

Although her laboratory result from the week before had been reported to be within
normal limits, it is appropriate to have her come into the emergency room to repeat her
laboratory studies. While mild hypophosphatemia and hypokalemia may be treatable
with oral supplementation, it is likely that she will require hospital admission for elec-
trolyte replacement and a controlled increase in her daily calorie and fluid intake. It is
recommended to start out with a calorie and fluid intake that is at about 75% of ideal
daily intake and closely monitor electrolyte levels.

Case Scenario 2

A 9-year-old boy was seen for short stature. At birth he was diagnosed with agan-
glionosis of the large intestine and required a pull-through procedure. Postoperatively
he developed hyponatremia and hypochloremia and at discharge his electrolytes were
Na* 135 mEq/L, K* 5.9 mEqg/L, CI 97 mEq/L, and HCO3~ 20 mmol/L. He was lost to
follow-up and presented at 9 years of age with short stature and failure to thrive. History
revealed that he had been having two to three large semi-liquid stools per day over the
course of his lifetime. Dietary history revealed that he actively sought out salty food and
salted his food liberally. He lives with his parents and sister who are all healthy and take
no medications.
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Physical exam revealed a pulse of 112, blood pressure 102/80 without orthostatic
changes. His height was 106.7 cm (4.5 SDS), and his weight was 17.7 kg (-2.7 SDS).
He was short but well proportioned. His skin was dry but the rest of the examination
was otherwise normal. Serum electrolytes revealed an Na* 136 mEq/L, K* 2.6 mEq/L,
HCO3™ of 34 mmol/L, and CI~ of 80 mEq/L. The BUN was 24 mg/dL and the serum
creatinine was 0.7 mg/dL.

What is your assessment of this patient?

This patient has evidence of volume depletion as noted by his hypokalemic
hypochloremic metabolic alkalosis. In addition, the history of salt craving is highly
suggestive of chronic salt depletion. Chronic salt depletion can be due to a variety of
conditions including decreased intake, chronic vomiting (bulimia), as well as diarrheal,
skin, or renal losses. There was no history of poor intake or vomiting but the history of
previous colectomy and semi-liquid stools should strongly suggest increased intestinal
salt loss. In normal individuals the large intestine reabsorbs a significant quantity of salt
and water using an Na—K-ATPase mechanism, and chronic diarrhea can lead to a state
of chronic salt and water depletion. It will also be necessary to rule out renal salt loss
by assessing the kidneys ability to conserve sodium. In this child a random urine sample
contained <10 mEg/L of sodium and of 187 mg/dL of creatinine, ruling out renal salt
wasting.

How would you treat this patient?

This child required salt supplementation to counteract his ongoing intestinal sodium
loss. He received sodium chloride tablets in increasing doses. The parents noted that his
salt craving decreased as his sodium intake approached 10 mEq/kg/day. Treatment of
this child’s salt deficiency lead to a normalization of his serum electrolytes, a lowering
of his BUN, and creatinine concentrations as well as a significant increase in his growth
velocity. Over the next 3 years his height standard deviation score increased from —4.5
to —3.5 SDS.

It is difficult to assess salt sufficiency solely through the determination of serum
electrolyte concentrations; as in this case the patient’s serum sodium concentration was
never lower than 135 mEq/L. When renal function is normal determination of the uri-
nary sodium and creatinine concentrations and calculation of the fractional excretion of
sodium will help assess intravascular volume status. When renal salt loss is responsible
for the sodium depletion, determination of the serum renin activity can be used to assess
intravascular volume.
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1 7 Understanding Uric Acid

E Bruder Stapleton

Key Points

1. Serum uric acid concentrations vary as a function of age.

2. Certain medications may effect uric acid excretion.

3. It is important to assess extracellular volume status in the evaluation of children with hyper-
uricemia.

Key Words: Hyperuricosuria; uric acid metabolism; hyperuricemia; hypouricemia; urate; serum
uric acid; urinary uric acid excretion; acute uric acid nephropathy; tumor lysis syndrome; uricolysis

Physicians caring for children seldom consider measuring serum uric acid or urinary
uric acid levels, most likely because gout or hyperuricemia is most often encountered in
adults. Because uric acid disorders are uncommon in children, pediatricians frequently
are unfamiliar with uric acid metabolism and renal handling of uric acid. At times,
altered serum or urinary uric acid values can be valuable in clarifying renal and/or fluid
and electrolyte disorders.

CASE SCENARIO 1: HYPERURICOSURIA WITH A NORMAL SERUM
URIC ACID CONCENTRATION

Patient 1 is a 4-year-old boy with cystic fibrosis and documented pancreatic insuffi-
ciency. At 3 years and 9 months of age, he was switched from pancrelipase capsules to
equivalent doses of pancrelipase powder. During the next 3 months, his mother gradually
increased the daily intake of pancrelipase powder from the recommended seven packets
to 15-20 packets because of persistent stool abnormalities. Shortly thereafter, the child
had intermittent episodes of dysuria, with deposition of orange crystals on the penis
and in the urine. Physical examination showed a well-nourished child who weighed
16 kg (25th percentile) and was 95 cm tall (<3rd percentile). Orange crystals covered the
penis and inner thighs. Freshly voided urine was filled with uric acid crystals, occasional
uric acid casts and had a pH of 5, with a specific gravity of 1.016 (Fig. 1). Laboratory
evaluation designed to identify known renal and systemic causes of hyperuricosuria gave
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Fig. 1. (a) A freshly voided urine sample with a layer of uric acid crystals; (b) a microscopic view of
uric acid crystals in this urine.

normal results. Creatinine clearance was normal. Serum electrolytes were normal and
the serum bicarbonate was 23 mEq/L. The serum uric acid concentration ranged between
3 and 5.6 mg/dL, and 24-h urinary uric acid excretion ranged to 621 mg (39 mg/kg).
Fractional excretion of uric acid was 40% (normal values — Table 1). Assays for red-cell
hypoxanthine guanine phosphoribosyltransferase activity were comparable to those of
three controls. What can explain the high urinary uric acid load with a normal serum
uric acid? To answer this question, one must first consider some aspects of uric acid
metabolism.

1. URIC ACID METABOLISM AND RENAL ELIMINATION

Metabolism: Uric acid is created in the body as the final oxidation product of purine
catabolism. Uric acid is a weak organic acid with a pKa of 5.75. At physiologic pH,
uric acid is present almost entirely as monosodium urate. The solubility of monosodium
urate is nearly 15 times that of uric acid in aqueous solution. In human plasma, saturation
occurs at a monosodium urate concentration of approximately 7 mg/dL. The proton
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Table 1
Normal Uric Acid Values in Children
Neonates
29-33
weeks 3840 weeks Children 10-14
gestation  gestation 3—4 years 5-9years  years

Serum uric acid (mg/dL) 7.7+2.7 52+£16 34408 3651 415+£1.2

Uric acid excretion n/a n/a 13.5+3.8 11.5+£3.8 9438
(mg/kg/day)

Fractional excretion of 61 12 4454152 12+3.75 10+3 7.6 3.8
uric acid (%)

Uric acid excretion 48+22 1.7+08 0.34+0.11"
(mg/dL GFR)

Values are mean £ SD (Ref. 8-12)
1Value for all ages > 3 years (7)

concentration of a solution containing uric acid determines not only the relative amount
of monosodium urate, but also the solubility of urate. Thus, in maximally acidified urine,
uric acid predominates with minimal solubility (/).

Elimination: The renal elimination of uric acid involves four components: glomeru-
lar filtration, tubular reabsorption, tubular secretion, and reabsorption beyond secretory
sites. Uric acid is nearly completely filtered by the glomerular membrane; tubular reab-
sorption, secretion, and further reabsorption occurs along the proximal renal tubule (2).
Excessive excretion of uric acid may be the result of increased uric acid production or
either decreased renal tubular reabsorption or increased secretion (3).

1.1. Tubular Secretion and Postsecretory Reabsorption of Uric Acid

Tubular secretion of uric acid presumably occurs in the late convoluted or early prox-
imal straight tubule (4). Active cellular uptake occurs at the basolateral membrane,
thereby generating a high intracellular uric acid concentration, which promotes pas-
sive diffusion across the luminal cell membrane into the tubular fluid. An active apical
transporter, URAT 1, has been identified in the proximal tubule (5).

The fourth component of renal uric acid transport, “postsecretory” reabsorption, was
proposed from clearance studies that demonstrated an inhibition of the uricosuric effect
of probenecid by pyrazinamide (6). This conclusion appears justified because the simul-
taneous administration of these two pharmacologic agents does not affect the renal
clearance of either drug. Based on calculated secretory rates, substantial reabsorption
of secreted urate occurs.

Daily Uric Acid Excretion: Mean daily urinary uric acid excretion for adult men
ingesting a purine-free diet is less than 600 mg/day. In adults, normal fractional excre-
tion of uric acid is less than 10%. Daily excretion rates in women are less than men.
Urinary urate excretion of greater than 800 mg/day in men eating an unrestricted diet is
considered excessive (5).
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Clearance studies have shown that the renal handling of uric acid during early devel-
opment and during childhood is significantly different from that of adults (8). Uric acid
excretion is extremely high in the neonatal period with values exceeding 20 mg/kg/day
in term infants. The fractional excretion of uric acid in premature and term infants is also
dramatically elevated compared with adult values with mean values as high as 60% at
29-31 weeks’ gestational age and 38% at term (Table 1). An inverse relationship exists
between the fractional excretion of uric acid measured during the first day of life and
gestational age. Fractional excretion of uric acid declines during early postnatal devel-
opment at a rate comparable with intrauterine development.

Although the serum uric acid concentration in the newborn reflects maternal serum
uric acid concentration and may increase with hypoxia and perinatal asphyxia, the excre-
tion of dilute and often alkaline urine by the newborn infant helps to decrease the likeli-
hood of uric acid precipitation and allows excretion of large amounts of uric acid without
harmful effects (9). Uric acid clearance in infants is related to sodium excretion and uri-
nary flow rate. The decline in the fractional excretion of uric acid during early life is
presumed to reflect changes in renal tubular transport because the filtered uric acid load
actually increases during this period of development.

The mean urate excretion is 13.5 mg/kg/day in children 3 years of age and declines
during childhood (/0). The high fractional excretion of uric acid in young children also
progressively declines. This fall in the fractional excretion of urate with increasing age
may be due to a relative increase in urate reabsorption rather than a decrease in urate
secretion (Table 1).

Uric acid excretion in children has been assessed by comparing urinary uric acid
to urinary creatinine concentration. This urinary uric acid to creatinine ratio is higher
in young children than in adults and declines to adult levels during early childhood.
Because normal values for urinary uric acid to creatinine ratio, for total urate excretion,
excretion per unit body weight, and fractional excretion uric acid all vary with age, a
reference table with age-related normals is required for interpretation of data.

