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PREFACE

The arrival of the second edition of A Concise Review of Clinical Laboratory Science
has long been anticipated by students and educators alike. This review text is a valuable
educational tool for both the novice and the experienced clinical laboratory scientist. It
is designed to be an updated and concise review of al disciplines of clinical laboratory
science and will also serve as atool for students of clinical laboratory science studying for
national certification examinations, including the American Society of Clinical Pathologists
Board of Registry exam, the National Certification Agency (NCA) exam, and the American
Medical Technologist (AMT) exam. Practicing clinical laboratory scientists and medical
residents will also find this book to be an excellent source for review.

This book represents a culmination of the efforts and expertise of the faculty of the
Clinical Laboratory Science program at Texas Tech University Health Sciences Center in
Lubbock, Texas, and reflects over 100 years of combined medical technology experience.
All contributing authors reflect their professional excellence in their contributed chapters,
not only aseducators, but also as outstanding professionalsintheir field. | encouragereaders
to send me feedback on thisbook at the following email address: joel.hubbard@ttuhsc.edu.

Text Format and Features

Each chapter presents a concise summary of the most important facts and concepts in that
subject area in an outline format. Key points appear in bold for easy reference. Boxes,
tables, and figures throughout distill concepts and make them easier to comprehend. Online
menus at the end of each chapter point readers to supplementary Web-based materials.

What’s New in This Edition

The second edition includes the most current and updated information. An expanded chap-
ter dealing with laboratory operations (Chapter 11) addresses topics such as management
and organizational theory, professionalism, quality assurance, laboratory regulations, and
delivery of an educational unit. In addition, anew chapter on molecular pathology (Chapter
10) focuses on molecular laboratory methods and an overview on the testing of genetic
diseases.

Additional Resour ces

A Concise Review of Clinical Laboratory Science, second edition, includes additional re-
sources for both instructors and students that are available on the book’s companion Web
site at thePoint.lww.com/Hubbard?2e.
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Preface

Instructors
Approved adopting instructors will be given access to the following additional resources:

¢ |mage Bank (including color images referenced in the text)
e Quiz Bank
¢ Web Case Studies (including those referenced in the text)

Students

Students who have purchased A Concise Review of Clinical Laboratory Science, second
edition, have access to the following additional resources:

¢ Image Bank (including color images referenced in the text)
e Quiz Bank
¢ Web Case Studies (including those referenced in the text)

In addition, purchasers of the text can access the searchable Full Text Online by going
to the A Concise Review of Clinical Laboratory Science, second edition, Web site at
thePoint.lww.com/Hubbard2e. See the inside front cover of this text for more details, in-
cluding the pass code you will need to gain access to the Web site.



ACKNOWLEDGMENTS

I would like to thank all of the following contributing authors—Dr. Lynne Hamilton, Dr.
Hal Larsen, Dr. Barbara Sawyer, Mr. Wade Redman, Ms. Lori Rice-Spearman, and Dr.
Tootie Tatum—for making this book possible. Their individual expertise, willingness to
present the highest quality of material, and high level of professionalism made the task of
producing this text easy. | would also like to thank my wife, Kathy, who patiently listened
to my endless rambling about the project.






-

CONTRIBUTORS

Lynne Hamilton, PhD, MT (ASCP)

Assistant Professor, Program of Clinical Laboratory
Science

Department of Laboratory Sciences and Primary
Care

School of Allied Health Sciences

Texas Tech University Health Sciences Center

Lubbock, Texas

Joel D. Hubbard, PhD, MT (ASCP)

Associate Professor, Program of Clinical Laboratory
Science

Department of Laboratory Sciences and Primary
Care

School of Allied Health Sciences

Texas Tech University Health Sciences Center

Lubbock, Texas

Hal S. Larsen, MT (ASCP), CLS (NCA), PhD

Professor and Chair, Department of Diagnostic and
Primary Care

School of Allied Health Sciences

Texas Tech University Health Sciences Center

Lubbock, Texas

Wade Redman, MT (ASCP), MBA

Assistant Professor, Program of Clinical Laboratory
Science

Department of Laboratory Sciences and Primary
Care

School of Allied Health Sciences

Texas Tech University Health Sciences Center

Lubbock, Texas

Lori Rice-Spearman, MS, MT (ASCP)

Associate Professor and

Program Director of Clinical Laboratory Science

Department of Laboratory Sciences and Primary
Care

School of Allied Health Sciences

Texas Tech University Health Sciences Center

Lubbock, Texas

Barbara Sawyer, PhD, MIT (ASCP),
CLS (NCA), CLSp (MB)
Professor, Department of Laboratory Sciences and
Primary Care
School of Allied Health Sciences
Texas Tech University Health Sciences Center
Lubbock, Texas

Owatha L. Tatum, PhD, CLSp (MB),
MP (ASCP)

Assistant Professor, Program of Clinical Laboratory
Science

Department of Laboratory Sciences and Primary
Care

School of Allied Health Sciences

Texas Tech University Health Sciences Center

Lubbock, Texas

Xi






-

CONTENTS

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

CLINICAL CHEMISTRY ¢ et vveeeeeeeccascsesascscscscanasanansas I

Barbara Sawyer
[.  Clinical Chemistry BasiCS. ... ..ottt i e e 1
1. Specia Methodsin Clinical Chemistry.............ccoiiiiii i 7
[1l.  Basic Anatomy and PhySiology . .......ovuiniii i 10
IV.  Anaytesand PathophysSiology . .........ouiiiniii e 14
V. ENZYMOIOGY . .. coee e e 30
VI, ENndOCrinOlogy . ..o 35
VII.  Toxicand TherapeutiC DIUgS . . ..o vt e ee e 46

HEMOSTASIS AND COAGULATION . .« v vvvveenneenrencencancenees 52

Joel Hubbard
[ Platelet PhySiology . .. ..o.onei 52
1. Platelet PathophySiology .. ......ouvei e 55
[1l. Blood Coagulation and Fibrinolysis............coooiiii i, 66
IV.  Coagulation DiSOrders . . ...ttt e e et et 76

ROUTINE HEMATOLOGY s viiviitiennnssscecsensscsscccsnnnnes 35

Joel Hubbard
[ Laboratory ANalySiS . ...t 85
1. Hematopoietic TISSUBS . . ...ttt 94
I1l. Hemoglobin Synthesis, Structure, and Function......................c.ou... 99
IV.  Erythrocytes and Erythropoiesis. . .......ooii i 104

HEMATOLOGIC DISORDERS . ¢ evteveteecancsoccssnsscasscasses II7

Joel Hubbard
I.  RedBlood Cell Indices and Their Use in the Diagnosisof Anemia............. 117
1. RedBlood Cell (RBC) DiSOrders. .....vvvvitiieii it i i iiiieanens 118
1. Anemiasand Polycythemias. ........ ..ot e 120
V.  LeUKOCYtE DiSOIENS . . ..ttt et et 145
V. Lymphocyte Physiology and Disorders. .........c.ooiiiiiiiiiiiii et 164

xiii



Xiv Contents

CHAPTERD IMMUNOLOGY AND SEROLOGY +vcteeeeececccocccaccsncsnceses I77
Wade Redman and Joel Hubbard
Lo INtrodUCtioN. . . . 177
Il. Cellsand Tissuesof thelmmuneSystem....... ..., 181
I IMIMUNIEY .. e e e 183
V.  ImmuneReSpONSE (IR) . ..o e e e et 183
V. Major Histocompatibility Complex...........cooviiiiiiiiiiiiiii e, 184
VI HYPErSeNSItIVITY . ..o 187
VI AUOIMMUNITY . . oo e e e e 188
VI ImMmMUNOdefiCIENCIES . . . .o e 191
IX. TechniquesinImmunology and Serology ..........covviiiiiiiiieiinnnn.. 193
X, SYPhiliSSErology . . oo e e e 196
X1 ACUte Phase ProteiNS. . .. ..o 197
DL PO o 1= o 11 198
X1, Streptococcal Serology . . .. ..o vve e 200
XIV. Epstein-Barr Virus (EBV) SErology . ....covvveeii i 201
XV, RUbEIaSErOlOgY . ..o 202
XVI.  FebrileDisease Serology . . ..o 202
XVII.  BorreliaBurdorferi Serology . ... ....ovvvui i 202
XVII.  Transplant ImmUNoIOgy . . ... .oeeiee e e e 203
XIX.  Tumor IMmMUNOIOgY . . .o e et e e e e 205
CHAPTERG  IMMUNOHEMATOLOGY «octeeeececcccsoocecsosccssscacssnccsss 207
Wade Redman
o INErOUCHION . . e e e 207
1. Blood Group SYStEMS. . . ..ot e e 208
[1l.  Donor Selection and Blood Collection.............cov i 217
[V.  DONO PrOCESSING . -« et ettt et e e e et e e e e e e e e e e e e 219
V. Blood Components and Component Therapy ...........c.ooviiiiiiiiinnn... 221
VI, ANtiglobulin TEStNG . ..ottt e e 224
VII.  Unexpected Antibodies. . ... 225
VI Compatibility TEStNG . .. ..ot 228
IX.  TransfuSion REACHIONS. ... ..ottt e e e 230
X. Hemolytic Disease of the Newborn (HDN) . ........ .. .ot 231
X1.  Autoimmune Hemolytic Anemias (AIHA) ... 233
XIl. Transfusion-Transmitted DiSEasesS. . ... ..o vt 234
X1, The Mgjor Histocompatibility Complex (MHC) and Human L eukocyte
ANtGENS (HLA) o 235
X1V.  Alternative Methodologiesin Blood Bank Testing. ...t 236
CHAPTER 7  CLINICAL MICROBIOLOGY ¢ttt teeeesecssccssssssssssasssesss 238

Lynne Hamilton and Hal Larsen

l.
I
.
V.
V.
VI.
VII.
VIII.
IX.
X.
XI.
XIlI.

Bt e A . .ttt e 238
Bacterial Cell SIrUCTUNE . . ... oo e e i 239
S 7= 11 241
Normal Flora. . ... e 241
Pathogenesis of Infection. ...... ... ... 242
Collection and Handling of Clinical Specimens....................ccooue.t. 243
MICIOCOCCACEAE . . . v ottt ettt ettt et e et et et e e 246
Sreptococcus, Enterococcus, and Related Genera. . ..o vovvovivi i 249
Aerobic Gram-Positive BaGilli ... 254
Neisseria and MoraxellaCatarrhalis............. ..o 256
Miscellaneous Gram-Negative Bacilli. ..., 258
ENterobaCteriateat. . . ..ottt e 262



X1,
XIV.
XV.
XVI.
XVII.
XVIII.
XIX.
XX.
XXI.
XXII.
XXIII.
XXIV.

Contents XV

Campylobacter, Helicobacter, and Vibrionaceae. ...t 265
Gram-Negative Nonfermentative Bacilli .............. ... ..ot 268
MisCellaneouS GeNEra. . . .. ..ot 271
Mycoplasma, Ureaplasma, and the Chlamydiaceae........................... 272
SPITOCNELES . . . et 273
MYCODBCTErTA . . ..o 274
ANAEIODES . . e 277
Zoonotic and Rickettsial Infections. ... 282
Agents Of BioterrOriSmM . . ..ot e e e 283
Antimicrobial Susceptibility Testing. .........c.ooiiiiiiiii i 284
Disinfectionand Sterilization . ... 287
MoleCUlar TESHING . .. oottt e e 288

CHAPTER8  CLINICAL PARASITOLOGY, MYCOLOGY, AND VIROLOGY........289
Lori Rice-Spearman and Lynne Hamilton

ParasitolOgy . ... oot e 289
Yoo o Y2 297
YT (0] oo 1Y/ 305

CHAPTER9  URINALYSIS AND BODY FLUIDS ANALYSIS . ..cvvveeieeeeeneeass 3I3

Barbara Sawyer
. TheRena System ... 313
1. TheUrine Specimen . ... ... e 314
1. Physical Examinationof Urine..............cc i 319
IV.  Chemical Examination of Urine. ....... ... oot 322
V. Microscopic Examination of theUrine. ..., 327
VI.  AutomationintheUrinalysisLaboratory.............c.cooiiiiiiiiiiiiiiienan. 335
VII.  Metabolic ProductsintheUrine. ... ... e 335
VIIl. Diseasesof theKidney ... ..o e 338
IX. Rena Synthetic ProduCtS. . ... e e 343
X, UrinePregnancy Testing ... .ovv vt e e 344
X1, SerousBody FIUIAS. .. ..o 345
XU Synovial FIUId . ... 347
X Seminal Fluid ANalySiS. . ..o e 348
X1V.  Cerebrospina Fluid (CSF) AnalysiS. . ... 351
XV.  Gastric FHUId ANalySiS . . ..o e 354
XV FeCal ANalySiS . .o e 355

CHAPTER10 MOLECULAR DIAGNOSTICS .. cvtvvennnieeeeeeecncccaccasaaness 300

Tootie Tatum
[. Biology of the Cell .. ... ... i 360
[1.  Molecular Diagnostic Methods. ... 362
1. Inherited GENEtiC DiSEaSE . . ...t i ot i 365
IV.  Molecular ONCOIOGY . ..o uvvie e ittt i i e e 365
V. Molecular INnfectioUS DIiSEaSE . . ... vttt e e 366
VI. DNA-Based Human Identification.............c.ccoiiiiiiii i 366

CHAPTER 11l CURRENT ISSUES IN LABORATORY MANAGEMENT ....c0vvv.... 368
Wade Redman, Lori Rice-Spearman, and Hal S. Larsen

l.
.
1.
IV.

Management and Organizational Theory ..., 368
Professionalism . .. ... 370
QUALIEY ASSUIBINCE . . . o vttt ettt ettt et ettt et e i e 371

Laboratory RegUIaLioNS . . . ..ottt 372



Xvi Contents

V.
VI.
VII.
VIII.
IX.

Index 385

Financial Management . .. ... 381
Laboratory Information Systems (LIS)........ovviiii e 382
Instrument SEleCtion ProCesS. .. .. ..o v 382
Problem SolVINg. . ..o 383
Délivery of Education Unit ... ... 383
OUutreaCh Program . . ... ..o 383



S s

A CONCISE REVIEW
OF CLINICAL
[LLABORATORY SCIENCE

SECOND EDITION







-...

CHAPTER 1

Clinical Chemistry

BARBARA SAWYER, PhD, MT (ASCP), CLS (NCA)

B cLiNICAL CHEMISTRY BASICS

A.

L aboratory math and statistical concepts
1. Concentration. Solutions can be described in terms of the concentration of the com-
ponents of the solution.
A percent solution can be described as:

(1
(2)
(3)

wi/w, which is expressed as weight (mass) per 100 units of weight (g/g).
wi/v, which is expressed as weight (mass) per 100 units of volume (g/dL).
v/v, which is expressed as volume (mL) per unit of volume (mL).

Molarity (M) is expressed as moles per liter (mol/L) or millimoles per milliliter
(mmol/mL).

(1

(2)

(3)

A mole is one formula weight, in grams, of a compound. For example, one
mole of NaOH equals 40 g, because one molecule of sodium equals 23 g, one
molecule of oxygen equals 16 g, and one molecule of hydrogen equals 1 g.
Molarity is calculated by determining what units are given in the problem,
then determining the final units needed, and setting up an equation (Boxes 1-1
and 1-2).
A simplecal culationfor molarity problemscan be performed withthefollowing
formula:

Gramsin solution

Volumeinliters

Using the information from the first problem, the variables can be plugged in:
Gramsinsolution

= Formulaweight x molarity

= 2M
L 409(2M)
X
1:80g
x =809

Using theinformation giveninthesecond problem, thevariablescan be plugged
in:

32ginsolution

= 36.5(M

0.3L 36.5(M)

106.7 = 36.5(M)
106.7/36.5 = M
29=M
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PROBLEM:
How many grams of NaOH are needed to make 1 L of 2 M solution?

ANSWER:

Final units needed: g/L
Units of measure given: M, L
By definition, amolar solution is the number of moles per liter of solution. For a2 M solution:
40gNaOH  2mole
X
1mole L

Eighty grams NaOH are required. To prepare the solution, 80 g NaOH are placed ina 1 L
volumetric flask, and deionized water is added to make avolumeof 1 L.

= 80g/L = 2M NaOH

¢. Normality (N) isexpressed as equivalent weight (Eq wt) per liter of volume (Eg/L
or mEg/mL).

d. Dilutions are solutions formed by making a less concentrated solution from a
concentrated solution. They are stated as a part (concentrate) of the concentrated
substance used plus the volume of diluent used.

EXAMPLE: 100 ul of serumin 400 ul of saline= 100in atotal of 100 + 400 =
100/500 = 1:5 dilution.
2. Hydration is the process of adding water molecules to the chemical structure of a
compound. It isimportant to consider the molecular weight of these molecules when
making solutions (Box 1-3).