A more reliable and constant measure of uric acid excretion (above age 2 years)
is possible by measuring acid excretion per deciliter of creatinine clearance (UUA x
SCt/UCr) (11). Values of random and 24-h urine samples were comparable (0.53/dL
and 0.56/dL, respectively) and do not vary significantly with age in children aged 3
months to 14 years. A normal value of less than 0.56 mg uric acid per deciliter glomeru-
lar filtrate may be used after 2 years of age (Table 1). An increased value of (UUA x
SCr)/UCr in a patient with normal renal function and hyperuricemia indicates an exces-
sive production of uric acid. This rationale suggests that the patient in Case 1 had an
increased production of uric acid. The high urinary uric acid excretion was due to the
high-dose pancreatic extract with ingestion of large amounts or uric acid precursors (12).

CASE SCENARIO 2: HYPERURICEMIA WITH LOW URINARY URIC
ACID EXCRETION

Patient 2 was a 17-year-old white male in whom an elevated serum concentration of
uric acid of 11.5 mg/dL was discovered at a routine pre-school physical examination.
He was entirely asymptomatic and was taking no medications. He was an above-average
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student and grade-appropriate. There was no family history of gout or renal disease. He
had been noted to have asymptomatic proteinuria during a routine physical examina-
tion at the age of 14 years. Evaluation at that time demonstrated a normal creatinine
clearance, normal excretory urogram, and orthostatic proteinuria. He had subsequently
been examined at yearly intervals; his creatinine clearance, urinalyses, and 24-h pro-
tein excretion were normal. Physical examination revealed a healthy adolescent whose
height was 182 cm, weight was 83.2 kg, and blood pressure was 124/82 mmHg. There
were no tophi and examination of the musculoskeletal and neurological systems was
normal.

Laboratory data included hemoglobin 14.8 g/dL, white blood cell count 8600 mm?,
platelet count 300,000/mm?, reticulocyte count 1%, sodium 143, potassium 4.5, chloride
105, and bicarbonate 26 mEq/l, urea nitrogen 16, and creatinine 1.1 mg/dL.

During the evaluation of this patient, hyperuricemia was discovered in the father and
four brothers. All of the members of the family with hyperuricemia were asymptomatic.
A complete blood count, serum concentrations of electrolytes and urea nitrogen, and
creatinine clearance were normal in all family members. Careful evaluation of renal
function in this patient indicated that the patient had a selective defect in renal tubular
secretion (13).

2. PHYSIOLOGICAL FACTORS AFFECTING RENAL EXCRETION
OF URATE IN HUMANS

2.1. Extracellular Volume and Urine Flow Rate

The volume of the extracellular fluid compartment has an important influence
on the renal handling of urate. In particular, the “effective arterial circulatory vol-
ume” is most significant in influencing renal uric acid excretion. Extracellular vol-
ume expansion with either isotonic or hypertonic (3%) saline increases uric acid
excretion and promotes hypouricemia, presumably by inhibiting tubular urate reab-
sorption or by increasing peritubular backleak of uric acid (/4). In contrast, extra-
cellular volume depletion by diuretics diminishes uric acid excretion by 47-67%
(15). Volume contraction during diarrheal dehydration in young children has been
shown to increase serum uric acid concentrations, particularly in association with
hypernatremia (16).

The effect of urinary flow rate on uric acid excretion can be difficult to separate
from the effect of extracellular fluid volume. During antidiuresis owing to extracellu-
lar fluid volume contraction, the urinary urate concentration increases and may result
in a small amount of urate back-diffusion in the distal terminal nephron tubules (/7).
Conversely, during diuresis, the diminished urinary urate concentration may reduce dif-
fusion of urate.

The syndrome of inappropriate antidiuretic hormone secretion (SIADH) illustrates
the important influence of extracellular fluid volume on urate clearance (18, 19). In
SIADH, antidiuresis results in expansion of the extracellular fluid compartment, which
then leads to increased urinary excretion of uric acid. Serum uric acid concentrations
and fractional excretion of urate were studied in two groups of hyponatremic neonates,
one with SIADH and the other with hyponatremic dehydration (20). The neonates with
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SIADH had a mean serum urate concentration of 2.46 + 0.54 mg/dL and an elevated
fractional excretion of urate of 78 + 0.18%, whereas volume-depleted hyponatremic
infants had a serum urate concentration of 8.49 £ 2.45 mg/dL. Water restriction and
subsequent correction of serum osmolality in the patients with SIADH resulted in an
increase in the mean serum urate concentration to 4.95 £ 0.86 mg/dL and a significant
decrease in the fractional urate excretion to 51 &£ 0.08%. The site of reduced uric acid
reabsorption in patients with STADH is believed to be in the postsecretory component
of urate reabsorption in the nephron.

2.2. Clinical Relevance

Extracellular volume contraction, particularly with hypernatremia, is associated with
hyperuricemia. The syndrome of inappropriate ADH secretion, on the other hand, is
associated with hypouricemia.

3. SYSTEMIC ACID-BASE EFFECTS AND ENDOGENOUS
METABOLITES

Impaired urinary excretion of uric acid and hyperuricemia frequently accompany
metabolic acidosis. Tubular secretion of uric acid is directly inhibited by both lactic
acid and P-hydroxybutyrate (27/). Reduced urate excretion also has been reported in
severe respiratory acidosis and in diabetic ketoacidosis. During exercise, an increase
in serum lactate concentration reduces urate excretion. Hyperlactic acidemia may also
represent the common mechanism by which ethanol abuse, branched-chain ketoaciduria
(maple syrup urine disease), type I glycogen storage disease, heat stress, and hereditary
fructose intolerance affect urate excretion (/). In type I glycogen storage disease and
fructose intolerance, uric acid production is increased as a result of intracellular deple-
tion of high energy phosphates (22). Intracellular ATP depletion results in the diffusion
of adenosine from the cell. Adenosine is then metabolized to uric acid and increases
both the serum uric acid concentration and total uric acid excretion.

Metabolic alkalosis may promote urate retention. This effect is most likely a mani-
festation of extracellular volume contraction rather than a direct result of the alkalosis
itself.

Hyperglycemia increases the renal excretion of urate (23). The development of gluco-
suria and osmotic diuresis is associated with decreased urate reabsorption in the proxi-
mal tubule. Recent studies have demonstrated that the reduced renal tubular reabsorption
occurs distal to secretory sites (24).

CASE SCENARIO 3: HIGH SERUM URIC ACID WITH ELEVATED
URINARY URIC ACID EXCRETION

Patient 3, a 14-year-old boy, presented to his pediatrician with fatigue. He was
an honor student and was taking no medications. His physical examination was nor-
mal. Laboratory tests showed a hemoglobin 12 gm/dL, white blood cells 7000/mm?,
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BUN 35 mg/dL, creatinine 8 mg/dL, sodium 137 mEq/L, potassium 5 mEq/L, chloride
107 mEq/L, bicarbonate 20 mEq/L, serum uric acid 35 mEq/L. Serum LDH concentra-
tion was normal. Urinary uric acid excretion was 1100 mg/dL (normal < 600 mg/dL)
and the uric acid excretion per dL. GFR was 1.2 mg/dL (normal < 0.57 mg/dL).

What caused this patient’s hyperuricemia? The patient had an increased urinary
excretion of uric acid secondary to increased production of uric acid. A bone marrow
aspirate revealed acute T-cell leukemia (25). His renal failure was due to acute urate
nephropathy. This complication occurs most frequently as tumor lysis syndrome during
initial chemotherapy for lymphoid malignancies.

4. HYPERURICEMIA

The serum uric acid concentration is an important physiologic regulator of uric acid
excretion. Tubular secretion of urate into the urine seems to account for the major mech-
anisms by which urinary urate excretion increases with hyperuricemia. The capacity to
increase tubular secretion in response to acute uric acid loads is greater in children than
adults. This may account for the rarity of clinical gout in children and also explains why
Patient 1 had a normal serum uric acid despite a high dietary load of purine precursors
(13). An approach to the patient with hyperuricemia is shown in Fig. 2.

Hyperuricemia
(>2 SD for age)

Complete history and
physical examination

Exclude medications

Examine extracellular fluid
(ECF) volume status

|
. . '

Normal ECF Increased ECF Decreased ECF
volume volume volume

hemolysis hypertension Acute renal failure Dehydration
polycythemia obesity Congestive heart failure Nephrogenic DI
leukemia/lymphoma  diet
exercise gout
rhabdomyolysis psoriasis
acidosis Lesch Nyhan Syndrome

Fig. 2. Suggested approach to a child with hyperuricemia.
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5. RENAL CONSEQUENCES OF HYPERURICEMIA

Acute uric acid nephropathy is an important etiology of oliguric acute renal fail-
ure among selected groups of patients in whom the serum urate concentration becomes
markedly elevated or in whom a massive uricosuria develops. The most common clin-
ical setting for acute urate nephropathy occurs with rapid turnover of nucleoproteins
in patients with leukemia, lymphoma, or other neoplasms, especially during cytotoxic
therapy.

Called tumor lysis syndrome, acute renal failure with hyperuricemia during therapy
for leukemia or lymphomas is associated with hyperkalemia, acidosis, hypocalcemia,
and hyperphosphatemia (26, 27). These metabolic complications develop rapidly and
may be life-threatening. Rarely, spontaneous acute urate nephropathy may precede cyto-
toxic therapy in patients with leukemia or lymphoma (25).

Additional causes of renal failure from increased serum uric acid and uric aciduria
include inherited disorders of purine metabolism (i.e., Lesch—-Nyhan syndrome or
hypoxanthine—guanine phosphoribosyl transferase deficiency), hemolysis, rhabdomy-
olysis, perinatal asphyxia, extreme exercise, and prolonged muscle contractions from
status epilepticus. Important risk factors for acute renal failure from hyperuricemia are
dehydration and/or acidemia.

Many pharmacologic agents increase uric acid excretion. Some, such as the diuretic
ticrynafen, have produced acute renal failure. Radiographic contrast agents also
markedly increase uric acid excretion and should be avoided, or used with caution, dur-
ing hyperuricemia.

Urinary flow drops dramatically in patients with acute uric acid nephropathy. Olig-
uria results from renal tubular obstruction by the precipitation of uric acid in collecting
tubules (28). As a result of intraluminal obstruction of the distal nephron, dilatation of
proximal tubules occurs. As discussed previously, uric acid is least soluble in highly

Fig. 3. This figure shows columns of uric acid crystals in the renal medulla of a child who died with
a serum uric acid of 62 mg/dL.



Chapter 17 / Understanding Uric Acid 363

concentrated urine of low pH and, predictably, uric acid precipitation occurs in the renal
medulla and papilla in acute uric acid nephropathy (Fig. 3). Uric acid precipitation may
also occur in the vasa recti supplying the distal nephron. Histological studies of kidneys
during acute urate nephropathy show minimal interstitial cellular infiltration, and the
pathologic changes of acute urate nephropathy are reversible.

Renal function in acute uric acid nephropathy correlates with the rate of urinary
excretion of urate, rather than the serum urate level. Precipitation of uric acid in the dis-
tal renal tubules and distal renal microvasculature results in increased proximal tubule
and distal tubule pressure, and a marked increase in peritubular capillary vascular resis-
tance. In patients with hyperuricemia and leukemia, inulin clearance (Ciy) a measure
of GFR, and para-amino hippurate (PAH) clearance, a measure of renal plasma flow,
are decreased (29). The filtration fraction (Ciy/Cpay) is also decreased. Studies of acute
hyperuricemia in laboratory animal models have shown similar alterations in Cyy and
renal blood flow. Urinary flow is almost always markedly diminished.

6. PHARMACOLOGIC AGENTS AFFECTING URIC ACID METABOLISM

A wide variety of pharmacologic agents are known to affect uric acid metabolism
(30). Hyperuricemia may result from either inhibition of tubular secretion or from
enhanced tubular reabsorption (Table 2). Conversely, hypouricemia may develop when
tubular reabsorption is inhibited or tubular secretion is increased.

Table 2

Drugs That Decrease Uric Acid Excretion

Diuretics Ethanol
Acetazolamide Laxative abuse
Amiloride Levodopa
Chlorthalidone Methoxy flurano
Furosemide Nicotinic acid
Thiazides Pyrazinamide
Triamterene Salicylates (low dose)
Ethambutol

7. PATHOPHYSIOLOGY OF HYPOURICEMIA
WITH HYPERURICOSURIA

Idiopathic hyperuricosuria may result from altered renal tubular urate transport.
With renal urate wasting, serum uric acid concentrations are decreased (<2 mg/dL).
Decreased tubular reabsorption of urate is the most frequent transport defect in patients
with renal hyperuricosuria (3/-33). Uric acid is reabsorbed in both the early and late
segments of the proximal tubule. It appears that most defects in urate reabsorption occur
in the early or “pre-secretory” segments. Less commonly, some children have increased
tubular secretion of uric acid (32). Idiopathic renal hyperuricosuria may affect multiple
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family members and is frequently asymptomatic. Other etiologies of renal urate wasting
include the Fanconi syndrome, cystinosis, Wilson’s disease, and parenteral hyperalimen-
tation (34). A substantial number of pharmacological agents increase urinary uric acid
excretion (Table 3). Obviously, any cause of increased uric acid production with hype-
ruricemia may result in hyperuricosuria. An approach to the patient with hypouricemia
is shown in Fig. 4.

Table 3

Selected Drugs That Increase Uric Acid Excretion
Acetohexamide Hyperosmolar contrast media
Ascorbic acid Iodopyracet
Benzbromarone Iopanoic acid

Calcium ipodate Meglumine iodipamide
Chlorprothixene Ticrynafen
Cinchophen Orotic acid

Citrate Outdated tetracycline
Dicumerol Phenylbutazone

Most diuretics Phenolsulfonphthalein
Estrogens Probenecid

Glycerol guaiacolate Salicylate

Glycine Sodium diatrizoate
Halofenate Zoxazolamine

Hypouricemia
(serum uric acid
<2mg/dl)

A 4

Determine urinary uric
acid excretion

Normal or decreased
excretion
(uric acid <0.56mg/dl GFR)

' '

medications Renal tubular uric acid wasting
xanthinuria SIADH
Diabetes mellitus
Wilson’s disease
Fanconi’s syndrome

Increased uric acid excretion
(uric acid >0.56mg/dl GFR)

Fig. 4. Approach to hypouricemia.
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8. THERAPY FOR ACUTE SEVERE HYPERURICEMIA
WITH NEPHROPATHY

Although the mortality in acute urate nephropathy was once nearly 45%, current dial-
ysis therapies have dramatically improved survival. Mortality is now related almost
exclusively to the underlying disease process. Medical therapy for patients at risk for
urate nephropathy is directed toward reducing intrarenal precipitation of uric acid by
maintaining a high urine flow rate with as much hydration as the level of renal function
allows (35).

To prevent acute uric acid nephropathy in patients undergoing induction antineoplas-
tic therapy, intravenous fluid administration is begun at 3000 mL/m? body surface area
per day in both children and adults, when extracellular fluid volume allows. In patients
with extracellular fluid volume depletion, replacement of fluid deficits must precede
high volume maintenance. An alkaline urine is maintained with intravenous sodium
bicarbonate infusions. When the urine pH cannot be maintained above a pH of 7.0,
acetazolamide may also be given orally (provided systemic acidosis is not present).
The relative protective roles of urinary flow rate, urine osmolality, and urine pH in
the prevention of acute urate nephropathy have been examined in laboratory settings
(36). These studies suggest that a high tubular fluid flow rate, regardless of urine pH or
osmolality, offers the maximal protection against urate nephropathy. As aforementioned,
use of uricosuric drugs, especially radiographic contrast agents, should be avoided in
patients with hyperuricemia (Fig. 3).

During cytotoxic therapy or in patients with a sustained source of urate overpro-
duction, the filtered urate load is reduced by administering either intravenous or oral
allopurinol. Allopurinol is an inhibitor of xanthine oxidase and is effective in reducing
the concentration of uric acid in the serum. Urinary oxypurine excretion is markedly
increased during allopurinol therapy and renal failure secondary to xanthine precipita-
tion has been observed rarely during allopurinol therapy (37).

Dialysis or hemofiltration is effective in reducing the serum uric acid concentration
and in treating the metabolic consequences of acute renal failure (38). The clearance of
uric acid by hemodialysis is 10 times greater than with peritoneal dialysis; therefore,
hemodialysis is the dialysis treatment of choice for acute renal failure from uric acid
nephropathy. Hemodialysis should be the initial treatment if oliguria or life-threatening
hyperkalemia are present when renal failure is discovered. Occasionally, acute renal
failure resolves after one or two dialysis treatments (26). Due to the tremendous pro-
duction of uric acid with initial cytotoxic therapy, frequent hemodialysis therapies may
be required. When time and the initial metabolic derangements allow, continuous arteri-
ovenous or venovenous hemofiltration or hemodiafiltration has been shown to be advan-
tageous as renal replacement therapy for patients with acute tumor lysis syndrome.
Continuous hemodiafiltration allows for the provision of intravenous nutrition and more
flexibility in management. Allopurinol is removed by hemodialysis, and a dose should
be given at the conclusion of dialysis treatment.

Uricolysis therapy with the intravenous administration of the enzyme, uricase (uric
acid oxidase), is an exciting advance in the treatment and prevention of urate nephropa-
thy during cytotoxic therapies (34). Uric acid is degraded to allantoin in the presence
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of uricase. Allantoin is extremely soluble, is filtered by the glomerular membrane, and
has no known nephrotoxicity. Intravenous administration of uricase in doses of 0.15—
0.2 mg/kg, diluted in saline, is administered over 1-2 h during the first 5-7 days of
chemotherapy. This regimen is superior to allopurinol in reducing serum uric acid con-
centrations and preventing oliguric acute renal failure in children with leukemia. Some
patients (<5%) receiving the nonrecombinant uricase develop bronchospasm, hives, and
other hypersensitivity reactions. Uricase should not be administered to patients with
G6PD deficiency. Enzymatic uricolysis therapy may replace the initial use of allopuri-
nol and dramatically reduce the need for dialysis therapies in patients with tumor lysis
syndrome.

8.1. Hyperuricemia in the Pathogenesis of Hypertension and Progression
of Chronic Kidney Disease

Individuals with hypertension and chronic kidney disease frequently have increased
serum concentrations of uric acid. Traditional thinking has considered hyperuricemia
in these settings as a secondary phenomenon and has not considered a primary patho-
genetic mechanism related to uric acid (7). Recent studies have hypothesized that uric
acid is toxic to vascular endothelial cells and may result in the development of essential
hypertension and progressive loss of renal function (39, 40). This interesting hypothesis
is currently the focus of rigorous study and potentially offers new therapeutic options in
these conditions.

8.2. Summary

1. Serum uric acid and urinary uric acid values vary during childhood and differ from adult
values.

2. Serum uric acid concentrations are altered by changes in extracellular fluid volumes.

3. Unexplained extreme hyperuricemia in an otherwise normally developing child should
raise the possibility of leukemia or lymphoma, regardless of the peripheral white blood
cell count.

4. Hyperuricemia is an important cause of acute renal failure in children undergoing acute
tumor lysis.

5. Chronic hyperuricemia may contribute to the development of hypertension and progres-
sion of chronic kidney disease.
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1 8 Special Situations in the NICU
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Key Points

1. Total body water decreases significantly throughout gestation and the first year of life from 95 to
60%.

2. Postnatal weight loss in the first week of life is physiologically normal in all gestational ages.

Mature renal function is not achieved until approximately 2 years of life.

4. Gestational age is the major factor in the degree of insensible water loss due to transepidermal
water loss, respiratory loss, and urinary losses.

5. Thermoregulation of newborns decreases morbidity and mortality.

b

Key Words: Body fluids; fluid balance; water loss; electrolyte balance; acid—base metabolism

1. INTRODUCTION

The physiologic processes that occur as the newborn infant transitions from intrauter-
ine to extrauterine life are complex and involve changes in body composition, fluid
distribution, and skin, kidney, and neuroendocrine system functions. Alterations in acid—
base and fluid balances are prominent during this period. In newborn infants, the skin
primarily regulates fluid and electrolyte balance. In utero, the fetus is able to maintain
almost all of its acid—base physiology, except for the carbon dioxide (CO,) that diffuses
across the placenta. Therefore, fetal acid—base balance may be affected by placental dis-
turbances, such as a change in blood flow or umbilical cord compression. This may be
caused by maternal factors such as hypertensive diseases of pregnancy (hypertension,
preeclampsia) or placental abruption. Careful attention is required during management
of neonatal fluids and acid-base balance. Both are affected by gestational age, mater-
nal complications, mode of delivery, congenital anomalies, insensible water loss, the
environment, and medications. Management of the newborn infant, particularly infants
admitted to the neonatal intensive care unit will be reviewed.
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2. BODY FLUIDS

Body composition, specifically fluid distribution, changes drastically throughout the
human life span. The most significant changes occur during fetal development and
throughout the first year of life (Fig. 1). Total body water (TBW) is the sum of extra-
cellular fluid and intracellular fluid. The extracellular water (ECW) is further broken
down into two parts, the interstitial fluid and plasma (not including red and white blood
cells). The major cation in the ECW is sodium (Na*) and the major anions are chloride
(CI") and bicarbonate (HCOs3™). The major cations in the intracellular water (ICW) are
potassium (K*) and magnesium (Mg2+) and the major anions are protein and organic
phosphates.