B. Statistical concepts. Statistics is the science of gathering, analyzing, interpreting, and
presenting data. A statistic is anumber summarizing data.
1. Descriptive statistics are data that can be described by their location and dispersion
compared with the average. After data are plotted on a histogram, the values typically
form a symmetric curve referred to as normal or gaussian distribution (Figure 1-1).
a. Themean (x) isthe arithmetic average of a set of data calculated as follows:

X=Xy + X2+ Xg+ - Xn/N

where x iseach individual value, and n isthe number of data pointsor observations
made.

b. Range (dispersion) is the simplest statistic used to describe the spread of data
about the mean. It is calculated by subtracting the smallest observation or value
from the largest.

c. Standard deviation (SD) is the most commonly used statistic in the laboratory
describing dispersion of groups of single observations. SD is the square root of

Determining the Molarity of a Solution

PROBLEM:
What is the molarity of solution that contains 32 g of HCl in 300 mL of water?

ANSWER:

Final unit of measure needed: mol/L
Units of measure used: g/mL
Gramsof HCl in 1 mole: 36.5
32gHCI  1000ml 1mole

— 2.9moallL
300m 1L 365gHCI
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Calculating Molecular Weight for Hydration

PROBLEM:
How much CuSO, - 5H,0 must be weighed in order to make 1 L of 0.5 M CuSO,?

ANSWER:

CuS0; - H,0 has five water molecules, which add 90 g to the original 160 gmw. Therefore,
CuS0O, - 5H,0 hasagmw = 250 g.
250 g CusO, - 5H,0 8 0.5 mol
mol 1L

= 125¢g/L

the variance. It is calculated by adding the squares of the differences between the
individual results and the mean, dividing by n-1, and calculating the square root.
d. The coefficient of variation (CV) is a comparison of the relative variability in
two sets of values, because not al laboratory data are expressed in similar units
of measure or concentrations. It is expressed as a percentage and is calculated as

follows:
CV% = SD x 100%
mean
or
SD (100%)
mean

L aboratory automation and computer systems
1. Automation intheclinical chemistry laboratory context isthe mechanization of chem-
ical analysis to minimize manual manipulation. For example, one chemistry analyzer
uses a dry slide technology for sample handling and measurement, whereas another
uses a closed-system cuvette for holding and mixing sample and reagent.

a. Theadvantages and disadvantages associated with automation are shown in Table

1-1.
2. Therearetwo basic approachesto automation in use today.

a. Continuous flow analyzers use liquid reagents pumped through a continuous
system of tubing. Each sampleisintroduced in a sequential manner.

b. Discrete analyzers house samples and reagents in separate containers. Multiple
tests can be performed on a single sample (random access analysis), or one test
can be selected to perform on multiple samples (batch analysis).

3. Laboratory information system (L1S) is a system of computer software designed to
handle laboratory data.

a. Thefunctionsof an LISinclude:

(1) Database of patient information
(2) Compilation of specimen test results
(3) Production of patient reports

B Figure 1-1 Gaussian or normal
distribution, SD = standard deviation.

99.7%

- 38D

- 28D

[}
!
1 .
-18D X -18D -28D -38D
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Table 1-1 Advantages and Disadvantages of Automation

Advantages Disadvantages
Increased work capacity per unit of time Initial costs

Minimized variability Discontinuity of product
Reduced errors caused by manual manipulations Technical skill required

Reduced sample volumes
Reduced consumable costs

b.

(4) Production of ancillary reports

(5) Datastorage

An LIS achieves its function via a central computer, a number of input/output
devices, and the computer software.

D. Spectrophotometry and light emission techniques
1. A spectrophotometer is an instrument that measures the transmitted light of a solu-
tion and allows the operator to read the absorbance of the solution on a meter. The
components of a spectrophotometer include the following:

a.

b.

C.

d.

The light sour ce provides radiant energy.

(1) Tungsten lamps are the typical source in most spectrophotometers.

(2) Deuterium (and hydrogen) lampsare used in spectrophotometersthat exam-
ine the ultraviolet (UV) spectrum.

(3) Mercury lamps are used in high-performance liquid chromatography spec-
trophotometers.

The monochromator isolates the wavelength of interest. Examples include:

(1) Colored glassfilters

(2) Interferencefilters

(3) Prisms

(4) Diffraction gratings

The sample cell contains the solution in:

(1) Cuvettes

(2) Tubing (typical in automated equipment)

(3) Plastic packs

The photodetector converts radiant energy to electrical energy. Three types of

photodetectors are:

(1) Photocell (barrier-layer cell)

(2) Phototube

(3) Photomultiplier tube

2. Background

a.

Photons. Electromagnetic radiant ener gy isdescribed in ter msof wavelike prop-
erties, specifically as photons, which are discrete packets of energy traveling in
waves.

Wavelengths. A wavelength (1) of electromagnetic energy isthelinear distance
between successive wave peaks and is usually measured in units of nanometers
(10-° m).

(1) Frequency isthe number of wave peaks per given unit of time.

(2) Amplitudeisthe height of the peak.

The electromagnetic spectrum has a large range of wavelengths. Gamma rays
and x-rays have very long wavel engths, whereas UV raysinhabit the portion of the
electromagnetic spectrum from 10 to 400 nm. The visible spectrum lies between
400 and 800 nm. Violet light has the longest wavelength of the visible spectrum,
followed by blue, green, yellow, orange, and red (VIBGYOR; ROY G. BIV). The
infrared spectrum lies above 800 nm, and the shortest wavel engths are microwaves.
Excitation. Interactions of light with matter occur when a photon intercepts an
atom, ion, or molecule. The photon is absorbed, and the energy of the photon
changesthe matter (excitation). Some compounds are ableto dissi pate the absorbed
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energy as radiant energy upon return to anonexcited state. Excitation can involve
any of the following:
(1) Movement of an electron to a higher energy state
(2) Changein covaent bond vibrations
(3) Change in covalent bond rotations
Beer’s law states that the concentration of a substance is directly proportional to
the amount of radiant energy absorbed:

A = abc or ebc
where a (or €) is molar absorptivity (a constant for a given molecule); b is the
length of the path traveled by the light; and c is the concentration of absorbing
molecules.
Standard curve. Inclinical chemistry, concentrationsof unknown solutionsarede-
termined by plotting the absorbance of standard sol utions (concentrations known)
versus the concentrations of the standard solution, which creates a standard curve.

3. Typesof spectrophotometry

a.

Absor ption spectrophotometry is defined as the measurement of radiant energy

absorbed by a solution. This measurement can be related to the concentration of a

substance in the solution.

(1) Every solution has an ability to absorb and transmit light, and only transmitted
light can be measured. Transmittanceis defined as the proportion of incident
light that is transmitted and is usually expressed as a percentage:

%T = I/, x 100

wherel isthetransmitted radiant energy, and 1o istheoriginal incident radiation.
Transmittance varies inversely and logarithmically with the concentration
of the solution.
(2) Absorbanceis calculated asfollows:

A=2—1log%T

The absorbance isthe critical measure used in the cal culation of concentration
(Beer’slaw).

Atomic absorption spectrophotometry (AAS) measures concentration through

the detection of absorbance of electromagnetic radiation by atoms instead of

molecules. It is used to measure concentration of metals that are not easily ex-
cited.

(1) Principle. An element of interest is dissociated from its chemical bondsin the
flame; then it isin an unexcited state. At this low energy, the atom can absorb
radiation at a narrow specific bandwidth. A wavelength of light (emitted by
a light source) specific for the atom is absorbed by the low-energy atoms in
the flame, resulting in a decrease in the intensity of the light measured by the
detector.

(2) Components
(a) Thelight source (hollow cathode lamp)

(b) Flame (produced by a burner head)
(c) Monochromator
(d) Photodetector (photomultiplier tube)

Nephelometry is a method of measuring concentration in terms of light energy

scattered in aforward direction by small particlesin solution. The intensity of the

scattered light is directly proportional to the number of particlesin solution.

Turbidimetry is a photometric measurement of unscattered light passing through

acolloidal solution of small particles. It is essentially a measurement of blocked

light, and the amount of blocked light is directly proportiona to the number of
particlesin solution.

Fluorometry is the photometric measurement of light emitted by a substance that

has been previously excited by asource of UV light. After it is excited and driven

into a higher energy state, a molecule loses energy by fluorescing. The amount of
light emitted is proportional to the concentration of the substance in solution.
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Electrochemistry and osmometry
1. Electrochemistry is the measurement of electrical signals associated with chemical
systems that are incorporated into an electrochemical cell (i.e., electrodes and solution
in which they are immersed).

In an anode/cathode system, electrons spontaneously flow from an electrode of
high electron affinity to an electrode of low electron affinity, if the electrodes are
connected viaa salt bridge.

Each electrodeischaracterized by ahalf-cell reaction and ahalf-cell potential (volt-
age). The electrode from which electrons flow is called the anode. The electrode
accepting the electronsis the cathode.

2. Potentiometric methods. The measurement of voltage potentialsis based on the mea-
surement of a potential (voltage) difference between two electrodes immersed in so-
[ution under the condition of zero current electrochemical measurements. There are
various systems used for measuring these potentials.

a.

C.

A pH meter is a potentiometric apparatus used to measure the concentration of
hydrogenionsin solution. It measuresthe potential difference between onehalf-cell
and areference electrode.

(1) One of the electrodes (one half-cell), the indicator electrode, is sensitive to
and responds to changes in concentration of a particular ion species in the
solution in which the electrode isimmersed.

(2) A second electrode (another half-cell), ther eferenceelectrode, hasA potential
that does not change (i.e., is not influenced by the activity of the ion being
measured). It is an electrochemical half-cell that is used as a fixed reference
for the measurement of cell potentials. Examples include:

(a) Standard hydrogen electrode
(b) Saturated calomel electrode
(c) Silver/silver chloride

(3) Theindicator electrodeisin an electrochemical half-cell that interacts with
the analyte of interest. Examples include:

(a) lon-selective electrodes (ISE) measure a potential across a membrane
specific for a certain analyte.

(b) Glass-membrane €electrodes are a type of 1SE most commonly used for
pH measurement.

Coulometry isthe measurement of the amount of electricity passing between two

electrodes in an electrochemical cell. The amount of electricity is proportional to

the amount of a substance produced or consumed by oxidation/reduction at the
electrodes.

Amperometry isthe measurement of the current flowing through an electrochem-

ical cell when apotential is applied to the electrodes.

3. Osmometry isthe measurement of particle concentration that is related to the osmotic
pressure of the solution. Osmotic pressure regulates the movement of a solvent across
amembrane.

4. Osmolality describesthenumber of molesof particleper kilogram of water and depends
only on the number of particles, not on what types of particles are present.

a.

Thecolligative propertiesof asolution arerelated to the number of solute particles

per kilogram of solvent. Colligative propertiesinclude:

(1) Osmotic pressure

(2) Boiling point

(3) Vapor pressure

(4) Freezing point

Colligative properties change as the number of particles in the solution change.

In the clinical chemistry laboratory, vapor pressure and freezing point are the

colligative properties of interest. These can be measured in an osmometer.

(1) Freezingpoint depression. Themore particlesin solution, thelower thefreez-
ing point of the solution.

(2) Vapor pressure depression. Increased particles in a solution prevent solvent
evaporation.
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¢. Osmolal gap is the difference between the calculated osmolality and the actua
measured osmolality.
(1) Theformulafor calculated plasmaosmolality is:
Glucose(mg/dL)  BUN (mg/dL)
18 2.8

(2) If theosmola gap is>0, thereisan indication of an abnormal concentration of
unmeasured substances (typically, ethanol) in the blood.

2 x Na(mEq/L) + = mOsm/kg

Pre-analytical variablesinlaboratory testing affect the outcome of specimen analysisand
includes any event that affects specimen integrity, its collection, transport, or handling prior
to analysis. Within a laboratory and phlebotomy area, approved procedure manuals that
address patient identification (usually two types are required) and collection of each type
of specimen that is tested by that laboratory must be available.

1. Specimen collection. Inappropriate specimen type and mislabeled specimens are the
most common pre-analytical variables encountered in the |aboratory.

a. Evacuated blood tubes. Order of the draw iscritical to avoid cross-contamination
with anticoagulants (typically sterile tubes, then sodium citrate tubes followed by
serum collection tubes, then heparin tubes, EDTA and glycolysis-inhibiting tubes
are collected in that order). Samples collected for blood gas analysis have very
specific requirements (see Section IV, C 5 f below).

b. Urine specimens have specific collection requirements (see Chapter 9) as do spec-
imens for bacteriological studies (see Chapter 7). Other specimen types require
unique collection, transport, and storage.

2. Specimen transport isimportant in cases when samples must remain cold or on ice,
such as samples required for blood gas analysis. Sample storage and preservation
prior to analysis is aso an important pre-analytical variable, particularly for urine
specimens or samples that must be stored long term before testing.

Post-analytical interpretation is an essential component of quality analytical outcome.
Use of appropriate control samples are the first step to quality postanalytical interpretation
(see Chapter 11). Interpretation of laboratory resultsis typically the role of the physician;
however, the quality of results that the physician sees remains the responsibility of the
|aboratory.

SPECIAL METHODS IN CLINICAL CHEMISTRY

Electrophoresisisthemigration of charged particlesin some medium (either liquid or solid)
when an electrical field is applied. Depending on the charge of the molecules, negatively
charged particles migrate toward the positive electrode (anode), and positively charged
particles migrate toward the negative electrode (cathode).
1. Migration rate depends on:

a. Charge of the molecule, which isdirectly proportional to rate of movement

b. Sizeof the molecule, which isinversely proportional to rate of movement

c. Electrical field, in which increased current increases migration rate

d. lonic strength of buffer, in which increased ionic strength decreases migration
rate
pH of buffer, in which decreased pH slows migration
f. Viscosity of supporting medium, which is inversely proportiona to migration

i

rate
g. System temperature, in which high temperature can denature protein and slow
migration
2. Analytic electrophoretic procedures include protein electrophoresis and isoenzyme
electrophoresis.

a. Protein electrophoresis
(1) Theprinciple of protein electrophoresis
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(a) Proteins are amphoteric (i.e., they can have positive or negative charge
because of their acidic and basic side chains).

(b) The isoelectric point of protein isthe pH at which a protein has no net
charge.

(c) At pH 8.6, proteins are negatively charged and migrate toward the anode.

(d) If the buffer pH is higher than the isoelectric point of protein, the protein
carries a negative charge and migrates toward the anode.
(2) The methodology of electrophoresis
(a) A support medium (agarose gel or cellulose acetate) is put in contact with
the buffer.

(b) A sampleisapplied to the medium.

(c) A constant current or voltage is applied, and particles are allowed to
migrate and separate.

(d) The support is fixed and stained to visualize protein bands.

| soenzyme electrophoresisistypically performed to visualize the isoenzymes of

some clinically relevant enzymes.

(1) The principle of isoenzyme electrophoresisis similar to that of protein elec-
trophoresis because isoenzymes are proteins. The procedure is performed at a
pH of 8.6, and the most negatively charged particles migrate toward the anode.

(2) The methodology involved inisoenzyme electrophoresisissimilar to that used
for protein electrophoresis.

B. Immunoassay is a chemical assay based on the highly specific and tight, noncovalent
binding of antibodiesto target molecules (antigens). Immunoassay istypically useful when
the endogenous concentration of an analyte is very low.

1. Componentsin the immunoassay system include antigens and antibodies.

a.

An antigen (ag) is a substance that can elicit an immune response (production
of a specific antibody) when injected into an animal. The antigen is typically the
analyte of interest.

Anantibody (ab) isanimmunoglobulin formed in response to aforeign substance
(antigen). The antibody is the most important component of this system, because
it determines the sensitivity (ability to detect small amounts) and specificity (the
degree of uniqueness of the ag-ab reaction) of the procedure.

2. Immunochemical labels are necessary to detect the ag-ab reaction.

a.

b.

Enzyme labels are attached to the antibody. With the addition of a Chromagen,
they allow the immunoassay results to be quantitated colorimetrically.
Fluorescent labels are attached to the antibody and are detected when a photon
is released from a fluorescent molecule that is excited from its ground state to a
higher state and then returns to the ground state. A drawback of this system lies
with the autofl uorescence of serum.

Chemiluminescent labels are compounds that undergo a chemical reaction and
form an unstabl e derivative. Upon return to the ground state, they release energy in
theform of visiblelight. Thelight ismeasured by aluminometer, and light intensity
isrelated directly to the concentration of the reactants.
Radioisotopelabel sare compoundsthat havethe sameatomic number but different
weights than the parent nuclide (e.g., 2°I, **C). Radioisotopes decay to form a
more stable isotope. In the process, they emit energy in the form of radiation
(electromagnetic gammarays) that can be detected and quantitated.

3. Immunoassay methodologiesarebased onthelabel attached to theantigen or antibody
(Table 1-2).

C. Chromatography isatechnique used to separate complex mixtureson the basisof different
physical interactions between the individual compounds and the stationary phase of the
system (asolid or aliquid - coated solid). The goal of thistechniqueisto produce“fractions’
for quantitation.