In the first trimester, the TBW comprises about 95% of the total body weight. When
gestation enters the second trimester, the TBW declines to approximately 85%. This
continues to decrease until birth. Water and electrolyte exchange between the mother,
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Fig. 1. TBW, ECW, ICW as percentages of body weight in infants and children, compared to corre-
sponding values for the fetus and adults. Reproduced with permission from Friis-Hansen (3).
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fetus, and placenta influence fetal body composition and fluid balance. The placenta
provides nutrients and electrolytes for the developing fetus. Positive electrolyte balance
is required for appropriate weight gain during the third trimester.

A key factor that causes the change in ECW during pregnancy and early in gestation
is the increased plasma volume. During the second trimester the blood volume of the
fetus is about 160 ml/kg; this decreases to approximately 80 ml/kg at term gestation
(1, 2). As gestation advances, the fetal hemoglobin rises. This contributes to a decrease
in plasma volume and therefore, a decrease in ECW and an increase in ICW. There are
also clinical scenarios that may cause a more substantial rise in hemoglobin concentra-
tion in a newborn infant. These include infants who are born to a diabetic mother, born
after a hypoxic event near the time of delivery or affected in utero leading to intrauter-
ine growth restriction, which may increase bone marrow red cell production leading to
polycythemia.

At birth the percentage of TBW to total body weight exceeds that of an adult. The
TBW of the term infant is 75% of the birth weight. Infants who are born preterm will
have a higher TBW and larger extracellular compartments than babies born at term.
As the ECW decreases during gestation, the ICW compartment steadily increases. By
the second trimester the ICW makes up about 25% of the total body weight and by 3
months postnatal age the ICW has almost reached its peak at 40%. After this time, the
intracellular volume steadily declines to about 25% at 1 year of age (3) (Fig. 1).

There are a number of factors that can affect the changes in TBW, ECW, and ICW in
utero and throughout the first year of life. Fluid changes begin early in pregnancy. As
maternal weight increases throughout pregnancy there is a significant increase in TBW
of the mother. The TBW compartment comprises about 50% of the pregnancy weight
gain (4). As the fetus develops in utero, there is a steady increase in fat and muscle with
a concurrent decrease in the percentage of TBW and ECW as the gestation advances.
The fetus and premature infant have a very large body surface area relative to their size.
This also has a major effect on fluid balance.

Rapid changes in body water distribution also occur after birth in the full-term infant.
The intracellular and extracellular compartments are inversely proportional to each
other. As the ECW decreases, the ICW increases. Contraction of the extracellular com-
partment (interstitial tissue space) is dependent on the total body sodium content and
exceeds the concurrent degree of intracellular compartment expansion that occurs after
birth. This results in a total reduction of TBW. From 3 months of age onward ECW
continues to decline but at a much slower rate as does the proportion of TBW. By 1 year
of age, the TBW is about 60% and the ECW compartment comprises about 25% of the
total body weight.

The kidneys have a major effect on fetal and neonatal fluid balance. During fetal
life, the kidney function and the number of nephrons are low. The function and number
of nephrons increase with advancing gestational and postnatal age (5). Mature (adult)
renal function is achieved by 2 years of age. There are other factors that affect fluid
and electrolyte balance in the postnatal period, including hormonal, maternal medica-
tions, and umbilical cord clamping. Changes in fetal hormone (catecholamines, vaso-
pressin, and cortisol) levels in preparation for labor and delivery occur in conjunction
with intrapartum-induced alterations in capillary permeability and the shifting of fluid
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from the intravascular to the interstitial space of the fetus. These physiologic processes
are important for normal adaptation that occurs during the first 48 h of life. Postnatally,
increased oxygenation and changes in hormone production shift fluid from the intersti-
tium back into the intravascular space. Intrapartum events and the timing of umbilical
cord clamping can also affect postnatal fluid balance. A delay in clamping the umbil-
ical cord can increase the hematocrit of the newborn infant by 25-50% (6). There are
instances where neonatal hyponatremia may develop in response to maternal treatment
with indomethacin or fluid overload. Fetal hydration may also be impaired by placental
insufficiency or in response to maternal diuretic therapy.

Postnatal weight loss in the healthy term infant occurs primarily in response to
contraction of the extracellular compartment. Among infants who are born extremely
preterm, transepidermal water loss contributes to changes in serum osmolality, and
early neonatal weight loss. Immaturity in organ function of the heart, kidneys, skin
and endocrine systems impair regulation of extracellular fluid and electrolyte balance.
As fluid moves from the interstitial to intravascular compartments there is an increase
in atrial natriuretic peptide and a decrease in other hormones that enhance the normal
physiological renal sodium and water excretion characteristic of premature infants. In
the immature infant there is a limited ability to respond to acute volume loads. Although
the kidneys regulate the extracellular volume and osmolality, renal glomerular devel-
opment (nephrogenesis) is not complete until 34-36 weeks’ gestation. Renal tubular
growth continues throughout the first few years of life.

The rate of sodium, bicarbonate, free water excretion, and renal concentrating capac-
ity are determined by the degree of tubular immaturity. Maturation of renal tubular func-
tion and glomerular filtration rate are necessary to promote positive sodium balance that
is critical for growth during infancy. Significant fluid and electrolyte disturbances may
occur in extremely immature infants who are susceptible to fluid overload. This includes
hypernatremia, hyponatremia, hyperkalemia, hypoglycemia, and hyperglycemia due to
renal immaturity. Edema may develop in response to excess sodium or a volume load.
Renal sodium losses leading to hyponatremia during the first week of life typically result
in a negative sodium balance in preterm infants born before 33 weeks’ gestation. Hyper-
tonic dehydration may also occur in the very preterm infant in response to increased free
water losses through immature skin that is not fully cornified.

Weight loss is typical in all newborn infants during the first week of life. The esti-
mated median degree of neonatal weight loss in full-term infants is reported to be 3.5%
in formula-fed infants and 6.6% in breastfed infants (7). The upper limit of normal post-
natal weight loss varies in both formula feeding and breastfeeding infants, ranging from
9.5 to 12.8%, respectively. The median length of time to maximal weight loss is approx-
imately 2-3 days. Recovery of birth weight is achieved between 6 and 9 days for most
infants. A longer period to regain birth weight is more frequently required among breast-
feeding infants and premature infants. The length of time to regain birth weight can also
vary widely; a small percentage of infants experience limited weight gain and may take
up to 3 weeks to reach their birth weight. The magnitude of postnatal weight loss is
influenced not only by the normal physiologic postnatal extracellular fluid contraction,
but also by the hydration status and caloric intake of the infant. Higher birth weights
and exclusive formula feeding are associated with less postnatal weight loss (8). For
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most full-term infants during the first week of life a 10% weight loss should trigger an
assessment of the hydration status and the risk for hypernatremia and/or non-hemolytic
jaundice by the pediatric provider.

Colostrum is the first milk produced late in pregnancy and during the first few days
after birth. Mature breast milk production typically begins 48 h after delivery. A breast-
feeding infant should be fed 812 times a day to ensure adequate fluid and nutritional
intake. Weight loss in the full-term infant who is breastfeeding usually continues until
the 3rd-5th day of life (9). Inadequate breastfeeding poses a potential risk for the devel-
opment of hypernatremic dehydration in the neonate. However, hypernatremic dehy-
dration is often difficult to diagnose solely on the basis of clinical examination. In the
otherwise healthy neonate, skin turgor, urine output, and anterior fontanelle fullness are
typically maintained even in the infant who is 10-15% dehydrated (10, 11). Risk factors
for excessive weight loss and dehydration in a full-term infant with a normal delivery in
the newborn nursery include an inexperienced mother who is breastfeeding, inadequate
frequency of breastfeeding, and poor oral-motor coordination.

3. RENAL ASPECTS OF FLUID BALANCE

The kidneys begin to function early in gestation, but nephrogenesis is not complete
until 34 weeks’ gestation (or 34 weeks postmenstrual age for infants born preterm).
Fetal urine production increases significantly from 20 weeks gestation until birth (72).
At term, the newborn kidney functions at approximately 25% of the adult level and in
the vast majority of newborns this degree of initial postnatal renal function is sufficient.
After birth, there is a decrease in renal vascular resistance with a concurrent increase
in renal blood flow and glomerular filtration. During the first 24 h, there is a three-fold
increase in the glomerular filtration rate that is unrelated to the total renal blood flow or
systemic blood pressure. The term neonate is able to concentrate urine to an osmolality
of 600-700 mOsm/L. However, the premature newborn has limited urine concentrating
ability caused by the relatively low renal medullary osmolality. In comparison, the older
child or adult can achieve a urine osmolality of 1200 mOsm/L.

Other key factors influencing fluid balance include arginine vasopressin (antidiuretic
hormone, ADH), prostaglandins, atrial natriuretic factor, aldosterone, and the renin—
angiotensin system. Antidiuretic hormone, also known as arginine vasopressin, is pro-
duced in the posterior pituitary gland by the 11th week of gestation (/3). Its purpose
is to conserve body water. ADH acts on the collecting tubules to reduce water loss in
the urine. Infants with hypoxic-ischemic encephalopathy or a central nervous system
infection experience an increase in ADH production. When the syndrome of inappro-
priate antidiuretic hormone (SIADH) develops urinary output decreases and there is
increased permeability of the collecting ducts causing hyponatremia and an elevation
in blood pressure due to arteriolar vasoconstriction. Prostaglandins are another impor-
tant regulator of fetal renal blood flow that cause vasodilatation and help maintain the
glomerular filtration rate. The atrial myocytes produce the atrial natriuretic factor. This
hormone has potent diuretic, natriuretic, and vasodilatory effects (/4). The mineralocor-
ticoid aldosterone is secreted by the adrenal cortex of the fetus (/5). This acts on the
distal renal tubules to reabsorb sodium and excrete potassium. The renin—angiotensin
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system is a hormonal system that also helps regulate extracellular fluid. Renin is synthe-
sized in the kidney and acts on angiotensin to form angiotensin II that leads to arteriolar
vasoconstriction to maintain blood pressure, tubular reabsorption of sodium, and tubular
excretion of potassium and aldosterone secretion.

Postnatal sodium and water balance depend on renal tubular reabsorption of sodium
and water and is affected by hydrostatic and oncotic forces on the renal tubule. Flu-
ids must be carefully balanced because preterm and full-term infants have difficulty
responding to fluid deprivation and fluid overload. Postnatally, fluid and electrolyte
imbalance that may occur are caused by a number of factors including renal dysfunc-
tion, renal agenesis, prematurity, congenital defects, such as abdominal wall defects and
intestinal atresias, and electrolyte loss from the intestines due to vomiting or diarrhea.

All neonates are vulnerable to developing renal insufficiency; however, preterm
infants are at a significantly higher risk than their full-term counterparts. It has been
reported that up to 22% of preterm newborns develop acute renal failure (/6). Acute
renal failure in the newborn often leads to water and electrolyte imbalance. The causes
of renal failure may be classified by disease origin: pre-renal, renal, or post-renal. Pre-
renal failure is caused by decreased perfusion of the kidney that may develop in response
to hypotension, dehydration, or hypovolemia. Intrinsic renal failure is usually caused
by an acute physiological event such as shock, ischemia, or renal tubular dysfunction.
Post-renal failure is caused by urinary tract obstruction that usually requires surgery for
definitive treatment (Fig. 2).