1. Mechanisms of separation are based on the interactions of solutes with mobile and
stationary phases.
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Table 1-2 Methods of Immunoassay

Method Basis What is Labeled Use
Enzyme-linked Enzyme-based Antigenin somemethods,  Hormone testing
immunosorbent antibody in others
assay (ELISA)
Enzyme-multiplied Enzyme-based Antigen Drug monitoring
immunoassay
technique (EIA,
EMIT)
Fluorescence-polarized ~ Fluorescence-based ~ Antigen Hormone testing
immunoassay (FPIA) Surfactant/
abumin ratio
Fluorescent Fluorescence-based ~ Antigen (fluorescenceis Catecholamine
immunoassay (FIA) proportional to testing
concentration of
analyte)
Radioimmunoassay Radiation-based Antigen Hormone testing;
(RIA) drug monitoring
Immunoradiometric Radiation-based Antibody Hormone testing;
assay (IRMA) drug monitoring
a. Adsorption chromatography (liquid-solid chromatography) is based on the

competition between the sample and the mobile phase for binding sites on the
solid (stationary) phase. Molecules that are most solublein the mobile phase move
fastest.

Partition chromatography (liquid-liquid) depends on the solubility of the solute
in nonpolar (organic) or polar (aqueous) solvents.

lon-exchange chromatography involves the separation of solutes by their size
and the charge of the ionic species present. The stationary phase is a resin (can
be cationic with free hydrogen ions or anionic with free hydroxyl ions present).
Anion- and cation-exchange resins mixed together are used to deionize water.

2. Chromatographic procedures

Thin-layer chromatography (TL C) isused asasemi-quantitative screening test.
A layer of absorbent material is coated on a plate of glass, and spots of samples
are applied. The solvent is placed in a container and migrates up the thin layer by
capillary action. Separation is achieved by any of the previously discussed modes
(see above). Sample movement is compared with the standard, and fractions are
calculated using retention factor (Rs), which isunique for specific compounds:

distance component moves

Retention factor (Rf) = - -
(R) total distance — distance solvent front moves

High-performance liquid chromatography (HPL C) provides quantitative re-
sults. It is highly sensitive and specific. Apparatus consists of a pressure pump; a
gel-filled column; asampleinjector; adetector that monitors each component (e.g.,
spectrophotometers, amperometric detectors); and a recorder. Sample and solvent
are pushed through the column, and the resulting eluent isread by the detector. The
peaks that are detected and printed are specific and distinctive for each compound
that is analyzed by HPLC.
Gas chromatography (GC) separates mixtures of volatile compounds. It can
have a solid or liquid stationary phase. The setup is very similar to HPLC, except
the solvent is a gas, the sample is vaporized, and detectors are thermal conduc-
tivity or flame ionization. A special detector can be a mass spectrometer (M S),
which measures the fragmentation patterns of ions (GCMS) and is used in drug
identification. Gas chromatography is divided into two categories:
(1) Gas-solid chromatography, in which the absorbent is a solid material;
(2) Gasliquid chromatography (most common method used in clinical labora-
tories), in which the absorbing material isaliquid coated on a solid phase.
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B BAsIC ANATOMY AND PHYSIOLOGY

A.

Kidney

1. Renal structure can be viewed both macroscopically and microscopically.

a.

b.

The macroscopic structure of the kidney consists of the cortex, medulla, and

pelvis.

Themicroscopic structure of thekidney includesthe nephron, whichisconsidered

to be the functional unit of the kidney, and consists of the:

(1) Glomerulus (made of arterioles surrounded by the distended end of a renal
tubulein the renal cortex)

(2) Proximal tubules (located in the cortex)

(3) Henle'sloop (descending and ascending limbs in the renal medulla)

(4) Distal tubules (in the cortex)

(5) Collecting tubules (collect urine from distal tubules to drain into the renal
pelvis)

2. Renal physiology is based on the function of each microscopic component.

a.

c.
d.

e.

Glomer ular function isto strain proteinsfrom the plasmaand produce a“ protein-

free” filtrate that becomes urine.

(1) Theglomerular filtration rate (GFR) equals 125to 130 mL protein-freefluid
formed per minute.

(2) Clearanceindicatesthe number of millilitersof plasmafrom which the kidney
can remove all of agiven substance in 1 minute. A request for “clearance” is
areguest for assessment of glomerular filtration rate.

(3) Plasmarenal flow isthe number of milliliters of plasma passing through the
kidney in 1 minute; normal is 625 mL/min.

Tubular function is to resorb certain substances back into the body. The proxi-

mal tubule resorbs 75% of water, sodium, much of glucose, amino acids, certain

ions, and small molecules. Some substances have a maximum concentration in
plasma, so the tubule cannot resorb it all. Excess substance spills over into urine

(e.g., glucose). The proximal tubule allows for the elimination of urea and creati-

nine.

The L oop of Henle adjusts urine osmolality to keep the urine watery.

The distal tubule resorbs some salt, water, and bicarbonate, but eliminates uric

acid, ammonia, and hydrogen ions. The distal tubule is under hormonal control.

The collecting ducts are under hormonal control for resorption of water and

sodium.

3. Therenal system functionsto maintain a balance of water, ions, and pH; to eliminate
nonprotein nitrogens,; and to synthesize certain hormones.

a.

Water balance is maintained by ingestion of water (controlled by the brain thirst
center) and excretion/resorption of water in the renal tubules under hormonal con-
trol by antidiuretic hormone (ADH).

I onic balance of sodium, potassium, phosphate, calcium, and magnesiumismain-

tained by tubule resorption under hormonal control (aldosterone). Chlorideis pas-

sively resorbed with sodium.

Acid-base balance is controlled by kidney conservation of bicarbonate ions and

removal of metabolic acids (H) to conserve blood pH level.

Nonprotein nitrogen (e.g., urea, creatinine, uric acid) is eliminated or filtered by

the glomerulus. Some urea and uric acid is reabsorbed into the blood.

Thekidneys synthesize three hormonesand oneenzyme. Kidneysalso serve as

asite for the hormonal action of aldosterone and ADH.

(1) Renin isavasoconstrictor synthesized in the renal medulla.

(2) Prostaglandins are synthesized in the kidney and affect renal blood flow.

(3) Erythropoietin increases heme production and iron insertion into red blood
cells (RBCs) and is formed in conjunction with an enzyme made in the
kidney.

(4) Dihydroxycholecalciferol hydrolase activates Vitamin D into a usable form.
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4. Renal system disor der saffect the glomerulus, the tubules, or other components of the
system (for more details, see Chapter 9).

B. Liver

Glomerular diseases affect portions of the glomerular structure.

(1) Glomerulonephritisis related to group A B-hemolytic streptococcal infec-
tions. Immune complexes damage the structure of the glomerulus, leading to
anemia, uremia, and edema.

(2) Nephrotic syndrome refers to the increased permeability of the glomerular
cell basement membrane, which leads to proteinuria and edema.

Tubular diseases occur in al renal diseases as GFR falls and affect acid-base

balance.

Urinary tract infections are bacterial infections that produce bacteriuria and

pyuria.

Renal calculi (kidney stones) are deposits of calcium and uric acid that follow

urinary tract infections and lead to hematuria.

Renal failure can be acute or chronic and affects many chemistry analytes.

(1) Acuterenal failureistypically caused by cardiovascular system failure (prer-
enal), necrosis of thetubular system (renal), or obstruction of the lower urinary
tract (postrenal). This condition leads to oliguria, proteinuria, and hematuria.

(2) Chronicrenal failureresultsfromthe chroniclossof excretory and regulatory
functions. Causesvary from chronic glomerulonephritisto obstructive uropathy
to renal vascular disease.

1. Hepatic structure can be viewed both macroscopically and microscopically.

b.

The macr oscopic view of theliver revealsabilobed organ richly vascularized with

two main supply vessels: the hepatic artery and the portal vein.

The microscopic structural and functional unit of the liver is the lobule, which

consists of:

(1) Cords, or hepatocytes, that surround a central vein

(2) Sinusoidsconsisting of blood spaceslined with endothelial cellsand Kupffer’'s
cellsthat surround the cords, which drain into a central vein

(3) Bilecanaliculi, or small channels between hepatocytes that carry bile formed
by the hepatocytes to the bile ducts

2. Hepatic physiology depends on the components of the liver.

b.

The excretory/secretory function serves to process substances that have been
absorbed from the gut and then transferred to the blood for use by other cells of
the body.

(1) Bileisinvolved with processing of lipids. It is composed of bile acids, salts,
pigments, and cholesterol. Bile salts are formed in the hepatocytes, excreted
into the bile canaliculi, and stored in the gall-bladder. Eventually, they are
dumped into the duodenum to aid in the digestion of fats. Bile salts are then
reabsorbed and re-excreted.

(2) Bilirubinisthemajor bile pigment formed from the breakdown of hemoglobin
when aged RBCs are phagocytized. The following steps occur: Hemoglobin
is broken down into globin (reused) + iron (reused) + porphyrin (excreted) +
biliverdin (reduced to bilirubin).

(a) Intheliver, bilirubinisconjugated (esterified) and becomeswater soluble.
This substance floats out of the bile canaliculi and into the gut, where
it is eventually broken down to form urobilinogen, which is oxidized to
produce urobilin and excreted in the stool.

(b) Some urobilinogen is excreted by the kidney. There is some unconjugated
bilirubin in the serum; increased hilirubin in the blood produces jaundice.

Synthetic function. Albumin, a- and 8-globins, blood-clotting factors, glycogen,

carbohydrates, fat, some lipids, ketones, and some enzymes are synthesized in the

hepatocytes.

Detoxification function. Hepatocytes have the capability to conjugate (and thus

inactivate) a substance or to modify it chemically.
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d. Storagefunction. Iron, glycogen, amino acids, and some lipids are stored in hep-
atocytes.

3. Hepatic disorders

a. Jaundice, which causes yellowish discoloration of skin, is caused by abnormal
bilirubin metabolism or by retention of bilirubin.

(1) Prehepatic jaundiceisthe result of excessive bilirubin presented to the liver.
It can occur in newborns and in people with hemolytic anemia or ineffective
erythropoiesis. This condition produces increased serum unconjugated biliru-
bin.

(2) Hepaticjaundiceispresentin peoplewith hepatobiliary disease. Thisdisorder
exhibits increases in both unconjugated and conjugated bilirubin levels.

(3) Posthepaticjaundiceisproduced by obstruction of theflow of bileinto the gut
either by gallstonesor atumor, which causesincreased conjugated bilirubin lev-
elsin serum and urine, but low urobilinogen levelsin urine and colorless stool.

b. Cirrhosisisdefined as destruction of the liver's architecture. The leading cause of
this condition is a cohol abuse.

c. Reye'ssyndromeisliver destruction caused by viral infection, although the etiol-
ogy of this disease is unknown. Ammonia accumulatesin the liver and blood.

d. Hepatitisis defined as inflammation of the liver and subsequent hepatocel lular
damage caused by bacterial infection, drugs, toxins, or viral infections. Types of
viral hepatitisinclude:

(1) HepatitisA (“infectious’ hepatitis), also known as hepatitis A virus (HAV), is
transmitted by contamination of food and water.

(2) HepatitisB (“serum” hepatitis), or hepatitis B virus (HBV), has an outer coat
caled the HBV surface antigen (HBsAQ) that covers the HBV core antigen
(HBcAQ). Hepatitis B is transmitted through parenteral injection or through
exchange of bodily secretions, as occurs during sexual intercourse.

(3) HepatitisC (HCV) isanon-A, non-B hepatitisthat istransmitted parenterally
through blood transfusions, body piercings, and inoculations and has become
more common. It is the leading cause of chronic liver disease.

(4) Delta hepatitis can cause infection only in patients infected with hepatitis B.

C. Gadtrointestinal (GI) tract and pancreas. Anatomically, the Gl tract is composed of five
regions. the mouth, stomach, duodenum, jejunum-ileum, and large intestine.
1. Gastric and Gl functions are important to consider in the diagnosis of digestive disor-
ders.
a. Digestionisthechemical processing of food into an absorbable substance. It begins
in the mouth and continues in the stomach and duodenum.

(1) Gastricfluid inthe stomachiscomposed of hydrochloric acid, pepsin, intrinsic
factor, and mucus. The pH of thisfluidis <3. The secretion of gastrin by gastric
cells stimulates gastric fluid secretion.

(2) Intrinsic factor, produced in the parietal cells of the stomach, is required for
the transport of vitamin B, across the intestinal wall.

b. Absorption isthe processthat allows digested food to enter the body. This process
occursin the small intestine.
2. Gl function tests evaluate the level of function and determine the primary cause of
mal absorption syndrome.
a. Gadtricfluid analysis servesto:

(1) Determine pH of gastric fluid, with low pH (achlorhydria) indicative of perni-
cious anemia

(2) Detect hypersecretion of gastric fluid caused by a secreting tumor (e.g.,
Zollinger-Ellison syndrome)

(3) Check acid secretion in treatment of ulcers

(4) Verify vagotomy (i.e., severing nerves to stomach for treatment of ulcers)

b. Lactoseintolerance test examines whether lactose is formed normally in gastric
cells. The procedure involves ingestion of a lactose cocktail followed by glucose
analysis. Little or no increase in serum glucose indicates lactase deficiency.
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D. Thepancreasisahighly vascularized organ connected to the small intestine by the ampulla
of Vater. It isconsidered both an endocrine gland that synthesizes hormonesand an exocrine
gland that provides digestive enzymesto aid in digestion.

1. Pancreatic functions

Endocrine function is performed in the islets of Langerhans. These cell groups

are composed of three types of cells.

(1) « cells produce glucagon, which stimulates the conversion of glycogen into
glucose (glycogenolysis).

(2) B cellsareresponsible for making insulin, which functions to promote glyco-
genesis and thereby lowers glucose levels.

(3) ¢ cells produce gastrin and somatostatin.

Exocrine function is performed by the acinar cells. These cells produce the fol-

lowing enzymes:

(1) Amylase, which breaks down starch and glycogen and is used to diagnose
acute pancreatitis;

(2) Lipase, which hydrolyzesfatsto produce a coholsand fatty acidswith el evated
levels present in people who have acute pancreatitis; and

(3) Trypsin, which is a proteolytic enzyme (functionsin protein breakdown).

2. Pancreatic disorders typically result in decreased secretion of enzymes or hor-
mones.

Cystic fibrosis is an autosomal recessive genetic disorder characterized by pul-
monary disease and intestinal malabsorption caused by lack of pancreatic enzyme
secretion.

Pancreatitis (inflammation of the pancreas) is associated with alcohol abuse or
gallbladder disease and also occurs in patients with lipid disorders and is caused
by the release of pancreatic enzymes from cells into the surrounding pancreatic
tissue.

Diabetes mellitusisamultifactoria disease that occurs when the pancreas can no
longer produceinsulin, which leadsto hyperglycemia. Thisdisorder amost always
destroys the 8 cellsin the idets. In type Il diabetes mellitus, cells no longer are
sensitive to insulin and glucose remains in the blood.

Pancreatic cancer is afatal disease that affects the ducts in the pancress. Insuli-
nomaisatumor of the 8 cellsintheisletsthat leadsto increased circulating insulin
and hypoglycemia.

3. Testsof exocrine pancreatic function

Secretin test determines the secretory capacity of the pancreas. It involves intuba-
tion and gathering of pancreatic fluid after stimulation with secretin, followed by
measurement of fluid volume.

Quantitative fecal fat examination determines the presence of increased fatsin
feces (steatorrhea), which is a disorder almost always associated with exocrine
pancreatic insufficiency. A 72-hour fecal specimen is collected, and the fats ex-
tracted with ether and weighed. A screening procedure involves mixing a small
amount of fecal specimen with a fat-soluble stain and examining the specimen
microscopically for lipid droplets.

Sweat electrolytes are measured to diagnose cystic fibrosis. Pilocarpine nitrate
is used to stimulate sweating on skin which is collected on a small disc. Sweat
is eluted from the disc and analyzed for chloride and sodium content. Newborn
screening programs and genetic tests that assess the presence of genetic alterations
in anumber of genes related to cystic fibrosis are also available (see Chapter 10).
Enzyme testing for amylase and lipase is performed using a variety of method-
ologies. These are listed below.

E. Thecardiovascular system iscomposed of the heart and blood vessels. Some include the
pulmonary system because of the extensive connections between the heart and lungs.
1. Theheart isafour-chambered muscular organ. Blood passesfirst through the right, or
pulmonary, side of the heart to be oxygenated in the lungs and then is returned to the
left, or systemic, side that boosts pressure for the circuit of blood around the body.
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2.

The microscopic anatomy of the heart includes the myocardium that is made up of

cardiac muscle fibers.

a. Myocardium is the muscular tissue of the heart. Myocardium is composed of
cardiac musclefibersinterspersed with blood vessels, lymphatics, and nerves. The
fuel of the heart muscle tissue is free fatty acid.

b. Cardiacmuscleisfoundonly intheheart. Cardiac musclefiberssynthesize specific
proteins (troponin for example) that can be assessed in blood following muscle cell
injury. Myoglobin acts as the storage vessel for oxygen in muscle cells.

Cardiac dysfunction involves many parts of the heart and can begin in an area other

than the heart itself. Heart failur e takes many forms, such as congestive heart failure,

coronary artery disease, and myocardial infarction (heart attack). Heart failure is based
thefunctional anatomy of the heart. Failing hearts do not pump enough blood to sustain
the body with oxygen.

B ANALYTES AND PATHOPHYSIOLOGY

A.

Amino acids are defined as organic compounds containing both an amino (NH,) group
and a carboxyl (COOH) group. e-Amino acids are present in proteins; they differ in their
side chains, which give individual amino acidstheir special properties. Proteins are macro-
mol ecules composed of covalently linked polymers of amino acidslinked by peptide bonds
in ahead-to-tail fashion (Figure 1-2). Proteins are composed of carbon, oxygen, hydrogen,
nitrogen, and sulfur.

1.

2.

Essential amino acids must be supplied by dietary intake. Theseincludevaline, leucine,

isoleucine, methionine, tryptophan, phenylalanine, threonine, lysine, and histidine.

K etoacids are produced by removal of an amino group from an amino acid. Ketoacids

can be either:

a. Glycogenic to generate glucose precursors; or

b. Ketogenic to generate ketone bodies

Aminoacidopathies are disorders that involve faulty amino acid metabolism.

a. Phenylketonuria (PKU) is an inherited disorder causing lack of phenylaanine
hydroxylase and the inability to convert phenylalanine to tyrosine, which results
in the formation of phenylpyruvate. PKU causes mental retardation in children.

b. Maple syrup urine disease (M SUD) is a disorder of decarboxylation of the ke-
toacids of leucine, isoleucine, and valine, which results in accumulation of ke-
toacidsin blood, urine, and spinal fluid. MSUD causes mental retardation or death
ininfants.

¢. Homocystinuriais caused by impaired enzyme activity, which resultsin elevated
levels of homocysteine and methionine in plasma and urine.

Protein structure. The principal plasma proteins include albumin and the globulins.

Other protein fractions include fibrinogen and complement.

a. Albumin isresponsible for the osmotic pressure of plasma and serves as a trans-
port protein. Prealbumin migrates ahead of albumin during electrophoresis and
transports thyroid hormones.

b. The globulins are insoluble in water. There are several globulin fractions, based
on their electrophoretic mobility. These include:

(1) «1-Globulins («;-fetoprotein, «p-antitrypsin)

(2) a-Globulins (haptoglobin, ceruloplasmin, and a2-macroglobulin)
(3) B-Globulins (transferrin, C-reactive protein)

(4) y-Globulins[immunoglobulins (1g) G,A,M,D,E]

B Figure 1-2 Peptide bond.

|
NHz~C C—N-C~COOH
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. Synthesis. Proteins are synthesized in the liver (serum proteins) or by B-cells (im-
munoglobulins). Protein formation is specified by the DNA in each type of cell (hepatic
or plasma).

. Protein catabolism takes place in the gastrointestinal tract, kidneys, and liver. Protein

disintegratesinto constituent amino acids, which are further deaminated into ketoacids

and ammonia. Ammoniais used in the formation of urea.

. Classification. Proteins are classified as simple or conjugated.

a. Simpleproteins are peptide chains that hydrolyze to amino acids.

b. Conjugated proteinsare composed of protein (apoprotein) and a nonprotein sub-
stance (referred to as prosthetic groups), such as lipid (forms lipoproteins), carbo-
hydrate (forms glycoproteins), or metals (form metalloproteins).

. Functions of protein include tissue nutrition, water distribution, plasma buffer, sub-

stance transport, and structural support.

. Protein analysis determines either the total nitrogen content of the sample or the total

protein. The normal reference range of serum proteinis6.5to 8.3 g/dL.

a. Total nitrogen determination analyzes both protein and nonprotein nitrogen.

b. Kjeldahl’s method involves the conversion of protein nitrogen into ammonium
ion. This classic method is not practical for routine use.

c. Refractometry methods use the refractive index of asolution in the determination
of solute concentration.

(1) Theprinciple states that the velocity of light changes when it passes between
air and water, causing light to bend (refract). Therefore, the refractive index of
water increases proportionally to the concentration of a solute in solution.

(2) The solutes present in greatest concentration in serum are proteins. Therefore,
this method provides an approximation useful as a rapid test, but error can
occur in patients with hyperglycemia, lipemia, or azotemia.

d. The biuret method is the most widely used method of protein determination.
Analysis depends on the presence of peptide bonds.

(1) Theprinciple states that cupric (Cu®") ions react with peptide bonds to form
aviolet color proportional to the number of peptide bonds present.

(2) This method iswidely used and easily automated.

e. Thedye-binding method isbased on the ahility of proteinsto bind dyes. Albumin
binds dye with the strongest affinity.

(1) Theprinciple of this method is that dye binds to protonated amine groups of
amino acids, with absorption at 595 nm.

(2) Dye-binding methods are used chiefly for albumin analysis. When albumin is
positively charged, it binds to certain dyes, causing a shift in absorbance from
freedye. Brom-cresol greenisthe most widely used dye, although brom-cresol
purpleis considered more specific in binding albumin.

f. UV absorption is based on absorption of UV light by peptide bonds at 210 and
280 nm.

g. Serumprotein electrophoresis(SPE) relieson the separation of proteinsbased on
their net electrical charges, size, properties of the support medium, and temperature
of operation. Thisis a semi-quantitative method.

(1) Theprinciple of SPE states that when an electric field is applied to a medium
containing charged particles, the negatively charged particles migrate to-
ward the positive electrode (anode), and the positively charged particles mi-
grate toward the cathode. At pH 8.6, most serum proteins have a negative
charge. This separatesthe protein fractionsin serum when an electrical fieldis
applied.

(2) Onthe support medium (cellulose acetate or agarose gel), the pattern of migra-
tionisasfollows: Albuminis most anodic (because of its small size and large
number of negative charges), then a;-globulins, «,-globulins, g-globulins; -
globulins are most cathodic (Figure 1-3).

(3) Technical issues with electrophoresis include endosmosis, inappropriate
buffer pH, unusual or atypical bands, distorted protein bands, and discontinuous
Zones.
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(a) Electroendosmosisoccurswhen electrophoretic support mediathat arein
contact with water take on a negative charge due to adsorption of hydroxyl
ions. Macromolecules, such asimmunoglobulins, in solution may remain
immobile or even be swept back toward the opposite pole if they are in-
sufficiently charged. Endosmosis is minimal in systems that use purified
agarose, starch or polyacrylamide.

(b) Old buffer will exhibit pH changes caused by the electrolysis of water
that accompanies electrophoresis. Changes in pH will cause proteins to
lose amphotericity and migration will be affected.

(c) Atypical bands might be caused by artifact, such as hemolysis (heavy S-
band) or fibrinogen (band closeto application point) from aplasmasample.
Denatured protein from a deteriorated serum will produce sharp irregular
bands.

(d) Discontinuouszonesor distorted bandscan be caused by overapplication
of sample, dirty applicators, wet gels, dirty el ectrodes, or dried out supports.

Capillary electrophoresis is a method in which the techniques of electrophore-
sis are carried out in a small-bore, fused silica capillary tube. This capillary tube
serves as an electrophoresis chamber that is connected to a detector at its termi-
nal end and to a power supply. Buffersinclude Tris, borate, acetate, formate, and
phosphate. Capillary zone electrophoresis is the simplest form of electrophore-
sis and is able to resolve many analytes such as proteins, peptides, and amino
acids.

Radial immunodiffusion (RID) is a quantitative method of immunoglobulin de-

termination.

(1) The principle of RID states that an agarose gel is saturated with a specific
antibody solution. Antigen (serum) is applied and diffuses radially into the
medium. At the point where antigen and antibody concentration are equal,
a precipitin ring forms. Measurement of the diameter of the precipitin ring
squared is compared with a standard curve of antigen concentration.

(2) RID isaso referred to asthe Mancini technique or the Ouchterlony technique.

Nephelometry isused asaquantitative method for immunoglobulin analysis.

(1) The principle states that immunoglobulins react with a specific antibody to
produce an immunoprecipitate. Forward light scatter is measured.

(2) Nephelometry isused for protein analysis of all body fluids.

Immunofixation electrophoresis (IFE) is a qualitative method for evaluation of

immunoglobulins.

(1) The principle of IFE states that proteins are electrophoresed into five zones
asin SPE. Then, monospecific antiserum is added, and the support mediumis
stained for visual interpretation of bands.

(2) IFE is used to analyze protein concentration in serum, urine, and other
fluids.
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Immunoelectrophoresis (IEP) is a qualitative method for the evaluation of im-

munoglobulins. Capillary electrophoresis can be used for |1EP.

(1) The principle of IEP states that proteins are electrophoresed into five zones
similar to SPE. Then, antibody is added to produce precipitin arcs that are
visually interpreted.

(2) IEPisused to analyze serum, cerebrospinal fluid (CSF), and urine.

10. Other methods. Urinary proteins (for details, see Chapter 9) are analyzed by:

a.

b.

Qualitative dipstick tests for proteinuria, glycosuria, and other abnormal sub-
stancesin the urine that rely on color change for interpretation.
Quantitativeturbidimetric methodsrequirethat aprotein precipitant is added to
urine. The resulting turbidity is measured photometrically.

11. Protein disorders are the result of high or low serum protein levels or a dysfunction
of the immunoglobulins.

b.

Hypoproteinemia can be caused by kidney disease, blood |oss, malnutrition, and

liver disease.

Hyperproteinemia is observed in people with dehydration or excess production

of y-globulins.

Decreased serum albumin is caused by avariety of disorders, including poor diet,

liver dysfunction, Gl inflammation, and renal disease.

Specific globulin disorders include the following:

(1) az-Antitrypsin deficiency is caused by pulmonary disease, and increased lev-
els are caused by inflammation or pregnancy.

(2) Elevated levelsof a;-fetoprotein during pregnancy may indicate neural tube
defects, spinabifidain the fetus, or twins. Very high levels are found in indi-
vidualswith liver cancer. Decreased levels during pregnancy indicate arisk of
fetal Down’s syndrome.

(3) Haptoglobin, an a,-macroglobulin, is increased in inflammatory conditions,
burns, and rheumatic disease. Decreased levels are seen in people with trans-
fusion reactions or hemolytic disease.

(4) Ceruloplasmin, an a,-macroglobulin, is decreased in people with Wilson's
disease and states of malnutrition.

(5) Transferrin levels areincreased during iron deficiency anemia.

(6) Immunoglobulin increases indicate infection, liver disease, Waldenstrom's
macroglobulinemia(IgM), multiple myeloma, or autoimmunereactions. These
increases appear as a spike, either monaoclonal or polyclonal, in the gamma
region of SPE.

Water and electrolytebalance. Electrolytesareions capable of carrying an electric charge.
They can be either anions (negatively charged) or cations (positively charged). Total body
water (TBW) makes up about 60% of male body weight and 50% of female weight. Two
thirds of TBW isin the intracellular compartment and the other third is extracellular fluid
(ECF); 25% of the extracellular fluid is plasma.
1. Sodium is the most abundant extracellular cation. It contributes to the osmolality of
extracellular fluid and maintains the volume of ECF and cell size and shape. Sodium
isessential for transmitting nerve impul ses.

Regulation of sodium is performed by the renal system in two ways.

(1) The renin-ADH system. Low blood volume (as in cardiac failure) induces
secretion of renin, avasoconstrictor, from the kidney, which raises blood pres-
sure and causes production of ADH. In turn, fluid volume isincreased by the
retention of sodium.

(2) Therenin-aldosterone system. Low blood volume induces secretion of renin,
which induces production of aldosterone by the adrenal glands. Inturn, kidney
reabsorption of sodium and retention of water increase.

Sodium disorders

(1) Hyponatremia is low serum sodium caused by gastrointestina loss, burns,
or renal problems. Dilutional hyponatremia is a relative decrease of sodium
caused by excess body water, asin nephrotic syndrome or cirrhosis.
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(2) Hypernatremiaisincreased sodium caused by excess water |oss, asin sweat-
ing or diarrhea. Dehydration causes arelative increase in sodium.

2. Potassium isthe magjor intracellular cation that regulates activity at the neuromuscular
junction, as well as cardiac muscle contraction and pH.

a. Regulation of potassium occursin two ways:

(1) Dietary intake, which controls the amount of potassium in the circulation

(2) Therenal system, which controls potassium by:

(a) Aldosterone induces potassium reabsorption and secretion by the renal
tubules by exchanging it for sodium.

(b) A high concentration of hydrogen ions keeps potassium out of cells
and induces its renal retention. Low hydrogen ion concentration allows
more potassium ions to enter cells, which lowers serum potassium. Low
hydrogen ion concentration also allows more potassium to be excreted by
the kidney.

b. Potassium disordersinclude:

(1) Hypokalemia (low serum potassium), which is a result of decreased dietary
intake, gastrointestinal 10ss, or renal dysfunction, can produce irregular heart-
beat.

(2) Hyperkalemia (high serum potassium) is rare. It occurs following excessive
dietary intake, adrenal failure, blood transfusions, or crush injuries.

3. Chlorideisthe major extracellular anion that acts to maintain osmotic pressure, keeps
the body hydrated, and maintains electric neutrality via interaction with sodium or
carbon dioxide.

a. Regulation of chloride depends on dietary intake, sodium concentration, and the
chloride shift, which moves chloride into RBCs as bicarbonate diffuses out to
produce el ectroneutrality.

b. Chloride disordersinclude:

(1) Hypochloremia (low serum chloride) is caused by salt loss during rena dis-
ease, diabetic ketoacidosis, or prolonged vomiting.

(2) Hyperchloremia (elevated serum chloride) is caused by dehydration, acute
renal failure, prolonged diarrheawith | oss of sodium bicarbonate, and salicylate
intoxication.

4. Bicarbonateisthe second most abundant anion in the extracellular fluid. It isamajor
component of the blood buffering system, accounts for 90% of total blood carbon
dioxide, and maintains charge neutrality in the cell.

a. Regulation of bicarbonate is achieved by the kidneys, which are responsible for
reabsorbing all bicarbonate as carbon dioxide.

b. Bicarbonate (or total carbon dioxide) disorders include decreased levels ob-
served during metabolic acidosis, renal failure, or diarrhea, and elevated levelsdue
to carbon dioxide retention, asis observed during respiratory acidosis.

5. Primary methods of electrolyte determination include:

a. lon-selectiveelectrodesthat use asemipermeable membraneto devel op apotential
between two different ion concentrations

b. Amperometric-coulometric titration for chloride determination, in which silver
ions are combined with chloride; when excess free silver ions are noted, elapsed
timeisrelative to the chloride concentration

¢. Atomic absorption spectrophotometry

6. Anion gap isthe difference between unmeasured anions and unmeasured cations. The
normal reference range for the anion gap is 6 to 18 mmol or mEg/L. It is useful in
determining increases in unmeasured anions and is calculated as follows:

Aniongap = (Na" + K*) — (CI~ + HCO?3)

C. Acid-base balance assures the maintenance of a constant blood pH (7.4) through physio-
logic buffers, the respiratory system, and the renal system.
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1. Buffer systems protect the body against changes in hydrogen ion concentration. Three
physiologic buffers act to maintain a constant pH:
a. The carbonic acid-bicarbonate system
b. Hemoglobin
¢. The phosphoric acid-phosphate system

2. Therespiratory system actsto maintain acid-base balance. Oxygen is removed from
oxyhemoglobininthetissues. Thisallowsfor the acceptance of hydrogenions, forming
carboxyhemoglobin. In the lungs, carboxyhemogl obin recombines with bicarbonate to
form carbonic acid, which breaks down to form carbon dioxide and water. The carbon
dioxide is then expired by respiration. Thus, ventilation affects the pH of the blood;
this system is called the “respiratory” component of acid-base balance.

3. Therenal system controls bicarbonate concentration. The overall reaction results in
the reabsorption of sodium and bicarbonate in the kidney tubules. These substances
pick up excesshydrogenions. Thissystemiscalled the® nonrespiratory” or “metabolic”
component of acid-base balance.

4. Acid-base disordersare considered in terms of the Henderson-Hasselbal ch equation,
which states acid-base relationships:

cA
pH = pK + log <cHA>

where A is the proton acceptor (base) and HA is the proton donor (acid).

5. Blood gas analyzers determine acid-base balance through the measurement of par-
tial pressure of oxygen, carbon dioxide, and pH. Analyzers use electrodes as sensing
devices, and bicarbonate and other parameters are cal culated from the previously men-
tioned measurements using the Henderson-Hassel bal ch equation. Oxygen saturationis
calculated as well. Analyzerstypically measure arterial blood gases (ABG).

a. Specimen requirementsfor blood gas analysisinclude the following.

(1) Arterial blood is collected in a glass or plastic syringe. Capillary specimens
can also be used (blood must be “arterialized”).