Pre-renal Renal Post-renal

Congestive Heart Failure |Acute Tubular Necrosis *Congenital Anomalies

Dehydration Polycystic kidney disease Bilateral uretopelvic junction obstruction
Drugs Renal dysplasia Bilateral ureterovesical junction obstruction
Hemorrhage Renal venous thrombosis Posterior urethral valves

Necrotizing Enterocolitis | Transient acute renal Obstructive nephrolithiasis

Sepsis insufficiency of the newborn Neurogenic bladder

*newborn infants < 1wk old

Fig. 2. Causes of renal failure.

Renal tubular acidosis (RTA) is common among preterm infants and is typically a
transient condition in most neonates. RTA develops when the kidneys are unable to
excrete acids into the urine and unable to reabsorb HCO3 ™. There are three main types of
RTA: classic or distal (I), proximal (II), and hypoaldosterone (IV). Distal (I) RTA usually
occurs in early in life. It is caused by diminished distal H" secretion and causes vomit-
ing, polyuria, dehydration, and hypokalemia. This can be caused by a sporadic mutation,
autosomal recessive or autosomal dominant disorder and is a permanent defect. Proxi-
mal (IT) RTA causes a decrease in HCO3™ reabsorption in the proximal tubule. This may
be genetic, but often occurs in premature infants and is temporary. With maturation the
amount of reabsorption of HCO3™ increases. Type IV RTA results in hyperkalemia due
to abnormalities in aldosterone production. Treatment for these infants usually includes
mineralocorticoid supplementation.
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4. INSENSIBLE WATER LOSSES

Insensible water loss is fluid loss due to transepidermal water loss (TEWL), respi-
ratory losses, and/or urinary losses. Gestational age is the major factor in the degree
of insensible water loss. The TEWL is inversely proportional to the gestational of the
infant: the more immature the infant, the greater the TEWL will occur. In the extremely
premature infant (<26 weeks), transepidermal water loss may be as high as 90 ml/kg/day.
As the gestational age increases, transepidermal water loss will decrease. By about 28
weeks’ gestation, it may be as low as 40 ml/kg/day. Transepidermal water loss plateaus
around 31 weeks’ gestation onward with about 10 ml/kg/day (/7). This is primarily
due to the large body surface area of the infant relative to the body weight and a
more immature epidermal skin barrier, both of which occur in the extremely premature
infant.

4.1. Transepidermal Water Loss

The purpose of the skin is to prevent fluid loss and protect the infant from infection
(18). The outermost layer of the skin, the stratum corneum, helps with both of these
functions. A well-developed stratum corneum that is keratinized will protect an infant
against excess water loss. Keratinization begins during the second trimester and is not
homogenous in its development (/8). It is not well developed until about 34 weeks’
gestation (/9). The skin of the abdomen and back are the last to cornify. As a conse-
quence, TEWL is very high in extremely premature infants. The relative humidity of the
environment surrounding the infant, in particular the premature neonate, is an additional
significant factor in the degree of TEWL. Appropriate humidification will reduce both
transepidermal water and heat losses.

Postnatal age and skin maturation are important factors that affect the amount of water
loss through evaporation. The stratum corneum develops much more rapidly postnatally
than in utero. Within 2-3 weeks of birth of an extremely premature infant, the stratum
corneum is usually thickened and less permeable (/9). For instance, a 2-week-old infant
born at 25 weeks’ gestation will exhibit a lower rate of TEWL than a newborn infant at
27 weeks’ gestation. Fluid requirement will vary daily because of the significant changes
in TEWL that occur in the first week of life of a premature infant (20) (Table 1).

Sweating is an infrequent mode of transepidermal water loss in the newborn.
Although sweat glands are present in the preterm infant from 28 weeks’ gestation,

Table 1

Fluid Requirements for Newborn Infants (17), (21)
Gestational age Day 0 Days 1-3 Days 3-7
<28 weeks 80-120 100-150 140-160
29-33 weeks 80-100 100-150 120-160

>34 weeks 60-80 60-100 80-120
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thermal sweating does not occur prior to 30 weeks of development. Among full-term
neonates sweating is also very limited in response to a thermal stimulus.

4.2. Respiratory Loss

Respiratory insensible water loss occurs in the infant, child, and adult as inspired air
becomes saturated with water in the upper respiratory tract. Water loss via this route is
variable and dependent on minute ventilation, ambient temperature, and humidity. The
greater the humidity of inspired air, the lower the respiratory water loss during breathing
(22). In general, respiratory water loss accounts for about 40% of the insensible water
loss in the full-term infant. Respiratory water losses will be higher in an infant who is
ill and tachypneic. Lack of humidification of the inspired air increases the amount of
respiratory water loss. If an infant requires respiratory support (mechanical ventilation,
nasal continuous positive airway pressure, or supplemental oxygen delivered via nasal
cannula or head box), heated and humidified respiratory gases should be used in order
to limit or eliminate insensible losses via the respiratory tract (23).

5. ENVIRONMENTAL FACTORS

It is important to maintain stable thermoregulation for infants to minimize heat loss
and oxygen consumption. Heat loss is an important contributor to insensible water loss
and is influenced by 4 factors: radiation, conduction, evaporation, and convection. New-
born infants may be cared for in a variety of conditions and environments. These include
skin-to-skin contact, open-air bassinettes, incubators (humidified or non-humidified),
and an open radiant warmer. Each one of these has their strengths and weaknesses on
the basis of the maturity level, skin integrity, degree of illness, and metabolic state of
the infant.

Skin-to-skin contact is defined as a naked infant lying on the bare chest of a care-
giver. It has been shown to help maintain body temperature, even among preterm infants
(24). An open bassinette should be reserved for those infants who can maintain their
own body temperature since it does not provide thermoregulation. An incubator typi-
cally provides a temperature-regulated enclosed environment with portholes to permit
easy access to the infant. The air circulating through the incubator is heated and may
or may not be humidified. Incubators, also referred to as isolettes, may be single or
double walled. The latter will further limit the insensible water and heat loss experi-
enced by the infant. Radiant warmers are commonly used in the delivery room. These
warmers allow for easy access to the newborn and facilitate resuscitative care, stabi-
lization, and the performance of procedures, such as intubation, and umbilical vessel
catheterization. The radiant warmer should be heated prior to placing the infant on the
warmer bed. Once the infant is placed on the warmer, the temperature can be set at
36.6°C and the temperature probe placed on the infant’s abdomen. The infant’s axil-
lary temperature should be maintained between 36.0 and 37.0°C (25). When the baby is
warmed and the skin reaches the preset warmer temperature, the warmer will automati-
cally lower its heat output. Because the temperature and humidity of the surrounding air
are not controlled, convective and evaporative heat losses and insensible water losses are
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increased (26). Radiant heat may increase insensible water loss by as much as 90% (27).
Compared to an incubator, heat loss in a radiant warmer can be more than twice as high
(28). In addition, TEWL is also significantly higher in infants cared for in this envi-
ronment compared to the infant in a non-humidified incubator (29). The lower ambient
humidity is also responsible for the higher water loss associated with radiant warmer
use (30).

A higher ambient humidity decreases evaporative heat loss, thereby decreasing fluid
losses. There is an inverse relationship between the humidity level in the surrounding
environment and insensible water losses (3/). High ambient humidity may decrease
insensible water loss by up to 50% (32). Even extremely low birth weight infants
(<1000 g) have a lower fluid requirement when using a humidified incubator for care
(33). For decades, there has been a concern about the use of humidification in an incu-
bator because increased rates of infection, specifically Pseudomonas (34). Since this
was recognized, the practice of frequently changing the water supply and periodically
changing the incubator to permit thorough cleaning has dramatically reduced infec-
tion rates. Humidification of the incubators also aids in controlling body temperature
(35). By decreasing evaporative water losses, humidification allows premature infants
to maintain their temperature more easily.

Another method to aid in decreasing evaporative heat loss and TEWL in infants less
than 28 weeks’ gestation is by using polyethylene bags in the delivery room during
stabilization. After delivery, the premature infant is immediately placed up to their neck
into a polyethylene bag as a technique to prevent heat loss (36). An alternative method
to prevent heat loss is done by wrapping the infant in a non-occlusive plastic blanket.

6. SENSIBLE WATER LOSSES

Sensible losses include urine and stool water losses. Because of its small amount,
stool water loss is usually negligible. Voiding occurs within 12 h of life in half of all
newborns and in 92% by 24 h of life (37). If an infant has not voided within 48 h, an
assessment regarding fluid intake and possible renal anomalies should be undertaken.
Healthy full-term infants undergo a progressive increase in urine output as enteral feeds
increase. For the premature infant there are three phases of urinary output in the new-
born infant. These include the pre-diuretic, diuretic, and post-diuretic phase (38, 39).
The pre-diuretic phase typically occurs during the first 2 days of life with urine output
about 1-2 ml/kg/h and is always lower than intake. By day 3 of life, there is a signif-
icant increase in urine output as weight loss continues (40). Diuresis, or the diuretic
phase, is defined as a high urine output, greater than 5 ml/kg/h. This phase appears to
be independent of fluid intake (38). During this phase, infants are at risk for hyperna-
tremia and hyponatremia. Hypernatremia may occur due to the high free water loss.
On the other hand, hyponatremia can occur due to the high fractional excretion of
sodium (FEN,) in the urine caused by a decreased reabsorption of sodium in the prox-
imal tubules of the kidney. Finally, during the post-diuretic phase, the kidneys begin to
equilibrate and respond to the amount of fluid intake and urine output is usually within
1-3 ml/kg/h.
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7. FLUID AND ELECTROLYTE MANAGEMENT

Attention to the components of fluid management is critical in caring for the newborn
infant. All newborn infants, irrespective of their level of maturity or degree of illness,
should be weighed after birth. This initial weight measurement and assessment of ges-
tational age are important in determining the fluid requirements and risks for water and
metabolic imbalances of the infant (Table 1). Most infants are weighed daily during their
newborn nursery hospitalization, but this may not be necessary in the full-term infant
who is well hydrated, feeding, and voiding well. Electrolyte changes and free water loss
may be more extreme depending on the gestational age of the infant and severity of the
illness. Therefore, laboratory tests may need to be done more frequently (Table 2).

Table 2

Electrolyte Testing Intervals (hours) for Preterm Infants
Gestational age Day 1 Day 2 Day 3
23-25 weeks 6-8 8-12 12-24
26-29 weeks 8-12 12-24 12-24
30-34 weeks 12-18 12-24 12-24

During the initial stages of physiologic transition in preterm infants, considerable
changes occur that affect the water and electrolyte balance. The goal of treatment dur-
ing this period is to allow for some weight loss (10-15% during the first week of life or
approximately 2-3% per day). Due to the risk of hypernatremia from significant TEWL
sodium supplementation is usually withheld until adequate urine output has been estab-
lished (>2.5 ml/kg/h).

Potassium is the major intracellular cation. In very premature infants, potassium sup-
plementation is not provided during the first few days of life because of the risk of
hyperkalemia. The cause of hyperkalemia is unclear, but may be due to decreased renal
function, low glomerular filtration rate, increased red cell breakdown, and/or acidosis.
Potassium should also be withheld until diuresis begins. Hyperkalemia may still occur in
extremely premature infants even without potassium supplementation and despite ade-
quate urine output (non-oliguric hyperkalemia). Hyperkalemia is defined as a potassium
concentration > 6.5 mEq/L and may require treatment when it is greater than 7.0 mEq/L
(41). Possible treatment approaches include the use of furosemide, insulin/glucose infu-
sions to stimulate the intracellular uptake of potassium, NaHCO3 to shift potassium into
cells, and a cation exchange resin (Kayexalate) to bind and excrete potassium through
the stools (this is not used in premature infants).

Calcium supplementation is usually started on the first day of life in the high-risk
infants such as premature infants and asphyxiated infants. Infants of diabetic mothers
(IDM) usually do not require supplemental calcium; however, because of the risk for a
blunted parathyroid response following the normal physiologic decline in ionized cal-
cium in IDM they are at a greater risk for hypocalcemia at 24 h of life. Calcium is a
routine additive in parenteral nutrition solutions when an infant is not feeding enter-
ally, but due to the risk of sloughing of the skin that may be caused by an infiltrated
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intravenous line, calcium should be added to peripheral lines with caution. Magnesium
is also added to parenteral nutrition fluids within the first few days of life unless the
mother of the infant received supplemental magnesium prior to delivery for maternal
indications, such as preeclampsia or hypertension. In these instances, it may be neces-
sary to check the infant’s serum magnesium level before supplementation is provided
(Table 3).

Table 3
Electrolyte Requirements

Day 0 Days 1-3 >Day 3
Sodium (mEq/kg/day) 0 1-3 2-5
Potassium (mEq/kg/day) 0 0-1 2-4
Calcium (mg/kg/day) 200-400 200-400 200-400
Magnesium (mg/kg/day) 0%, 0.25-0.4 0.25-0.4 0.25-0.4

*If maternal magnesium was provided prior to delivery (42), (43)

Excessive gastrointestinal losses may also cause electrolyte imbalances. Gastroin-
testinal losses may occur from infections, congenital malformations, or injury to the
bowel that causes malabsorption. Common gastrointestinal infections caused by viruses
and bacteria, such as rotavirus and Salmonella, frequently affect infants and toddlers and
lead to extreme water loss from diarrhea. Congenital malformations such as an omphalo-
cele and gastroschisis also cause excessive evaporative water loss and electrolyte imbal-
ances that contribute to dehydration. Infants with damaged bowel who require bowel
resections and stoma placement are predisposed to chronic intestinal fluid and elec-
trolyte losses. These infants need close monitoring of their electrolytes and often need
parenteral replacement of sodium, potassium, and chloride.

8. SPECIAL CONSIDERATIONS IN THE CARE OF THE NEWBORN
REQUIRING SURGERY

There are many considerations to be undertaken with the infant who requires surgery.
It is important to continue the maintenance fluid in addition to providing fluid for any
additional losses during the surgical procedure. Infants are often given isotonic or hypo-
tonic solution during surgery. Blood pressure and heart rate are monitored regularly
throughout the procedure to ensure adequate perfusion and if more volume is needed,
the infant’s fluid support is adjusted.

After surgery, fluid often accumulates causing edema. There is often an increase in
capillary permeability with leakage of protein or albumin that causes a decrease in col-
loid osmotic pressure. This fluid shifting is referred to as third spacing, when fluid shifts
into non-functional compartments. Weight gain after surgery is common and may be as
much as 30% of pre-surgical weight. Peri-operatively, fluids should be carefully mon-
itored in order to avoid fluid overload. At times, fluid restriction may be necessary.
However, it is important to watch for signs of hypovolemia, which include hypoten-
sion, tachycardia, and decreased urinary output (caused by decreased renal perfusion).
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The intravascular fluid will continue to leak into the interstitial tissue space and across
capillaries until the oncotic pressure improves and hydrostatic/oncotic balance is
restored. Albumin or synthetic colloid infusions have been used in the past, but in ran-
domized studies of critically ill adults it has been shown that it may contribute to an
increase in mortality (44). Clinical improvement will be appreciated as the urine output
increases and the infant begins to lose weight.

9. DIURETICS

Diuretics are often administered to infants in the neonatal intensive care unit. They are
used in the treatment of peripheral edema, congestive heart failure, hypertension, pul-
monary edema, decreased urine output, and bronchopulmonary dysplasia. Loop diuret-
ics, such as furosemide, are often the first line of treatment. These medications bind to
one of the two chlorides on the sodium/potassium/chloride co-transporter. This results in
decreased reabsorption of sodium and chloride in the thick ascending loop of Henle. It
also prevents reabsorption of potassium, magnesium, and calcium. If furosemide is used
for a long period of time, the patient should be monitored for electrolyte imbalances
such as hyponatremia, hypokalemia, hypochloremia, hypomagnesemia, and hypocal-
cemia. Nephrocalcinosis and ototoxicity are also known complications of loop diuretic
therapy in neonates.

Thiazide diuretics, such as chlorothiazide and hydrochlorothiazide, are also fre-
quently used in the neonatal intensive care unit. These medications block the sodium—
chloride transporter at the distal convoluted tubules and collecting tubules. In addition,
thiazides may actually increase reabsorption of calcium leading to hypercalcemia. Both
furosemide and chlorothiazide may be given either intravenously and enterally, which
make them easy to administer to infants. Some infants may require sodium, potas-
sium, or chloride supplementation while on diuretic therapy. Serum electrolytes and
renal function should be checked before initiating diuretic therapy and again after a few
days of therapy to look for any abnormalities. Potassium chloride supplements are often
needed when an infant is on diuretics to avoid hypokalemia and hypochloremia.

10. GLUCOSE HOMEOSTASIS

All infants require glucose after birth to avoid hypoglycemia. In healthy full-term
infants this is provided by breast milk or infant formula. In premature infants, it is usu-
ally supplied intravenously. At birth the newborn infant’s glucose level will be approx-
imately 70-80% of the mother’s blood sugar level. Following the birth the newborn
must rely on endogenous stores of glycogen and intrinsic metabolic pathways to main-
tain glucose homeostasis. Most healthy, normal term infants have a sufficient amount of
stored glycogen to maintain glucose homeostasis for several hours. There is a normal
decline in serum glucose after birth, typically reaching a nadir between 30 and 90 min
of life (45). Although transient hypoglycemia in the immediate newborn period is com-
mon, it is typically a self-limited process and spontaneously resolves within 2-3 h, even
if early enteral feeding is not provided. Therefore, routine glucose monitoring is not
recommended for the healthy full-term infant in the first 2 h after birth (46, 47). In the
healthy term infant who is breastfeeding a marked ketogenic response occurs during
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periods in which low blood sugar develops as a result of prolonged intervals between
breastfeeding. Ketone production provides the neonatal brain with a glucose sparing
energy source that helps to protect the brain from injury. Whether an infant is breast-
feeding, formula feeding or a combination of the two, glucose levels gradually rise over
the first 96 h of life.

The definition of hypoglycemia in a newborn infant is controversial because of the
difficulty in correlating glucose levels, clinical symptoms, and long-term outcomes.
Also, glucose concentrations vary by the test method used and whether the sample tested
is whole blood, plasma, or serum. Plasma and serum glucose concentrations are 10-15%
higher than blood glucose concentrations. A recent population-based meta-analysis of
low glucose levels in healthy newborn infants suggested low plasma glucose thresh-
old levels (<5th percentile) of 28 mg/dL (1.6 mmol/L), 40 mg/dL (2.2 mmol/L), and
48 mg/dL (2.7 mmol/L) at 1-2 h (nadir), 3-47 h, and 48-72 h of life, respectively (48).
Approximately, 10% of newborns develop hypoglycemia if the initial feeding is delayed
for more than 4 h (49).

Glucose screening should be performed on high-risk infants and those with abnormal
clinical signs. Among infants at risk for developing hypoglycemia in the immediate
newborn period are babies who have an inadequate intake or production of glucose and
babies who have an excessive use of glucose. The latter group includes infants who are
hyperinsulinemic. At risk infants who should have routine glucose monitoring include
babies who are born preterm, low birth weight, growth restricted, large for gestational
age, and those whose mothers are diagnosed with either gestational or pre-gestational
diabetes. In addition, infants with an increased metabolic rate due to perinatal stress,
sepsis, hypothermia, drug withdrawal or polycythemia, or whose mothers were treated
with oral hypoglycemics, beta blockers, or terbutaline are also at risk. Clinical signs
of hypoglycemia include tremors, seizures, respiratory distress, cyanosis, irritability,
apnea, and poor feeding (50).

Blood glucose levels should be monitored for at risk infants within 1 h of birth,
2-3 h after birth, and before feeding for 24-36 h if there are any abnormal signs (517).
Among infants who develop hypoglycemia, it is recommended that blood sugar levels
be maintained greater than 47 mg/dL (2.6 mmol/L) (50). This can usually be achieved by
early, frequent feedings of breast milk or formula. However, a symptomatic infant whose
blood sugar level cannot be maintained above 47 mg/dL with enteral feeding should be
given an intravenous infusion of 10% dextrose (200 mg/kg glucose) (52). Within 24 h the
blood glucose usually improves and remains >50 mg/dL (53). Hypoglycemia in the new-
born period may have a deleterious effect on the neurodevelopmental outcome and some
recommend that plasma glucose levels should be maintained greater than 60 mg/dL
(54, 55).

Among infants who are ill, glucose should be provided through an intravenous glu-
cose infusion. The estimated glucose requirement of a full-term infant is 4—6 mg/kg/min
(56). This is higher than the endogenous hepatic output for the older child or adult
because of the increased reliance of the newborn brain on glucose for the early energy
needs. Glycogen synthesis is initiated in the second trimester of gestation and storage
does not begin until the third trimester (56). Therefore, not all premature infants have a
reserve and require glucose infusion soon after birth. Infants who are intrauterine growth
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restricted are also at risk for hypoglycemia because of their decreased glycogen stores
and decreased rate of gluconeogenesis.

The glucose infusion rate requried is usually 4-6 mg/kg/min in the first day of life.
The exogenous glucose infusion rate provided by an intravenous infusion is determined
by the following equation: rate of IV fluid X % of dextrose x 0.167/weight of the infant
(kg). As long as the infant remains euglycemic, 75-120 mg/dL, the glucose infusion
rate may be increased (usually up to 11-13 mg/kg/min) in order to increase caloric
intake. Premature infants have a decreased amount of glucose reabsorption by the kid-
neys compared to that of full-term infants and a high glucose infusion rate may lead to
more glycosuria (57).