(2) Lyophilized or liquid heparin isthe preferred anticoagulant.

(3) Noair bubbles should exist in the sample because they lower the pCO, value.

(4) The specimen must be placed on ice and transported to the laboratory in 15
minutes at 4°C and tested immediately. Otherwise, pH values decrease, and
pCO; valuesincrease.

(5) Blood clots are unacceptable.

6. Acid-basedisorder sareclassified according totheir cause. Compensation occurswhen
pH becomes abnormal.

a. Respiratory acidosis results from hypoventilation, which causes a decrease in
carbon dioxide elimination. Compensation occurs by the kidneys increasing the
resorption of bicarbonate.

b. Respiratory alkalosisresultsfrom anincreasein ventilation, resultingin excessive
elimination of carbon dioxide. Compensation occurs by the kidneys excreting more
bicarbonate.

¢. Nonrespiratory (metabolic) acidosis occurs in many disorders and results in a
decrease in bicarbonate levels. The lungs compensate by hyperventilating.

d. Nonrespiratory (metabolic) alkalosisis produced in many disorders and results
in an increase in bicarbonate levels. The lungs compensate by hypoventilation.

7. Theclinical significance of blood gas levelsis as follows.

a. pCO; levelsincrease with administration of 100% oxygen or following exercise.
Decreases (hypoxemia) indicate pulmonary difficulties, exposureto carbon monox-
ide, or improper anesthesia. Hypoxemia also may occur at high altitudes.

b. pCO, levelsincrease with respiratory acidosis. Decreased levels indicate respira-
tion that istoo rapid.

D. Nonprotein nitrogen measurements monitor and assess renal function. These substances
arise from the breakdown of proteins and nucleic acids.



20

A Concise Review of Clinical Laboratory Science

1. Urea isthe magjor excretory product of protein metabolism and is synthesized in the

liver from carbon dioxide and ammonia arising from the deamination of amino acids.

It is excreted by the kidney.

a. All analytic methods include, in the initial step, the hydrolysis of urea by urease
and subsequent production of ammonium. Most techniques are sensitive to excess
ammonia contamination.

(1) Thecoupled enzymatic assay isakinetic assay that involvesasecond enzyme.

(2) A pH indicator dye detects the presence of ammonium and causes a color
change, which isread by a spectrophotometer.

(3) Thedirect method does not use urease. It measures ureadirectly using diacetyl
monoxime.

b. Urea disorders typically involve an elevated level of urea in blood, which is

referred to as azotemia. Disorders are named in associ ation with the location of the

dysfunction.

(1) Prerenal azotemia is typically caused by decreased rena blood flow to
the kidneys from congestive heart failure, shock, dehydration, decrease in
blood volume, greater protein breakdown (asin major illness), or high-protein
diet.

(2) Renal azotemiais produced by renal failure.

(3) Postrenal azotemiais caused by an obstruction anywhere in the renal system
(e.g., tubules, ureter).

(4) Uremiaisatoxic condition involving avery high serum level of urea accom-
panied by renal failure.

. Creatineismadein theliver from amino acids and used in muscle as an energy source.

In its anhydrous state, it is called creatinine, which is excreted into the plasmain an
amount proportional to muscle mass and then excreted in the urine. Because the level
of creatinine is unaffected by diet, its level reflects the GFR.

a. Analytic methods for creatinine

(1) The Jafféreaction involvesthe reaction of creatinine with picric acid to form
areddish chromogen. The absorbance is measured colorimetrically.

(2) Thekinetic reaction uses various enzymes and hydrogen peroxide to form a
colored product.

(3) Creatinineclearanceisan estimate of the GFR obtained by measuring plasma
creatinine and itsrate of excretion into urine. Thistest requiresa24-hour urine
specimen and blood sample for serum creatinine determination. The formula
for calculation is:

uv 173
-
P A
with urinary creatinine as U (mg/L), V as volume of urine (mL/min), P as
plasma creatinine (mg/L), and %‘ as normalization factor for body surface
area.

b. Abnormal creatininelevelsaretypically elevated because of abnormal renal func-

tion, such asreduced GFR. Creatininelevelsare examined in conjunction with urea
to determine the cause of azotemia. The normal blood urea nitrogen (BUN): cre-
atinine ratio is 10 to 20:1. Higher ratios indicate that the elevation of BUN is
caused by prerenal rather than renal causes.

. Uric acid is synthesized in the liver from the breakdown of nucleic acids (DNA and

RNA) and transported to the kidney for resorption.

a. Analytic methods are based on the same initial reaction involving the oxidation
of uric acid by uricase to allantoin and hydrogen peroxide. There are two coupled
enzymatic methods that involve either:

(1) The measurement of peroxide production following reaction with phenol and
4-amino phenazone (4-AP)

(2) Themeasurement of peroxide production by the catalyzed oxidation of ethanol
coupled to the production of acetate
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Abnormal uric acid levels are either:

(1) Elevated because of gout, increased nuclear breakdown (due to increased cell
destruction, asin chemotherapy), renal disease, or toxemia of pregnancy

(2) Decreased primarily because of severe liver or kidney disease

4. Ammonia is formed by the deamination of amino acids. It is used by the liver to
produce urea and is not excreted by the kidney.

b.

Analytic methods include:

(1) The coupled enzymatic method, in which ammonium reacts with «-
ketoglutarate and reduced nicotinamide adenine dinucleotide phosphate
(NADPH) to form L-glutamate and nicotinamide adenine dinucleotide phos-
phate (NADP), with changes in absorbance measured spectrophotometrically

(2) Theammonia electrode, which isbased on diffusion of NH3 through a selec-
tive membrane

Increased ammonia levels are typically caused by severe liver dysfunction (e.g.,

liver failure, Reye's syndrome) or inadeguate blood circulation through the liver.

E. Carbohydrates are polyhydroxyl aldehydes or ketones that, on hydrolysis, yield one of
these compounds. Carbohydrates are a major source of energy for the body, and starch is
the major source of carbohydrate.

1. Classification is based on the structure of carbohydrates.

a.

C.

M onosaccharides are simple sugars that contain four to eight carbons and only
one aldehyde or ketone group. These are reducing sugars (i.e., they can give up
electrons). Examples include glucose and fructose.

Oligosaccharides are formed by the interaction of two monosaccharides with the
loss of awater moleculeand are sometimesreferred to asdisaccharides. Examples
include maltose, lactose, and sucrose.

Polysaccharides are formed by interactions between many units of simple sugars.
Examples are starch and glycogen.

2. Carbohydrate metabolism beginsin the mouth.

e.

f.

Salivary amylase breaks down ingested starches into disaccharides, and these are
further broken down into monosaccharides by disaccharides and absorbed into
intestinal cells.

M onosaccharides are then transported to the liver and converted to glucose. Some
glucoseisreleased into the blood, and therest is stored as glycogen in theliver and
skeletal muscle.

Glycogenesis is the process of glycogen formation by enzyme action on glucose
to eventually form glycogen.

Glycogenolysis is the breakdown of glycogen, with the eventual formation of
glucose-6-phosphate or free glucose that can be used for energy production.
Glycolysisisthe catabolism of glucoseto pyruvate or lactate for adenosinetriphos-
phate (ATP) production (Embden-Meyerhof pathway and Krebs' cycle).
Gluconeogenesis is the formation of glucose from amino acids and lipids that
occurs when carbohydrate intake decreases.

3. Factorsthat affect glucose levelsinclude:

Insulin, which is apancreatic hormone that decreases glucose levels by increasing
cellular uptake of glucose and promoting glycogenesis and lipogenesis (formation
of fat from carbohydrates)

Glucagon, which is a pancreatic hormone that increases glucose levels by stimu-
lating glycogenolysis and gluconeogenesis

Epinephrine, which is an adrenal hormone that elevates glucose levels

Growth hormone and adrenocorticotropic hormone (ACTH), which are pitu-
itary hormones that increase glucose levels

Glucocorticoids (e.g., cortisol), which are adrenal hormones that increase gluco-
neogenesis and eventually elevate blood glucose

Thyroid hormones, which stimulate glycogenolysis and increase blood glucose
levels
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4. Glucose disordersdepend on serum glucose levels.

a.

Hyperglycemia occurs when the fasting blood sugar level rises higher than
110 mg/dL due to a pathologic disorder, such as diabetes mellitus or liver fail-
ure.

Hypoglycemia occurs when the fasting blood glucose level is <70 mg/dL. This

typically occurs asaresult of hormone deficiency, drug reaction, insulin excess (as

in insulinoma), or a genetic disorder.

Glycosuria (sugar in the urine) occurs when the renal threshold for glucose is

exceeded (160-180 mg/dL) during hyperglycemia.

Diabetesmellitusisagenetic disorder of glucose metabolismthat resultsininsulin

deficiency and lack of carbohydratetolerance. Therearetwo classifications:

(1) Type 1, formerly insulin-dependent diabetes mellitus. The individual
presents in an acute state with hyperglycemia and ketosis. Thistypeis caused
by an autoimmune destruction of pancreatic g cells and is usually juvenile
onset. However, onset is often around the age of 20.

(2) Type 2, formerly non-insulin-dependent diabetes mellitus. This is a
multifactorial disease with possible causes including genetics, environment
(lifestyle), and autoimmunity. One cause of onset is thought to be cellular
resistance to insulin or decreased insulin receptors on cell surfaces. Most indi-
vidualswith thisdisorder are obese or overweight, and onset istypically during
adulthood.

5. Methods of glucose analysisinclude:

a.

Glucose oxidase methods. Glucose is oxidized to gluconic acid and hydrogen
peroxide to eventually form a colored product. Falsely low results are caused by
high serum levels of uric acid, bilirubin, or ascorbic acid.

Hexokinase methods. Glucose becomes phosphorylated and dehydrogenated to
eventually form NADPH.

o-Toluidine (nonenzymatic method). o-Toluidine reacts with glucose in acetic
acid to form a colored product. Falsely elevated glucose values are obtained by
interference of mannose and galactose, whereas bilirubin induces a fal se decrease
in glucose values.

Glycated hemoglobin methods. The presence of glycated hemoglobins is ex-
amined in diabetic patients. This test examines a patient’s compliance with an
insulin therapy regimen over a period of 8 to 10 weeks. Glycated hemoglobins
are formed when a glucose is attached to the N-terminal valine residue of either g
chain of the hemoglobin A molecule. Hemoglobin A; (made up of several minor
hemoglobins) istermed a fast hemoglobin based on its electrophoretic migration.
Glycated hemoglobin is separated from nonglycated hemoglobin by affinity chro-
matography. Interferences include the presence of hemoglobin S and hemoglobin
F and may produceincreased or decreased glycated hemoglobin values depending
on the specific methodology used.

6. Glucose metabolism testsexaminea patient’sability to metabolize glucose.

a.

Glucosetolerancetest (GTT) evaluatestheinsulin response challenge. It isuseful

in evaluating pregnancy-induced diabetes and involves drawing a fasting blood

specimen, followed by patient ingestion of a 75-g oral dose of glucose in liquid

within a 5-minute period. Blood samples are then taken at 30-, 60-, 120-, and

180-minute intervals and tested for glucose. Urine is tested as well.

(1) Nondiabetics have negative urine tests and show highest glucose levels at 30
to 60 minutes, with low and normal levels following.

(2) Severe diabetics reach peak glucose levels after 30 to 60 minutes, and the
levels remain elevated.

A 2-hour postprandial blood glucose test evaluates diabetes. A fasting blood

specimen and a specimen taken 2 hours after breakfast are taken. Normal patients

have no increase in serum glucose after 2 hours.

F. Lipidsaresubstancesthat areinsolubleinwater and can be extracted from cellsonly by or-
ganic solvents (e.g., ether or chloroform). Lipids include fats (most abundant), steroids,
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and terpenes. Fats are carboxylic esters derived from glycerol and are aso known as
glycerides.
1. Lipid composition of food

b.

Triglyceridescomprise 98% of fat found in food and are made up of 95% fatty acid
and 5% glycerol. Fatty acids are long carbon chainsjoined by single (saturated) or
double bonds (unsaturated) and a terminal carboxy! group.

Theremaining 2% of fat infood is composed of cholesterol, phospholipids, diglyc-
erides, fat-soluble vitamins, steroids, and terpenes.

2. Thephysiology of lipidsinvolves three phases.

Digestive phase begins with chewing and swallowing. Triglycerides are digested
by lipase, other enzymes, bile salts, and acid in the gut to form monoglyceridesand
diglycerides. Cholesterol becomes surrounded by bile to form a micelle package
that is absorbed by the small intestine.

Absor ptive phase occursin the small intestine as triglycerides and cholesterol in
the micelles are absorbed and broken down into fatty acids.

Transport phase occurs as long fatty acids reassemble into chylomicrons (water-
soluble macromolecules) and enter the lymphatic system. Short fatty acids enter
the blood bound to albumin, and these head to al tissues, including adipose tissue.

3. Specific lipid physiology determinesthe function of each lipid.

C.

d.

Cholesteral is a sterol (steroid with long side chains), which is a four-ringed
structure madein liver hepatocytes from two acetate units. The processislong, and
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase isthe committed
step. Cholesterol is an important constituent of cell membranes and a precursor
of many hormones. Most serum cholesterol is in the form of cholesterol esters,
which are transported through the blood by low-density lipoproteins (LDL)
and high-density lipoproteins (HDL).

Triglyceride is made up of fatty acids and glycerol and is partly synthesized in
theliver hepatocyte. It istransported through the bloodstream by chylomicrons
and very low-density lipoproteins(VLDL s). Triglyceride providesenergy tocells
asit losesits fatty acid and forms ATP, thus acting as an energy store in the form
of fat, and it insulates organs through fat deposits.

Phospholipids make up the bilayer of cell membranes and also form a coating that
surrounds cholesterol and triglyceride and “glues’ them to the lipoprotein core.
Sphingolipids areimportant in cell membrane composition and in nerve transmis-
sion.

4. Lipoproteinsaretransport vehiclesfor lipids that contain varying amounts of specific
lipid, phospholipid, and apoprotein.

a.

Chylomicronsarelarge moleculesthat contain mostly triglyceride. They originate
in the intestinal tract and travel through the blood and lymph to various tissues.
They are degraded in the liver.

VLDLsare smaller than chylomicrons. They contain mostly endogenous triglyc-
eride, aremadeintheliver, contain equal amountsof phospholipidsand cholesterol,
and degrade to LDLsin the circulation.

L DL scontain mostly cholesterol, with equal amounts of phospholipid and protein
and sometriglyceride. They aretakeninto cellsviaaspecial cell-surfacereceptor—
the apoprotein B (apoB) receptor—and are degraded into component parts. Thisis
considered “bad” cholesterol.

HDL s contain mostly protein, some cholesterol, and alittle triglyceride. They are
madeintheliver, and they remove excesscholesterol from cells. HDL isconsidered
the “good” lipoprotein.

5. Lipid disorders usualy lead to abnormal lipid deposits on walls of vasculature
(atherosclerosis) and skin (xanthomas). Hyperlipidemia obstruction leads to lack of
bile, so cholesterol cannot be adequately absorbed by the small intestine.

a.

Hyperlipidemia

(1) Triglyceride levels are most affected by diet, but high triglyceride levels are
often caused by diabetes or pancreatitis. Lipoprotein lipase (LPL), present
in the capillary wall, hydrolyzes triglycerides for use in the tissues and can
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Table 1-3 Fredrickson’s Classification of Hyperlipoproteinemias

Plasma Cholesterol Triglyceride
Type Appearance Level Level Lipoprotein Abnormality
| (rare) Creamy <, 1 RN High chylomicrons
I1A (common) Clear M < High LDL
11B (common) Clear M 0 HighLDL, VLDL
11 (rare) Cloudy ™M M Abnormal LDL, VLDL
1V (common) Milky <, 1 M High VLDL
V (rare) Creamy; Milky 4 ™M High chylomicrons, VLDL

4 = dlight increase; 11 = moderate increase; 111 = extremeincrease; <> = no change; LDL = low-density lipoproteins;
VLDL = very low-density lipoproteins.

be affected by various hormones. If LPL does not function properly, serum
triglyceride levelsrise.

(2) Cholesterol levelsare affected mostly by genetic defectsin theliver or by lack
of apoB receptors on cell surfaces, which leads to elevated cholesterol levels.

Hyperlipoproteinemia involves an increase in certain lipoproteins because of

improper synthesis or breakdown of lipoprotein fractions. Hyperlipidemiacan also

induce overproduction of thelipoproteins. Fredrickson’s classification types| to

V (Table 1-3) is based on the appearance of plasma after 24 hours at 4°C and on

triglyceride and cholesterol values.

Hypolipoproteinemiais caused by agenetic defect |eading to absent or decreased

LDL and HDL.

(1) Absent LDL andlow serum cholesterol leadsto afailureto thrive, steatorrhea,
central nervous system degeneration, and malabsorption of fat and vitamins.

(2) Decreased LDL leads to an increased life expectancy and decreased risk of
myocardia infarction.