Hyperglycemia is to be avoided as well and may be caused by sepsis stress, insulin
resistance, or a high glucose infusion rate. Severe hyperglycemia, >180 mg/dL, during
the first 3 days of life in extremely low birth weight infants was found to be associated
with an increased risk of death and sepsis (58).

11. ACID-BASE METABOLISM

The cells of the body work optimally with a normal pH. This range is very narrow
and should be maintained closely in newborns, children, and adults (Table 4). As the
pH drops below 7.35, acidosis worsens and conversely, as the pH rises above 7.45, the
blood becomes more alkalotic. The acid—base diagram demonstrates the shifting of the
pH in the blood with each diagnosis (Fig. 3).

Table 4
Normal Blood Gas Parameters
Arterial blood
pH 7.35-7.45
pCO, 35-45 mmHg
pO2 75-100 mmHg
HCO3™ 22-30 mmol/L
BE +3 mmol/L

The following equation explains the acid—base system in the body. A hydrogen ion
(H") combines with a bicarbonate anion (HCO3™) to form carbonic acid (H,CO3). Ulti-
mately, carbonic acid disassociates to become water (HoO) and carbon dioxide (CO»).

HT + HCO; < H,CO3 < H,O 4+ CO»,.

Carbonic anhydrase is the activating enzyme for this reaction. When the [H*]
increases in the body due to acidosis the equation will shift to the right and cause
an increase in [CO>]. Conversely, if the [CO;] increases in response to respiratory
depression this will shift the equation to the left and cause an increase in [HCO37] to
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Fig. 3. Acid-base diagram.

compensate for the decrease in pH. The Henderson—Hasselbalch equation represents the
relationship between the pH and bicarbonate buffering system.

pH = pK™ log([HCO3 1/[H,CO3)).
For easier use and understanding, there is a modified Henderson equation:
[H"] =24 x [pCO,/HCOS |.

When the ratio of pCO, and HCO3~ changes, the [H*] changes. At times it may be
difficult to look at the acid—base status of a patient at one moment in time because acute
changes in clinical status may drastically affect the pH. Therefore, blood gases looking
at the acid—base status of patients are often looked at over a continuum of time.

In utero, the placenta responds to changes in the acid—base milieu by removing the
carbon dioxide from the blood of the fetus. A disturbance in the pH can develop when
the mother experiences a medical complication or placental function is impaired. Hypo-
volemia, hypertension, and poor blood flow through the placenta can cause fetal acido-
sis. The umbilical cord has 3 vessels, two arteries, and one vein. Often times, umbilical
cord blood gases are obtained from the placenta following the delivery of a high risk
infant. The umbilical arterial blood is deoxygenated blood that comes from the fetus
and reflects the acid—base status of the fetus. The umbilical venous blood is oxygenated
coming from the mother via the placenta to the fetus to provide nutrients. The venous
blood gas will always have a slightly higher pH and a lower pCO» than the arterial
blood gas (59, 60) (Table 5). In response to medical-legal concerns, many hospitals
and obstetricians are sending umbilical cord blood gas specimens for analysis to docu-
ment evidence of the fetal status at delivery. The pH obtained on blood gas analysis is a
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Table 5

Normal Cord Blood Gas Parameters (59)
Venous Arterial

pH 7.34(£0.06) 7.27(£0.07)

pCO» 40(x7) 50(£10)

pO» 25(49) 17(£6)

Base —3(+4) —4(£4)

function of the pCO; and any accumulated metabolic acids. Since the pH is a log of the
equation, the base excess may be more helpful to appreciate the severity of illness of the
patient.

pH = pK, +log;o[A™]/[HA].

A metabolic acidosis is demonstrated by the base deficit. It is recommended that
infants with a base deficit greater than 12 on their umbilical cord gas be observed closely
for altered neurological signs during the first 48 h of life (61). If severe metabolic acido-
sis (BD > —16 mmol/L) is shown on the umbilical arterial blood gas, the infant usually
requires assessment and closer monitoring. This includes maternal and birth histories,
examination of the infant to assess the infant’s perfusion, hemodynamic stability, and for
any evidence of neurologic dysfunction (tone abnormalities, altered state of conscious-
ness, irritability, jitteriness, or seizures). The infant should have a repeat of the blood gas
within the hour to assess the degree of residual acidosis. After birth, the respiratory and
renal systems take over the placental functions and maintain most of the buffering for
the infant. A pH < 7.0 and an Apgar score < 5 at 5 min are additional factors that neces-
sitate careful monitoring of the newborn in a special-care nursery or neonatal intensive
care unit.

11.1. Acidosis

Acidosis (pH < 7.35) may either be caused by an increase in pCO; (respiratory aci-
dosis) or an increase in [H*] (metabolic acidosis). An infant with poor respiratory effort
or poor gas exchange has an increase in pCO; that leads to respiratory acidosis. In a sit-
uation with primary respiratory acidosis, the pH and pCO; move in opposite directions.
For every 10 mmHg change in pCO, there is a 0.08 change in pH. For example, a new-
born infant has an arterial blood gas with a pH 7.39 and a pCO; 43 mmHg. Within 6 h
of births, the infant has respiratory distress and the next arterial blood gas has a pCO»
63 mmHg. In this case the pH will be 7.23, a decrease of 0.16 (Table 6).

When there is a metabolic abnormality the [HCO3™] changes in the same direction as
the pH. Metabolic acidosis may occur for many reasons. After the diagnosis of metabolic
acidosis is made it is imperative to determine its cause for adequate treatment. Metabolic
acidosis can be divided into 3 categories according to the anion gap: increased (>18),
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Table 6
Acid-Base Disturbances and [HCO3~] Compensation

[HCO5™]
Acute respiratory acidosis 1 1 mmol/L for each 10 > 40 mmHg
Chronic respiratory acidosis 1 4 mmol/L for each 10 > 40 mmHg
Acute respiratory alkalosis J 2 mmol/L for each 10 < 40 mmHg
Chronic respiratory alkalosis J 5 mmol/L for each 10 < 40 mmHg

normal (8-18), or low (<8). The anion gap is a value of all the unmeasured anions
in the plasma and it is a valuable indicator to determine the cause of the metabolic
acidosis.

Anion gap = [Na™] — [C1"] — [HCOJ ].

A normal anion gap indicates that the loss of [HCO37] is being compensated by an
increase in [Cl7]. Excessive diarrhea that may occur in response to bacterial or viral
infections in the neonate and infant causes a normal anion gap metabolic acidosis (8—
18) due to the loss of HCO3™. An increased anion gap (>18) is caused by excess in inor-
ganic, organic, and exogenous acid with no [CI"] compensation. A low anion gap is rare,
but may occur in the setting of hypoalbuminemia, which frequently occurs in premature
infants. Due to low albumin concentrations in premature infants, it is sometimes diffi-
cult to interpret the anion gap. There may be times, due to the low albumin level, when
the anion gap is normal, but should be high. There is an extensive list of possible diag-
noses to consider based on the calculated anion gap in an infant with metabolic acidosis
(Fig. 4). It is helpful to obtain urine electrolytes when a diagnosis of metabolic acidosis
is made to help determine whether there is involvement from the kidneys.

Anion Gap
Normal (<18) Increased (>18)
Aldosterone deficiency Inborn errors of metabolism
Bicarbonate loss Mitochondrial disorders
Excessive chloride Respiratory chain disorders

Ketoacidosis
Inborn errors of amino acids
Renal failure

Fig. 4. Causes of anion gap acidosis

11.2. Alkalosis

Alkalosis occurs when the pH exceeds 7.45. Respiratory alkalosis in the neonate is
rare, but it is sometimes seen in the critically ill patient on a mechanical ventilator.
This occurs when the infant is over-ventilated with excessive CO; removal. When this
occurs it can usually be corrected by adjusting the ventilator. Infants without intrinsic
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lung disease who are tachypnea can also develop respiratory alkalosis. This may occur
in those infants who are responding to a metabolic acidosis or who are withdrawing
from in utero narcotic exposure. Metabolic alkalosis may also be due to a loss in [H*]
or an increase in [HCO3~]. Common causes of metabolic alkalosis in the non-ventilated
neonate include vomiting, diuretic use, and bicarbonate administration.

Parietal cells in the stomach secrete HCI and absorb HCO3™. Prolonged vomiting
due to obstruction or intestinal atresia can cause a loss in [HCI] leading to metabolic
alkalosis. Therefore, newborns and infants with gastrointestinal atresia, gastric per-
forations, necrotizing enterocolitis, and pyloric stenosis need to be monitored very
closely.

11.3. Compensation

Metabolic compensation occurs when there is respiratory acidosis and the kidneys
respond by increasing its reabsorption of HCO3~. Approximately 70% of the plasma
bicarbonate is absorbed in the proximal tubules of the kidneys. However, the premature
kidney does not function as well as a full-term kidney and therefore, may not be able to
fully compensate for the acidosis. The respiratory system will compensate for metabolic
acidosis, but also is unable to completely correct for it. When there is an increase in [H*]
concentration the respiratory rate of the infant will increase to lower the pCO; and help
to normalize the pH (Table 6).

11.3.1. ACID-BASE DISTURBANCES AND [HCO3~] COMPENSATION

To determine whether the lungs are compensating for the metabolic acidosis, the
expected and measured pCO, must be calculated:

Expected pCO, = (1.5 x [HCO;5]) + 8 £2.

When the measured pCO» is lower than expected, there is respiratory compensation;
however, when the measured and expected pCO; are about the same, compensation has
not occurred. Blood gases are frequently monitored on patients who require respiratory
support such as mechanical ventilation. Most medical caregivers draw a blood gas within
an hour of each change made on the ventilator to confirm stability of the patient or more
urgently if there is a change in the patient’s clinical status.

12. CASE SCENARIOS
Case Scenario 1

A full-term infant is born via vaginal delivery to a 24-year-old woman. Her prenatal
labs include A negative blood type. The baby has Apgar scores of 9 and 9 at 1 and
5 min, respectively, and transitions without difficulty. Her birth weight is 3.2 kg and
she rooms-in with her mother. The mother understands the importance of breastfeed-
ing and is exclusively breastfeeding the baby. The baby’s blood type is B+ and the
indirect Coombs’ test is positive. At 24 h the infant is jaundiced with a rapidly rising
bilirubin level requiring intensive phototherapy. How does phototherapy alter the fluid
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requirements for an infant? What are the considerations in managing fluid intake in
the infant?

A full-term infant who is feeding, voiding, stooling, and well hydrated prior to com-
mencing phototherapy does not require any supplementation. Phototherapy will not
affect insensible water loss in a thermally stable infant (62). Newer phototherapy devices
emit a narrow band of high-intensity blue light via blue light emitting diodes (LEDs)
in the range of 400-550 nm, which corresponds to the absorption of light by biliru-
bin. Hydration status and hyperbilirubinemia were studied and no difference in biliru-
bin decline was found when comparing oral hydration versus supplemental intravenous
hydration (63).