(3) Reduced HDL leadsto an increased risk of atherosclerosis.

(4) Absent HDL (Tangier disease) leads to an accumulation of cholesterol esters
intonsils, adenoids, and spleen. It is considered a benign disease.

6. Methodsof lipid analysis

d.

Total cholesterol analysisinvolves either:

(1) Formation of free cholesterol, which is oxidized to form hydrogen peroxide,
which then reacts with a dye to form a colored product

(2) Selective oxygen electrode, which measures the rate of oxygen consumption
when an enzyme specific for cholesterol is added to serum

HDL cholesterol analysisinvolves precipitation of LDL and VLDL, followed by

measurement of HDL in the supernatant.

LDL cholesterol analysisinvolves one of the following:

(1) Calculation by the following formula:

HDL 4+ trigl i
LDL = total cholesterol — < +1rig ycende)

5

(2) Ultracentrifugation

(3) Immunosepar ation using an ag—ab reaction

Triglyceride analysis uses either an:

(1) Enzymatic method that involves three enzymes—Ilipase, glycerol kinase, and
glucose-6-phosphate-dehydrogenase (G6PD)—to form NADH

(2) Colorimetric method involving the formation of hydrogen peroxide

G. Vitamins are organic molecules required by the body in small amounts for normal
metabolism. Most are obtained from the diet; some are formed endogenously; others are
produced by the intestine.

1. Fat-soluble vitaminsinclude A, D, E, and K.

a.

Vitamin A has various forms: retinal, retinol, and retinoic acid. Most carotenoids
found in vegetables are precursors of vitamin A. Most vitamin A is stored in
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the liver, and some is transferred to cells to promote mRNA synthesis. The best
understood physiology of vitamin A isin the visual system; alack of vitamin A
leads to night blindness.

b. Vitamin D isasterol derivativeknown ascholecalciferol. Itisproducedintheskin
by absorption of UV light or obtained by dietary intake and stored in adiposetissue.
Vitamin D is essential for bone mineralization and neuromuscular activity, and
some forms act to regulate uptake of calcium and phosphate. A lack of vitamin
D leads to rickets (failure of bones to calcify) or osteomalacia (abnormal bone
synthesis).

c. Vitamin E (a-tocopherol) is available only from dietary intake and accumulates
in the liver, adipose tissue, and muscle. Vitamin E is critical for normal neuro-
logic structure and function, and a so functions as an antioxidant by preventing
formation of free radicals. A deficiency of vitamin E produces a normocytic nor-
mochromic anemia.

d. Vitamin K issupplied partly by diet and partly by florain the bowel. VitaminK is
known as phylloguinone and is essentia in the formation of coagulation factors,
particularly prothrombin (see Chapter 2, 111 D).

2. Water-soluble vitaminsinclude vitamin C and the vitamin B complex.

a. Vitamin C (ascorbic acid) isabsorbed in the stomach and distributed to all tissues.
It isapotent reducing agent, functions in the synthesis of collagen, and aidsin
the biosynthesis of some neurotransmitters. It is considered important in reducing
therisk of certain cancers and the common cold.

b. TheB complex vitaminsare grouped together because of their isolation from the
same sources. Most B vitamins are known to serve as enzyme cofactor s, function-
ing to transport atoms between moleculesin enzyme-coupl ed reactions. Deficiency
of any B vitamin affects the body’s metabolism. The B vitaminsinclude thiamine,
riboflavin, niacin, pantothenic acid, biotin, pyridoxine (Bg), the folates, and
cyanocobalamin (B12). Lack of vitamin B, produces pernicious anemia because
of its function in erythropoiesis. Deficient folate leads to a megal oblastic anemia,
and in pregnant women, the possibility of fetal neural tube defects.

H. Tumor markers are substances that are synthesized and released by cancer cells or made
by other tissuesin response to the presence of cancer cells. These markers may be present
in the blood, in other fluids, on cells, or within cells.

1. Clinically relevant (diagnostically accessible) tumor markers must have high disease
sensitivity and specificity, and levels should reflect the status of the disease process.
These analytes are typically examined by some form of immunoassay.

a. Oncofetal antigens exist as normal proteins in the embryo and fetus and are al'so
found in certain tumors.

(1) Carcinoembryonic antigen (CEA) is an oncofetal antigen used to assess
tumors of the colon. It is not as specific as once thought, and not all colon
cancers have elevated CEA levels.

(2) a-Fetoprotein (AFP) is an oncofetal antigen used to determine the presence
of hepatic tumors (hepatoma) and testicular tumors.

(3) Carbohydrate-associated antigen (CA-125) isaglycoprotein oncofetal anti-
gen that appears in the serum of patients with ovarian cancer.

(4) CA-19isanother glycoprotein oncofetal antigen associated with gastrointesti-
nal tumors.

(5) Prostate-specific antigen (PSA) is an oncofetal antigen that is important in
screening and monitoring patients with prostate carcinoma.

(6) Bladder tumor-associated antigens include fibrin degradation products and
complement-related proteins.

b. Placental proteins are synthesized by placental trophoblasts and certain tumors
of the trophoblast.

(1) Chorionicgonadotropin (CG) istypically used to determine pregnancy; how-
ever, high levels can indicate tumors of the testes or ovaries, as well as tro-
phoblastic neoplasia.
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(2) Human placental lactogen (hPL) is used to monitor fetal well-being, but its
levels aso can be elevated in patients with trophoblastic neoplasms.

Certain enzymes elevations can indicate the presence of cancer cells such as al-

kaline phosphatase for bone cancer.

Increased levels of some hormones indicate malignancy of the organ that pro-

ducesthe hormone. For example, extremely elevated growth hormone levels might

indicate a pituitary tumor.

2. DNA analysis determines the proliferative capacity of tumor cells including those
involved in leukemia. Molecular diagnosis is used to identify oncogenes, the genes
that transform normal cellsinto malignant cells. Thistype of testing is becoming more
widespread with the advent of simplified molecular techniques. See Chapter 10 for
details.

I. Porphyrin is a chemica intermediate in the synthesis of hemoglobin, myoglobin, and
other respiratory pigments called cytochromes. Porphyrin measurement is important for
the determination of porphyria (a disturbance of heme synthesis). Heme synthesis begins
in the mitochondria.

1. Porphyrin chemistry involves the following principles.

a.

Synthesis. Porphyrin is synthesized from porphin (four pyrrole rings), but side

chains are substituted for the eight hydrogen atoms. A variety of substances make

up the side chains (magnesium makes up part of the side chains in chlorophyll,
which is a porphyrin).

(1) Themain sites of porphyrin synthesis are bone marrow cells and liver cells.

(2) The rate of synthesis is controlled through regulation of the enzyme
d-aminolevulinic acid (ALA) synthase by the hemoproteins in the
liver.

Clinical importance

(1) Three porphyrin compounds are clinically important: protoporphyrin (ex-
creted in feces), uroporphyrin (excreted in urine), and copropor phyrin (ex-
creted in both). All areintermediate products in the synthesis of heme that can
be assessed clinicaly.

(2) Porphaobilinogen (PBG) and AL A are precursors of porphyrin and can accu-
mulate in certain porphyrin disorders. These substances are typically found in
the urine of patients with acute porphyria.

(3) Freeerythrocyteporphyrins(FEP) are porphyrinsthat can be extracted from
RBCs, the primary one being protoporphyrin. FEP concentration is increased
in persons with lead poisoning and iron deficiency anemia

2. Porphyriasareinherited or acquired disorders of heme synthesisin which overproduc-
tion of heme precursorsin the bone marrow or the liver cause characteristic symptoms.
Theporphyriasareclassified based on the signsand symptoms manifested by the patient
(neurologic versus cutaneous). The primary cause of porphyrias is a specific enzyme
deficiency.

a.

The neurologic porphyrias include the symptoms of abdominal pain, psychotic

behavior, and neuromuscular difficulties. Clinically, the three neurol ogic porphyr-

ias have in common increased urinary ALA and porphobilinogen levels.

(1) Acute intermittent porphyria (most common) has a clinical presentation of
increased uroporphyrin levels.

(2) Variegateporphyria (rare) hasapresentation of increased protoporphyrin and
coproporphyrin levels.

(3) Coproporphyria (rare) has apresentation of increased coproporphyrin levels.

Thecutaneouspor phyriasareinduced by the presence of excessporphyrinsinthe

skin, which generate oxygen radical sthat attack cells and produce photosensitivity

and skin lesions. The three cutaneous porphyrias have in common normal urinary

ALA and porphobilinogen levels.

(1) Congenital erythropoietic porphyria (the rarest of the inherited porphyrin
disorders) isaseveredisorder that has a presentation of increased uroporphyrin
and coproporphyrin levels.
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(2) Protoporphyria (somewhat rare) has a presentation of increased protopor-
phyrin and increased free erythrocyte protoporphyrin levels.

(3) Porphyria cutanea tarda (most common) appears in adults following liver
disease or excessive alcohal intake. It has a clinical presentation of increased
levels of uroporphyrin.

Porphyrinuria is a moderate elevation of urine coproporphyrin secondary to a

number of disorders, including pregnancy, neoplasia, intoxication, and liver dis-

ease.

Porphyrinemia is a moderate elevation in erythrocyte protoporphyrin secondary

to anumber of disorders, including:

(1) Iron deficiency states, caused by poor nutrition, malabsorption, poor iron
transport, or blood loss

(2) Anemia (hemolytic, iron-deficiency, sideroblastic)

(3) Lead poisoning

3. Methodsof porphyrin analysisinclude qualitative and quantitative procedures. Spec-
imen collection techniques are important. All samples must be protected from light;
urinary porphyrin concentrations can decrease by up to 50% if kept in the light for
24 hours. Urinary porphyrins and PBG are best analyzed in fresh, early morning
(10—20 mL) urine specimens collected without preservative.

b.

Quialitative testsinclude those for:

(1) Urine porphobilinogen, which is a screening test whereby normal results are
negative (e.g., the Watson-Schwartz test, the Hoesch test)

(2) Urine porphyrins, which is a screening test performed to measure uropor-
phyrin and coproporphyrin

Quantitative testsinclude a variety of procedures:

(1) Urine tests for presence of porphobilinogen, uroporphyrin, coproporphyrin,
and ALA

(2) Blood testsinclude analysisof ALA dehydratase (an enzymein the blood that
breaks down ALA) and whole blood or erythrocyte protoporphyrin.

(3) Fecal testsfor coproporphyrin and protoporphyrin

Iron is contained in the porphyrin ring of heme in hemoglobin, myoglobin, catalase, and
cytochromes. The reversible interaction of iron with oxygen and the ability of iron to
function in electron transfer reactions make iron physiologically important. Bilirubin isan
orange-yellow pigment derived from aged RBC and formed in the spleen. It is transported
to and transformed in the liver and is excreted in bile and urine.
1. Iron metabolism is controlled by its absorption in the intestine. Most circulating iron
is derived from the release of iron following RBC destruction.

Absorption of iron occurs mainly in the duodenum and includes only 5% to
10% of daily iron intake. The body’s iron supply is controlled by intestinal absor-
ption.

Iron transport involves a transport protein, transferrin, which binds ferric iron.
The bound iron either moves to the mitochondria for heme synthesis or is stored
in cellsasferritin.

Iron stor age includes storage as soluble ferritin (found in most cells) or relatively
insoluble hemosiderin. Onethird of ironis stored in the liver, one third in the bone
marrow, and one third in the spleen.

2. Iron disease statesinclude:

a.

b.

Iron deficiency anemia, which is usually caused by blood loss (menstrual cycle,
ulcer, tumor)
Iron overload, including:
(1) Hemosiderosis (no tissue injury)
(2) Hemochromatosis
(a) Hereditary hemochromatosisisan autosomal recessive disease in which
iron is deposited directly in the liver, heart, and kidney, leading to organ
failure.
(b) Sideroblastic anemiais caused by iron overload of unknown cause.
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Table 1-4 Iron-Binding Capacity (IBC) and Transferrin Levels in Specific Disease

States
Disease Transferrin Level Total IBC
Iron deficiency anemia High High
Failure to incorporate iron into RBCs Normal Low
Iron overload Normal Low

(c) Acquired hemochromatosisfollowsthalassemias or lead poisoning. This
disorder aso occurs with chronic excessive absorption of normal iron in-
take.

3. Iron analysis involves the examination of three iron compartments: blood cells
(hemoglobin), stored iron (ferritin), and circulating iron [i.e., serum iron, transferrin,
iron-binding capacity (IBC)].

a. Theassay for measuring serum iron isbased on therelease of iron from transferrin
and the subsequent reduction of ferric iron to ferrousiron. Serum ironis decreased
during iron deficiency states, chronic inflammation, and menstruation; following
blood loss; and following myocardial infarction. Iron isincreased following over-
load, iron poisoning, and hepatitis, and during the use of oral contraceptives.

b. 1BC isameasurement of the maximum concentration of iron that transferrin can
bind.

c. Transferrin levels are analyzed by immunoassay techniques or radial immunod-
iffusion. Table 14 presents the IBC and transferrin results that occur in specific
disease states.

d. Plasma ferritin is the most sensitive indicator of iron deficiency. Ferritin levels
decline early in anemia and increase early in chronic diseases.

4. Bilirubin synthesisinvolves catabolism of protoporphyrin I1X to form biliverdin which
isreduced to bilirubin. Bilirubin is then bound to albumin and transported to the liver.
Bilirubin then dissociates from albumin at the membrane of the hepatocyte. It is then
transported across the membrane and rapidly conjugated with glucuronic acid. In the
intestine bilirubin glucuronides are hydrolyzed and is then reduced by intestinal mi-
crobial florato form urobilinogen. Some urobilinogen is reabsorbed into the liver and
excreted as bile, some circulates in the blood, and some is excreted in urine. Some is
oxidized into urobilin and forms the bile pigments of stool. For disorders of bilirubin
metabolism, see Section 111 B 2b.

K. Cardiac Markers are analytes that are utilized to assess the occurrence of myocardial
infarction (M1) or the extent of damage produced by cardiovascular disease. These markers
are proteins or enzymes (creatine kinase in particular) and display avariety of specificities
and timelines of appearance.

1. Troponin (Tn) isaprotein foundin muscletissue. There arethree subunitsof Tn (TnC,
Tnl, and TnT), two of which are useful for diagnosis and risk “stratificaction” of Ml:
TnT and Tnl. The three subunits are not structurally or even genetically related, but
were named because they were once believed to be one protein.

a. TnT and Tnl are found in cardiac and skeletal muscle with a different gene
encoding for the forms found in the two muscle types.

b. TnC isless specific than the others, because the same amino acid sequence makes
up this protein subunit in both skeletal and cardiac muscle tissue.

c. Clinical utility of Tns is in the fact that the complex is tightly bound to the
contractile apparatus of a muscle. When blood stops flowing to muscle tissue,
there is degradation of the subunits and serum washes them from the cytosol. This
leads to a peak of serum troponin T concentration within 24 hours of the M1 (may
increase between 1 and 6 hours post-AMI), peak at 10 to 24 hours, and return to
normal after 10 to 15 days; TnT staysin serum longer than Tnl.

2. Myoglobin is an oxygen-binding heme protein present in cardiac and skeletal mus-
cle and is relatively nonspecific. It increases within 2 hours post-AMI, peaks in
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approximately 6 to 9 hours, and becomes normal in approximately 24 hours. Many
things can increase serum myoglobin levels including strenuous exercise, surgery, re-
nal failure, and muscular dystrophy. Myoglobin is quickly passed by the kidneys, and
elevations of it in serum may be missed if blood is not drawn appropriately.

L. Boneiscomposed of two matrix components. minerals (calcium and phosphate) and an
organic (collagen) component. The cellular components of bone include osteoblasts (bone-
forming), osteocytes, and osteoclasts (responsible for bone resorption).

1. Bonedisease can bedivided into metabolic disorders, disorders of mineral metabolism,
and disease of unknown etiology.

a.

M etabolic bone disease includes the following.

(1) Osteoporosisisadecreasein the total amount of bone due to either decreased
osteoblastic activity or increased osteoclastic activity.

(2) Osteomalaciaistheformation of “soft” bones due to inadequate calcification
of matrix components. It is typically caused by vitamin D deficiency leading
to hypocalcemia and elevated PTH.

(3) Rickets is a hereditary disorder with symptoms similar to osteomalacia; in
children, this includes bowing of the extremities. It is caused by phosphate
depletion through renal wasting or by vitamin D deficiency or PTH excess.

(4) Scurvy is caused by lengthy deficiency of vitamin C that leads to inadequate
collagen synthesis and abnormal bone formation.

(5) Renal osteodystrophy is rena failure that induces hyperphosphatemia, low
vitamin D, etc. with osteomalacia as a complication. Any renal problem ac-
companied by a bone disorder fitsinto this category.

Disorders of mineral metabolism include hyperparathyroidism, hyperpitu-

itarism, hypo- and hypercalcemia, hypo- and hyperphosphatemia, and hypomag-

nesemia. These are all discussed in previous lectures.

Disorders of unknown etiology include Paget’s Disease (osteitis defor mans)

which is loss of bone mass followed by replacement of bone in a chaotic archi-

tecture. Bones are progressively enlarged and deformed. It is thought that a“slow
virus’ affecting osteoclasts is the cause.

2. Laboratory analysis of bone disease consists of severa approaches.

a.

Mineral concentration in serum is analyzed, including calcium, phosphate, and
magnesium. These values depend on bone deposition/resorption, renal clearance,
and intestinal absorption.

Hormone concentration in serum is analyzed, including PTH, vitamin D, and
calcitonin. In addition, estrogen and testosterone are evaluated. In diagnosis of
osteoporosis particularly, serum estrogen levels are important.

Markers of bone metabolism, or bone markers, are of great importance when
diagnosing bone loss. These include osteocalcin, akaline phosphatase, urinary
hydroxyproline, deoxypyridinoline, and N-telopeptide.

(1) Markersof bone formation

(a) Osteocalcin isanon-collagenous proteinin bonethat issynthesized by os-
teoblasts. Serum level s of thismarker reflect osteoblast activity or bonefor-
mation/resorption. Synthesis of osteocalcin depends on vitamin K. Meth-
ods of detection include immunoassays.

(b) Alkaline phosphatase (ALP) is elevated during bone growth, hyper-
parathyroidism, renal osteodystrophy, osteomalacia, estrogen deficiency,
and Paget’s disease. It is synthesized in part by osteoblasts and is a good
indicator of overall bone formation activity.

(2) Markersof boneresorption

(a) Urinary hydroxyprolineisfound in collagen fibers. When collagenisde-
graded, urinary excretion isincreased. This marker is considered amarker
for bone resorption. It is nonspecific, however.

(b) Deoxypyridinolineisaprotein that stabilizes collagen chains during col-
lagen synthesis. It isconsidered ahighly specific marker of boneformation.
Techniques used to assay this marker include HPL C and immunoassay.
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(c) Urinary N-telopeptide is a marker that is released when osteoclasts de-
grade type | collagen that is found in bone. It is a highly specific marker
of bone breakdown. This marker is assayed by ELISA.

(d) Acid phosphataseis released into blood during bone resorption.

ENZYMOLOGY

A. Enzymesare proteins that catalyze biochemical reactions but do not alter the equilibrium
point of the reaction. They are not consumed or atered. Enzymes are specific to each
physiologic reaction of which they are a part.

1. Composition. Each enzyme is composed of a specific amino acid sequence (primary
structure), which results in a stearic arrangement (secondary structure) that becomes
folded (tertiary structure).

2. Structure. Each enzyme contains an active site that binds a substrate and an allosteric
site.

3. Cofactors may be necessary for enzyme activity and can be activators (inorganic) or
coenzymes (organic). If the cofactor is bound to the enzyme, it is called a prosthetic
group, and the enzyme portion is called an apoenzyme. The entire enzyme-cofactor
molecule is called a holoenzyme.

4. Classification is based on the action of the enzyme.

a. Oxidoreductases catalyze an oxidation-reduction reaction. Examplesinclude lac-
tate dehydrogenase and G6PD.

b. Transferasescatalyzethetransfer of agroup other than hydrogen. Examplesareas-
partate transaminase, alanine transaminase, creatine kinase, and y -glutamyl trans-
ferase.

¢. Hydrolasescatalyzethe hydrolysisof ether and ester. Examples are akaline phos-
phatase, acid phosphatase, amylase, and cholinesterase.

d. Lyasescatalyze the removal of groups without hydrolysis (loss of hydroxide ion).

e. |somerases catalyze the interconversion of geometric or optical isomers.

f. Ligases catalyze thejoining of two substrate molecules.

5. Enzymekinetics dea with the relationship between the enzyme, the substrate, and the
product.

a. The catalytic mechanism is stated as:

E+S=ES=E+P

The transition state for the ES complex has a lower energy of activation than S
alone, so the reaction proceeds after the ES complex is formed.

b. Michaelis-Menten constant (K ) expresses the rel ationship between the vel ocity
of any enzymatic reaction and the substrate concentration (Figure 1-4). K, isthe
substrate concentration at which the enzyme yields half the possible maximum
velocity of the reaction.

(1) TheMichaelis-Menten hypothesisof therelationship between reaction vel ocity
and substance concentration is expressed as a formula:

Va9
~ Kn+IS]

B Figure 1-4 Michaelis-Menten curve.

Reaction rate

Substrate concentration
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B Figure 1-5 Lineweaver-Burk plot. K, = Michaelis-
Menten constant; [S] = concentration of substrate;
Vmax = maximum velocity.

x|

3

(2) A Lineweaver-Burk plot expresses K, as a straight line, in which VIS
the reciprocal of the y intercept of the straight line, and K, is the negative
reciprocal of the x intercept of the same line (Figure 1-5).

Factorsthat influence enzymatic reactions include:

(1) Substrate concentration, by following either:

(a) First-order kinetics, in which the reaction rateis directly proportional to
the substrate concentration. With enzyme excess, the reaction rate steadily
increasesasmoresubstrateisadded until thesubstrate saturatesall available
enzymes.

(b) Zero-order kinetics, in which the reaction rate is dependent on enzyme
concentration only. When product forms, the excessenzyme combineswith
excess free substrate.

(2) Enzyme concentration, when exceeded by substrate concentration, causes
the velocity of the reaction to be proportional to the enzyme concentra-
tion.

(3) pH. Each enzyme operates maximally at a specific pH.

(4) Temperature. Increased temperature increases the rate of achemical reaction
by increasing the movement of molecules.

(5) Cofactor concentration. Increasing the cofactor concentration increases the
velocity of an enzymatic reaction similar to substrate concentration.

(6) Inhibitors
(a) Competitiveinhibitorsbind to the active site of the enzyme, causing Kp,

toincrease.

(b) Noncompetitiveinhibitorsbind at a place other than the active site, caus-
ing Vmax to decrease.

(¢) Uncompetitive inhibitors bind to the ES complex; both Vi and Ky,
decrease.

Enzyme activity can be measured as either an increase in product concentration,

adecrease in substrate concentration, a decrease in coenzyme concentration, or an

increase in concentration of altered coenzyme.

(1) Endpoint measurements are performed after areaction proceeds for adesig-
nated length of time, then is stopped. Measurement is made of the amount of
reaction that has occurred.

(2) Kinetic measurements are multiple measurements of absorbance change
made at specific time intervals.

(3) Aninternational unit (U) of enzymeactivity istheamount of enzymethat cat-
alyzesthereaction of 1 yumol of substrate per minute under specific conditions
(e.g., temperature, pH).
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B. Phosphatases promote the hydrolysis of phosphate esters.
1. Acid phosphatase (ACP) promotes the hydrolysis of orthophosphate esters, although
the physiologic function of ACP is unknown.

a.

Almost every body tissue contains ACP, but significant levels are found in RBCs
and platelets. In adult men, 50% of ACPisfound in the prostate gland. High levels
of ACP are found in semen as well.
In the measurement of total activity typical substrates acted upon by ACP in-
clude p-nitrophenylphosphate or thymolphthalein monophosphate. All reactions
to measure ACP are carried out at a pH <6.0.
(1) I'soenzymetestsinclude:
(a) Inhibition of prostate ACP by tartrate, followed by the determination of
the serum level of other ACP fractions
(b) Immunoassay with antibodies specific to certain isoenzymes
(c) Electrophoretic procedures
(2) Falsely low values are produced by improper anticoagulant (e.g., fluoride,
oxalate, heparin) use, whereas hemolysis produces fal se elevations.
The major diagnostic significance of ACP is its aid in detecting metastatic
carcinoma. Other types of cancer and bone disease exhibit increases of
enzyme.

2. Alkaline phosphatase (ALP) hydrolyzes phosphate esters, but the function of this
enzyme s relatively unknown.

a.

b.

C.

d.

e.

ALP exists in a wide variety of tissues, with significant amounts found in liver,

bone, intestine, kidney, and placenta.

In the measurement of total activity, the Bessey-L owry-Brock reaction using p-

nitrophenylphosphate as the substrate for ALP is most commonly used with pH or

reaction >8.0.

Improper anticoagulant use produces decreased values of ALP, and a hemolyzed

specimen demonstrates afalseincrease in ALP value.

The diagnostic significance of ALP isits elevation during the third trimester of

pregnancy and in persons with liver disease (hepatitis, cirrhosis), bone disease,

hyperthyroidism, or diabetes mellitus.

There are four isoenzymes of AL P: bone, liver, intestinal, and placental fractions.

In disease states, the fractions are affected as follows:

(1) Thebonefraction levels are elevated in persons with bone disease (osteoma-
lacia, rickets, Paget’s disease) and high in children.

(2) Theliver fraction level is greatly elevated in persons with hepatobiliary ob-
struction.

(3) The placental fraction level becomes elevated between the 16th and 20th
weeks of pregnancy.

C. Transaminases catalyze the transfer of amino groups and acids. This is an important
reaction in the synthesis and degradation of amino acids.
1. Aspartatetransaminase (AST) transfers an amino group between aspartate and keto
acids(aspartate + a-ketoglutarateﬂ oxal oacetate + glutamate). Pyridoxal phosphate
(vitamin Bg) isthe coenzyme in this reaction.

a.
b.

C.

AST existsin cardiac tissue, liver, skeletal muscle, and RBCs.

Three major approaches are taken in the measurement of total activity.

(1) The reaction with dinitrophenylhydrazine couples color reagent with keto
acid product.

(2) Thereaction with diazonium salts couples the salt with the keto acid product
and formsacolor.

(3) The coupled enzyme assay (Karmen method) involves NADH and malate
dehydrogenase and keto acid to form NAD.

Theclinical significance of AST elevationsis that the elevations occur in patients

with myocardial infarction, viral hepatitis, and skeletal muscle disease.

2. Alaninetransaminase (ALT) catalyzes the transfer of an amino group from aanine
to «-ketoglutarate with the formation of glutamate and pyruvate.
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a. Distribution. ALT islocalized intheliver, with somein the heart, skeletal muscle,
and RBCs.

b. The measurement of total activity issimilar to the reactions of AST, except that
the coupled enzyme assay uses|actate dehydrogenaseto reduce pyruvateto lactate
and oxidize NADH.

c. The clinical significance of ALT is in the evaluation of hepatocellular disor-
ders.

D. Creatinekinase (CK) catalyzesareaction responsible for the formation of ATP in tissues,
especially contractile systems. When muscle contraction occurs, ATPishydrolyzed to ADP
to produce chemical energy for the concentration process CK isinvolved in the storage of
high-energy creatine phosphate (creatine + ATP X credtine phosphate + ADP).

1. Distribution. CK islocalized in skeletal muscle, brain, and cardiac muscle in addition
to many other tissues.

2. The measurement of total activity includes the following assays.

a. The Tanzer-Gilvarg assay involves the reaction stated previously coupled with
other enzymes (pyruvate kinase and lactate dehydrogenase) to produce a change
in absorbance when measured spectrophotometrically.

b. The Oliver-Rosalki assay is the reverse reaction of the one stated previoudly, in
which creatine is produced from creatine phosphate. The enzymes used include
hexokinase and G6PD.

¢. Hemolysis must be avoided when analyzing because of the presence of adenylate
kinase (AK) in RBCs. AK induces false elevations in CK assays. Because CK
activity is unstable due to the oxidation of its sulfhydryl groups, cysteine is added
to both of the previously mentioned assays.

3. Theclinical significance of CK isin its elevation in muscle disorders. CK and one
of itsisoenzymesis a sensitive indicator of acute myocardial infarction and muscular
dystrophy.

4. Thestructureof CK allowsfor the formation of three isoenzymes.

a. CK-MM isthemajor form found in striated and cardiac muscle and normal serum.
Hypothyroidism and intramuscular injections result in CK-MM elevations.

b. CK-MB islocalized in cardiac muscle. Elevated levels are indicative of ischemic
heart disease. If theserum level of CK-MB is>6% of total CK, itisahighly specific
indicator of myocardial damage. Following acute myocar dial infarction, CK-MB
levelsrisewithin 48to 72 hours, peak at 12 to 24 hours, and return to normal within
48 to 72 hours.

c. CK-BB is present in small quantities in normal serum and appears if extensive
damage to the brain occurs, but is present in many other tissues.

d. Assays used for measurement of isoforms include electrophoresis, ion-exchange
chromatography, and immunoassay.

E. Lactate dehydrogenase (L D) catalyzes the interconversion of lactic and pyruvic acids. It
is ahydrogen-transfer enzyme that uses the coenzyme NAD.
1. Distribution. LD iswidely distributed in all tissues, with high concentrations found in
the heart and liver and low levelsin RBCs, skeletal muscle, and kidneys
2. Measurement of total activity is based on the detection of NADH in the assay ap-

proaches.
a. The Wacker method uses the lactate-to-pyruvate reaction with formation of
NADH.

b. The Wroblewski-Ladue method employs the reverse reaction of the Wacker
method and measures the decrease in absorbance as NADH is consumed.

3. The diagnostic significance of LD is in the diagnosis of cardiac, hepatic, skeletal
muscle, and renal disease. Highest LD levels are seen in persons with pernicious ane-
mia, viral hepatitis, cirrhosis, and crush injuries. An elevated LD means little without
isoenzyme studies.

4. There are, in normal serum, five different isoforms of LD (LD; to LDs), with each
isoenzyme being composed of four protein subunits.
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a.

b.

LD, islocalized predominantly in heart muscle and RBCs and constitutes approx-

imately 25% of total LD.

LD, localizationissimilar to LD, but it alsoisfound in the kidneysand comprises

approximately 35% of total LD.

L D3 isfound in lung, lymphocytes, spleen, and pancreas. It constitutes approxi-

mately 22% of total LD.

LD, is found mostly in liver and skeletal muscle and comprises approximately

10% of total LD.

LDs issimilar to LD4 in both localization and portion of total.

Testing methodologies for isoforms include:

(1) Electrophoresis. LD; migrates most quickly toward the anode, followed by
theothersin numerical order. After myocar dial infarction, LD, concentration
is greater than LD,, which presents as a “flipped pattern” in electrophoresis.
This pattern is also observed with hemolyzed specimens.

(2) Immunoinhibition for the measurement of LD, activity. This procedure
involves an antibody that binds all other isoforms, leaving LD, to be assayed
by chemical reaction.

F. Miscellaneous enzymes that are clinically significant include y-glutamyl-transferase
(GGT), amylase, cholinesterase, pseudocholinesterase, and 5'-nucleotidase.
1. GGT transfersay -glutamyl residue to an amino acid (transpeptidation). Thisfunction
isinvolved in peptide and protein synthesis.

a.

b.

C.

Distribution. Tissue sources of GGT include kidney, brain, prostate, pancreas, and

liver. Urine contains significant amounts of GGT.

M easurement of total activity isby the Szasz assay. In thisreaction, the substrate

is y -glutamyl- p-nitroanilide, with the release of p-nitroaniline.

The clinical significance of GGT is asfollows.

(1) GGT levels are elevated in amost al hepatobiliary disorders or biliary tract
obstructionsaswell asin patients taking enzyme-inducing drugs like warfarin,
phenobarbital, and Dilantin.

(2) GGT levelsare often examined with ALP levels. If both GGT levelsand ALP
values are high, sometype of liver disorder is suspected. If GGT isnormal and
ALPishigh, bone disease islikely present.

(3) Patients with acute pancreatitis exhibit increased GGT levels. In persons with
diabetes, GGT istypically increased as triglyceride levelsrise.

(4) Because acohol has enzyme-inducing properties, the most useful application
for GGT isinthedetection of alcoholism and the monitoring of alcohol intake
by patients during treatment.

2. Amylase (AMYS) is a hydrolase that catalyzes the breakdown of starch and glycogen
and produces products consisting of glucose, maltose, and dextrins. AM Sisthesmallest
insize of al enzymes.

a.

b.

Distribution. Tissue sources of AMS include the pancreas and salivary glands, as
well as skeletal muscle.

The clinical significance of AMS isits use in the diagnosis of acute pancreatitis.
AMS levels rise 2 to 12 hours after onset of an attack and peak at 24 hours.
Sdlivary gland lesions (e.g., mumps, parotiditis) also produce high levels of AMS.
Patients with hyperlipidemia have low-to-normal AMS levels. Opiates constrict
the pancreatic sphincters, which causes false elevations of AMS.

3. Cholinesteraseisan enzymethat hydrolyzesthe estersof choline. Therearetwo types:
acetylcholinesterase (AChe) and pseudocholinesterase (PChe). The substrate for AChe
isacetylcholine (aneurotransmitter). PCheactson many different substrates, but mainly
butyryl esters.

a.

b.

Distribution. ACheisfoundin RBCs, brain, and nerve cells. PCheisfound mostly

in the serum, liver, pancreas, heart, and white matter of the nervous system.