However, if the infant is premature and halogen phototherapy lights are used, mainte-
nance fluids may need to be increased by 7 mL/kg/day to compensate for the increased
TEWL (64). A recent study showed there was no significant increase in TEWL in
preterm infants with the use of LED phototherapy for hyperbilirubinemia (65).

At 3 days of age the phototherapy treatment has ended and the mother is preparing to
take the baby home. After reviewing the record the baby now weighs 2.9 kg. Is there
a reason to be concerned? What is the total body water of this infant? What are the
considerations? Are there any laboratory tests to be done?

Weight loss in most newborns during the first week of life is normal adaptive behav-
ior. Because this infant is full term, her total body water is about 75% of her birth
weight. After birth the shifting of fluid should continue and the total body water and
extracellular fluid will decrease. Newborn babies’ average weight loss in the first 4
days of life is about 6%, but they may lose as much as 10% of birth weight in the
first week of life. Breastfed infants may lose closer to 15% of birth weight. This infant
has lost 9.5% of her birth weight, which is an acceptable weight loss during this period
of time. Even though she has lost 300 g she may continue to lose weight. An addi-
tional weight loss up to another 180 g may be acceptable as long as the infant remains
active, alert, well hydrated, is feeding well, and voiding. This infant should be fol-
lowed up closely within 1-3 days of discharge for assessment of hydration, adequacy of
maternal milk production, and infant feeding skills (66). On follow-up evaluation, if the
infant loses more weight, develops signs of dehydration or there are observed difficul-
ties with the mother’s milk production or the infant’s feeding efficiency, a serum elec-
trolyte panel may be warranted to assess for hypernatremia and the need for nutritional
supplementation.

Breastfeeding infants may lose more weight because of the small volume of the early
colostrum feedings. Colostrum is usually produced during the first 3—5 postnatal days.
The volume of colostrum at each feeding varies from 2 to 20 ml (67). Due to small
volume feeding, breastfeeding infants should be fed frequently during the immediate
postnatal period at least 8—12 times per day until breastfeeding is fully established. It
is also important that the infant has enough time on each breast to feed, which usually
takes 10—15 min. Transitional milk follows colostrum and continues into the second
week post-partum until finally mature milk is produced.
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Once the frequency and adequacy of the infant’s intake have been reviewed, her out-
put should be assessed. Urine output is usually low in the first day or two of life and
increases by day 3. At this point, three to five wet diapers would be acceptable and by
the end of the first week the infant will likely have up to seven or eight wet diapers in a
day.

Case Scenario 2

The delivery of a 26 week gestation infant is expected. What environmental factors
must be considered in the infant’s initial stabilization? How does this infant’s prema-
turity influence the initial approach to fluid management? How much fluid and what
electrolytes will this infant require in the first 72 h of life?

As soon as the baby is delivered the body temperature needs to be maintained and
TEWL minimized. Hypothermia in a preterm infant is common and increases the risks
of morbidity and mortality. Once the baby is delivered and handed to the pediatric team
he should be swaddled with a plastic wrap or placed in a plastic bag up to his neck under
a pre-heated radiant warmer. These measures will reduce evaporative heat and water loss
and facilitate maintenance of the infant’s body temperature. As noted in Table 1, the
initial free water requirement for an extremely premature infant is in the range of 80—
120 ml/kg/day with the appropriate environmental humidification between 70 and 80%.
It would be ideal to maintain the ambient humidity at 80% to decrease the amount of
insensible water losses and maintain his body temperature. This baby will also require
respiratory support due to lung immaturity. Whether the infant is intubated or requires
nasal CPAP (continuous positive airway pressure), the device circuit temperature should
be set to deliver 37°C with a high relative humidity. Since this infant will receive enteral
feedings initially, enteral nutrition should be established as soon as possible. A prema-
ture infant requires 4—6 mg/kg/min of glucose infusion to meet the endogenous hepatic
output required for optimal function. Glucose levels should be monitored closely until
stable. Sodium supplementation during the first 24—48 h of life is not required. Extreme
premature infants experience large extracellular fluid losses placing the infant at risk for
dehydration and hypernatremia. Also, potassium supplementation is not required until
the infant establishes good urine output (>1.5 ml/kg/h). Frequent monitoring of serum
electrolytes is necessary with frequent adjustments of the total fluid intake, glucose infu-
sion rate, and electrolyte supplementation (Table 2).

Four weeks later, the infant remains on continuous positive airway pressure for respi-
ratory support and now tolerates all of his nutritional needs enterally. What are his
fluid requirements now?

Initially, one of the main reasons an extremely premature infant has a high TEWL
is due to the immature skin and very thin layer of stratum corneum. However, the stra-
tum corneum usually develops within 1-2 weeks after birth. Thereafter, these infants
typically do not require extra fluids because there is no more risk of extreme water
loss. Since this baby is now receiving full enteral feeds, the feeding goal is 150—
160 ml/kg/day. Premature infants usually receive 24 kcal/oz formula or fortified breast
milk (24 kcal/oz) while in the intensive care unit to maximize growth and nutritional
needs. This volume gives the infant about 120-130 kcal/kg/day, which is usually enough
for adequate daily growth (15-20 g/kg/day). Premature formula or human milk fortifier
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supplements added to breast milk provide the infant with additional calcium and phos-
phorus to help maintain adequate bone growth and prevent osteopenia of prematurity.

One week later the infant develops necrotizing enterocolitis. The blood culture is pos-
itive for Escherichia coli. His arterial blood gas shows a pH 7.15, pCO, 40 mmHg,
HCO3—15mmol/L and base deficit of —10 mmol/L 12 mEq/L. The chemistry panel on
the infant showed the following: sodium 134 mEq/L, chloride 101 mEq/L, and potas-
sium 4.3 mEq/L. The infant is intubated for airway management and going to the
operating room for an exploratory laparotomy because of peritoneal air noted on an
abdominal roentgenogram. What information does the infant’s blood gas provide? Is
there an anion gap? If so, why? What are the fluid and electrolyte considerations in
the post-operative care for this infant? What if the infant’s blood gas is pH 7.15, pCO;
55 mEqg/L , HCO3—17 mmol/L and a base deficit of —10 mmol/L

A pH <7.35 represents acidosis (Fig. 3). When the HCOs3has fallen below 22 mmol/L
it demonstrates metabolic acidosis. The anion gap, the sodium [139] minus the sum of
the chloride and potassium (101 + 4), equals 25. This infant has an anion gap metabolic
acidosis (Fig. 4). This episode of sepsis caused by E. coli led to bowel hypoxia and
ultimately necrosis that caused the metabolic acidosis. It is important to determine the
cause of the acidosis to ensure the proper treatment. Antibiotics were started when the
infant initially decompensated. Since there are positive blood cultures and sensitivities
are obtained, the antibiotics may be changed for better coverage. In addition, the infant
requires close blood pressure monitoring because of the risk of hypotension due to sepsis
and hypovolemia caused by third spacing of fluid. A fluid bolus might be necessary to
correct the underlying hypovolemic state and the resultant metabolic acidosis.

During surgery, the baby will be paralyzed and sedated. After surgery, there is often
an increase in capillary permeability causing a decrease in colloid osmotic pressure
leading to third spacing. Fluid needs to be strictly monitored to avoid fluid overload.
Blood pressure must also be watched carefully to ensure hypotension does not occur
due to hypovolemia and urine output must be carefully monitored to confirm good
renal perfusion.

During the surgery, 15 cm of the ileum was removed and an ileostomy is created.
How will this affect the fluid management of the infant? What concerns are there when
part of the small intestine is removed?

When a part of the intestinal tract is removed, there is always a concern about the
potential for malabsorption or short-gut syndrome. Each section of the intestine is
responsible for reabsorption and secretion of certain electrolytes. The ileum is one of
the primary sites of water, sodium, and potassium reabsorption. After surgery, once the
infant is stable, feeding can be reinstated and slowly increased up to about 160 ml/kg/day
as tolerated. The weight and ostomy output should be carefully monitored. Often times,
the infants may not gain weight or may even lose weight after recovery from surgery.
When the ostomy output exceeds 20-30 ml/kg/day often the fluid is replaced parenter-
ally. The electrolytes should also be monitored closely to determine whether there are
any electrolyte deficits. The intravenous fluid should be determined using the results of
the chemistry panel and knowing the daily electrolyte requirements (Table 3).
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Case Scenario 3

A full-term infant is born via cesarean section due to poor fetal tracing. At delivery,
there is no spontaneous cry and the heart rate is less than 100. The infant is intubated
and the heart rate improves. The Apgar scores are 3 and 4 at 1 and 5 min, respectively.
The arterial cord blood gas shows a pH 6.9, pCO2 50 mmHg, and a base deficit of —17
mkEg/L. The infant develops seizures at 6 h of life and is hypotensive. How should the
fluids be managed in an infant with neonatal encephalopathy (NE)?

There is always a concern for cerebral edema with the diagnosis of neona-
tal encephalopathy. Fluid administration is often restricted in these patients to 40—
60 ml/kg/day (insensible water loss and urine output). Severe asphyxia may lead to
multiple organ involvement, affecting the liver and kidneys while blood flow is pre-
served to the brain. Urine output should be monitored closely. In cases of severe NE
there can be marked serum electrolyte abnormalities due to associated abnormal renal
function. The kidney damage that accompanies encephalopathy often manifests as olig-
uria or anuria (68). The key to managing these infants with renal disease caused by
asphyxia is to avoid fluid overload. Once the infant begins to void, it may be helpful
to check the urine electrolytes. These infants often have a polyuric phase during which
time the renal tubules are not functioning properly with enhanced electrolyte loss. Urine
electrolytes and serum creatinine are usually measured in these circumstances. After
abnormalities are appreciated they can be replaced parenterally. Oliguria or anuria may
also occur in these babies due to the inappropriate secretion of antidiuretic hormone.
This will cause hyponatremia, hypokalemia, hypochloremia, and fluid overload.

Case Scenario 4

A 29 weeks’ gestation infant with respiratory distress syndrome on a mechanical ven-
tilator has an arterial blood gas that shows pH 7.49, pCO> 32 mmHg, HCO3~ 24
mmol/L and a base excess of mEq/L. Is this infant acidotic or alkalotic? Is it respira-
tory or metabolic? Is treatment necessary? If so, what should be done?

This pH in this blood gas is >7.45, which defines alkalosis (Fig. 3). The pCO; is
below normal values indicating this is a respiratory alkalosis. The HCOs3™ is just below
the normal range and means this is an acute respiratory alkalosis. Since this infant is
mechanically ventilated, the ventilator settings should be adjusted to reduce the infant’s
minute ventilation.
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