The measurement of total activity includes:

(1) Manometrictechniquesmeasureliberated carbon dioxide from theformation
of acetic acid.
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(2) Electrometric measures determine enzyme activity by measuring the pH de-
crease resulting from the liberation of acetic acid.

(3) Photometric method (Ellman technique). The substrate is a thiol ester that
produces athiol, which reacts with a disulfide to form a colored compound.

Regarding the diagnostic significance of the cholinesterases, PChe is of greatest

interest. When the rate of protein synthesis declines, PChe levels decline; this

indicates devel oping hepatocel lular disease, starvation, or burninjuries. Low levels

of PChe can also indicate insecticide poisoning.

4. G6PD isan oxidoreductasethat catalyzesthe oxidation of GEP to 6-phosphogluconate,
which isan important first step in the pentose-phosphate shunt of glucose metabolism.

a.

Distribution. Tissue sources of G6PD include the adrenal glands, spleen, thy-
mus, RBCs, and lymph nodes. In the RBC, G6PD functions to maintain NADPH
in a reduced form to protect hemoglobin from oxidation and to prevent red cell
hemolysis.

In the measurement of total activity, the formation of NADPH is measured col-
orimetricaly.

Diagnostic significance. Clinically, deficiency of G6PD is an inherited sex-linked
trait most common in African-Americans. Increases of G6PD are seen in persons
with myocardial infarction and megal oblastic anemia.

5. 5-nuclectidase (5'-NT) originates in the liver or diseased bone. 5-NT becomes ele-
vated in liver disease, as does ALP, but 5-NT does not increase in patients with bone
disease. Serum levels of 5'-NT are more sensitive to liver cancer.

B =npocRriNOLOGY

A hormoneisachemical substancethat isproduced and secreted into the blood by an organ
or tissue and has a specific effect on atarget tissue located away from the site of hormone
production. The collection of hormones, carrier proteins, and other componentsof these pro-
cesses forms the endocrine system; hormones act in conjunction with the CNS to maintain
theinternal chemical conditions necessary for cellular function and emergency demands.

1. Hormone classification. Hormones are classified either by their tissue of origin or
their structure.

a.

Hormone classification by tissue of origin involves the production of hormones
by certain tissues (Table 1-5). Some tissues produce “releasing factors’ that act
on another tissue to release certain hormones.

Table 1-5 Tissues and the Hormones They Produce

Tissue of Origin

Hormone(s) Produced

Hypothalamus

Anterior pituitary

Thyrotropin-releasing hormone, corticotropin-rel easing factor, other
releasing factors.

Thyroid-stimulating hormone, adrenocorticotropic hormone (ACTH),
follicle-stimulating hormone, luteinizing hormone, prolactin, growth
hormone

Posterior pituitary

Adrena medulla Epinephrine, norepinephrine

Adrenal cortex Cortisol, aldosterone, 11-deoxycortisol
Thyroid Triiodothyronine, thyroxine, calcitonin
Parathyroids Parathyroid hormone

Pancreas Insulin, glucagon

Gastrointestinal tract Gastrin, others

Ovaries Estrogens, progesterone

Placenta Progesterone, human chorionic gonadotropin, human placental lactogen
Testes Testosterone, other androgens
Kidneys 1,25-(OH), vitamin D, erythropoietin
Unknown Prostaglandins

Vasopressin, oxytocin
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b.

Hormone classification by structure involves the specific chemical makeup of
hormones. Hormones of the same basic structure appear to produce the same
fundamental biochemical changes.

(1) Peptide hormones make up the mgjority of hormones. Releasing factors
are peptides. The hormones are water-soluble and do not require transport
proteins to move through the blood. They are synthesized and stored within
the cell and have a short half-life (560 minutes) in the circul ation.

(2) Steroid hormones are involved in the regulation of sexua development and
characteristics. All steroid hormones are synthesized from cholesterol as
the basic molecule. They are not water soluble, and they require a transport
protein to travel through the blood. Steroid hormones are synthesized in the
adrenal gland, gonads, or placenta and have along half-life (60-100 minutes)
in the circulation.

(3) Amino acid derivatives (amines) have properties similar to those of both
steroid and peptide hormones.

(4) Fatty acid derivativesinclude the prostaglandins.

2. Mechanisms of hormone action typically depend on the type of hormone.

a.

b.

Hormone/receptor interaction involves the binding of hormone to a specific

receptor molecule on or within a cell.

Hormone binding occurs on or within acell.

(1) Binding at the cell surface produces a conformational change in the receptor
complex that leads to release of proteins and formation of AMP from
ATP within the cell. Cyclic AMP (AMP-c) then causes cellular enzymes
to be phosphorylated, and these enzymes can exert regulatory control on
biochemical reactions within the cell. Most peptide hormones interact with
cellsin this manner. However, insulin phosphorylates without AMP,

(2) Internal binding typically involves steroid hormones. Diffusion into the
cell occurs before attachment to a specific receptor within the cell. The
steroid/receptor complex then migrates to the DNA in the nucleus and exerts
control over the type and amount of RNA produced and ultimately over what
proteins are synthesized.

3. Hormone releaseis controlled by a number of factors.

a.

Regulation by releasing factor sinvolves acomplex system of “factors’ produced
by tissues that induce synthesis of a specific hormone. For example, a decline
in blood pressure causes corticotropin-releasing factor to be released, which in
turn induces the release of adrenocorticotropic hormone and constriction of blood
vessels.

Prohormones are precursors of peptide hormones. Following hydrolysis of a
portion of its peptide chain, a prohormone becomes an active hormone. The
hydrolysisis controlled by the cell containing the prohormone.

Feedback control involves the release of a hormone that regulated prior stepsin
the releasing process. For example, thyroid hormones feed back to the hypothala-
mus to “shut off” thyrotropin-releasing hormone so excess thyroid hormone will
not be produced.

4. Hormone transport proteins affect both the concentration of a hormone and its
influence on the system. Peptide hormones are transported in the unbound state.

Types of transport proteins are specific for each hormone. The attachment of
hormone to protein is through noncovalent linkages.
(1) Steroid and thyroid hormones are bound to albumin, sex hormone-binding
protein, or cortisol-binding globulin.
(2) Amines are transported by serum proteins and thyroxine-binding globulin.
Transport protein level can affect hormone action. Relative amounts of bound
and free hormone determine the degree of stimulus provided by the hormone.
Only the free (unbound) fraction of a hormone exhibits activity, so any situation
that affects the transport protein level or degree of binding has an impact on the
concentration of the free hormone. The measurement of the transport protein
concentration is sometimes an integral part of the hormone assay.
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Hormones of the Anterior Pituitary Gland

Prolactin (PRL)

Growth hormone (GH)

L uteinizing hormone (LH)
Follicle-stimulating hormone (FSH)
Thyroid-stimulating hormone (TSH)
Adrenocorticotropic hormone (ACTH)

B. The hypothalamus and pituitary gland are integral components of the endocrine

Sy

1.

stem.

The pituitary gland is made up of two parts—the anterior lobe (adenohypophysis)

and the posterior lobe (neurohypophysis)—and islocated in a cavity at the base of the

skull.

a. Theanterior pituitary cells are responsible for hormone production (Box 1-4).

b. The posterior pituitary does not synthesize any known hormone but serves as
a storage area for certain hormones (e.g., oxytocin, vasopressin) produced by the
hypothalamus.

2. The hypothalamus is a part of the CNS that lies at the base of the brain above the

pituitary. The hypothalamus is connected to the pituitary gland via a cluster of nerves
and blood vessels called the pituitary stalk. Neurons in the hypothalamus produce
a number of releasing and inhibiting factors that affect a number of other endocrine
glands (Box 1-5).

3. Theregulation of production and secretion of hormones that are produced or housed

in the endocrine glands is explained by the concept of the feedback loop.

a. Thefeedback loop is composed of two endocrine organs: the pituitary gland and
the target endocrine gland.

b. Two types of feedback exist.

(1) Negative feedback occurs when the stimulating hormone induces production
of a hormone, elevated levels of which turn off pituitary release of the
stimulating hormone. For example, high levels of thyroid hormones stop the
release of thyrotropin-releasing hormone (TRH) from the hypothalamus and
thyroid-stimulating hormone (TSH) from the pituitary gland, which in turn
halts production of the thyroid hormones.

(2) Positive feedback occurswhen astructure secretesahormonein responseto a
stimulating hormone released from the pituitary gland. The released hormone
induces more stimulating hormone to be released from the pituitary gland.

4. Pathologic conditions involving the pituitary or hypothalamus manifest themselves

in avariety of symptoms.
a. The clinical manifestations of anterior pituitary disorders result either from
hypersecretion or hyposecretion of hormones.

Hormones of the Hypothalamus

Corticotropin-releasing factor (CRF)
Gonadotropin-releasing hormone (Gn-RH)

Growth hormone-releasing factor (GH-RF)

L uteinizing hormone-releasing hormone (LH-RH)
Oxytocin (stored here)

Prolactin release-inhibiting factor (PIF)

Prolactin releasing factor (PRF)

Somatostatin (somatotropin-release inhibiting factor, SRIF)
Thyrotropin-rel easing hormone (TRH)

Vasopressin (antidiuretic hormone, ADH; stored here)
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(1) Hypersecretion usually involves one hormone. It is not uncommon for
hypersecretion to be associated with the hyposecretion of another tropic
hormone.

(a) Primary factorscenter on disorders of the pituitary gland: either pituitary
adenomas or pituitary hyperplasia.

(b) Secondary factors center on disorders of the hypothalamus or may relate
to ectopic production of pituitary hormones by nonendocrine tumors or to
the hyposecretion of hormone by the target tissue.

(2) Hyposecretion can be decreased secretion of one hormone, a group of
hormones, or al hormones. The latter condition is referred to as “ panhypopi-
tuitarism.”

(a) Single hormone hyposecretion results from lesions on the hypothalamus.

(b) Pituitary adenoma, causing hypersecretion of one hormone, iscommonly
the cause of hyposecretion of remaining pituitary hormones because of
the destruction of the pituitary gland by the growing tumor.

Specifics of pathologic conditions associated with dysfunction of the anterior

pituitary gland.

(1) Growth hormone (GH)

(a) The effects of hypersecretion are age dependent. In adults, the resulting
condition is called acromegaly, which is the progressive enlargement of
the distal parts of the extremities. In children, the resulting condition
is gigantism. Both conditions usually result from pituitary adenomas
secreting GH and compression of adjacent tissues of the pituitary gland,
causing hyposecretion of other tropic hormones.

(b) Hyposecretion in children leads to pituitary dwarfism (small stature but
proportionally built).

(2) Prolaction (PRL)

(a) Hypersecretion causes galactorrhea or lactation and is associated with
infertility and amenorrhea in women and impotence in men. It usually is
induced by pituitary adenoma.

(b) Hyposecretion leads to the lack of lactation in postpartum women.

(3) ACTH
(a) Hypersecretion is referred to as Cushing's disease, with symptoms

including truncal obesity, hyperglycemia, hypertension, and protein
wasting. It is caused by pituitary adenoma, adrenal hyperplasia, or excess
production by a nonendocrine tumor.

(b) Hyposecretion causes weight loss, weakness, and gastrointestinal
problems.

(4) TSH
(a) Hypersecretion causes thyrotoxicosis and is the result of either hyper-

activity of the thyroid or hyperactivity of the pituitary gland, leading to
increased TSH release.

(b) Hyposecretion isdifficult to differentiate from primary hypothyroidism.
(5) Gonadotropins (FSH and LH)

(a) Hypersecretion resultsin sexua precocity and is usually aresult of brain

tumors in the region of the hypothalamus.

(b) Hyposecretion resultsin sexual underdevelopment and infertility.
Theclinical manifestationsof posterior pituitary dysfunction involve either vaso-
pressin or oxytocin. These disorders result from either hypothalamic dysfunction
or some peripheral disease.

(1) Anti-diuretichormone (ADH; also known as Vasopressin) regulateswater re-
absorption and blood pressure by affecting the renal tubules and the arterioles.
(a) Hypersecretion of ADH resultsin acondition referred to as syndrome of

inappropriate ADH secretion (SIADH). The disorder occurs in awide
variety of conditions, including meningitis, head injury, tuberculosis,
hypoadrenalism, hypothyroidism, and cirrhosis. SIADH is associated with
hyponatremia (low blood sodium) and hypertonic urine, despite normal
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renal and adrenal function. Symptoms include weakness, malaise, poor
mental status, convulsions, and coma. It is typically caused by release of
ADH from ectopic tumors.

(b) Hyposecretion of ADH is associated with diabetesinsipidus. Symptoms
include insatiable thirst, polydipsia (excessive drinking), and polyuria
(excessive urine volume). This disorder results from destruction of the
posterior pituitary gland or the hypothalamus.

(2) No known disorders are associated with excess or deficient secretion of
oxytocin.

C. Adrenal glands. Oneadrenal gland is situated on top of each kidney. Each adrenal glandis
composed of two distinct layers: the adrenal cortex (the outer-most region) and the adrenal
medulla (the innermost region).

1.

2.
3.

The adrenal cortex is composed of three distinct tissues, the zona glomerulosa, the

zonafasciculata, and the zonareticularis.

The adrenal medulla is composed of chromaffin cells.

Adrenal hormones

a. Glucocorticoids are steroid hormones produced in the zona fasciculata and
reticularis of the adrenal cortex.

b. Mineralocorticosteroidsare steroid hormones produced in the zona glomerul osa.

¢. Catecholamines are amine hormones produced in the adrenal medulla.

Adrenal endocrine function includes regulation of proteins, carbohydrates, and

many other metabolic functions.

a. Glucocorticoids are synthesized from cholesterol. They are transported bound
to plasma proteins [albumin and corticosteroid-binding protein (CBP)], are
catabolized by the liver and kidneys, and are regulated by the hypothalamus-
pituitary-adrenal axis. The primary action of the glucocorticoidsis catabolic (i.e.,
promoting protein and lipid breakdown, inhibiting protein synthesis).

(1) Cortisol is the primary glucocorticoid produced and secreted by the adrenal
cortex. Its functions include carbohydrate, lipid, and protein metabolism;
suppression of inflammation; stimulating gluconeogenesis; increasing urine
production; and stimulating erythropoiesis.

(2) Target tissues of glucocorticoid action include the kidney glomerulus
and renal tubules, bone marrow stem cells, hepatocytes, and adipose
tissue.

b. Mineral corticosteroids are synthesized from cholesterol, transported bound to
CBP and albumin, and are catabolized by the liver and the kidney. The primary
action isregulation of electrolytes.

(1) Aldosterone is the primary mineralocorticoid produced and secreted by the
adrenal cortex. Its functions include:

(a) Stimulating sodium resorptioninthedistal convoluted tubulesin exchange
for potassium or hydrogen

(b) Increasing blood volume (via renin/angiotensin system) and pressure

(c) Regulating extracellular fluid volume

(2) Target tissuesof mineralocorticoid action include the distal renal tubules and
the large intestine.

(3) Regulation of adosterone secretion via the renin/angiotensin system is
achieved as follows. Decreased blood volume or blood pressure induces the
release of kidney renin, which induces the production of angiotensin | and I1.
Angiotensin |l affects release of aldosterone from the adrenal gland, which
ultimately causes the kidney distal tubule to retain sodium, thereby raising
blood volume and blood pressure.

¢. Catecholamine production is not limited to the adrenal medulla. Norepinephrine
is predominantly synthesized in the CNS, whereas epinephrine is predominantly
synthesized by the adrenal medulla. Catecholamines are products of the hydrox-
ylation of the amino acid tyrosine. They are transported free in the blood and
regulated by feedback inhibition of synthesis.
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(1) Catecholamine functionsinclude:
(a) Mohbilization of energy stores by increasing blood pressure, heart rate,
blood sugar level (by stimulating glycogenolysis)
(b) Neurotransmitter actions
(c) Releasein responseto pain and emotional disturbance (stress) to mobilize
organs
(2) Tissuetargetsinclude the liver and adipose tissue.
(3) Approximately 20% of catecholamines are excreted into the urine as
metanephrine and normetanephrine: approximately 80% are converted to
vanillylmandelic acid (VM A) by the enzyme monoamine oxidase (MAO).

5. Diseasesassociated with theadrenal cortex center on hyperfunction (excess production
of bioactive molecules) or hypofunction.

Hyperadrenalism involves three basic conditions:

(1) Cushing's syndrome involves excess cortisol production, either at the level
of the adrenal gland or by increased release of ACTH.

(2) Hyperaldosteronism involves excess a dosterone production with symptoms
of hypertension. There are two causes.

(a) Conn’s syndrome is induced by an adosterone-secreting adrenal
adenoma or adrenal hyperplasiaand is arare cause of hypertension.
(b) Excessrenin production leads to elevated aldosterone levels.

(3) Congenital adrenal hyperplasiaisagenetic disorder causing a deficiency of
enzymes in the synthetic pathways that lead to cortisol and aldosterone pro-
duction. ACTH levels are increased, and steroid hormones are hypersecreted.
A common cause of this condition is a 21-hydroxylase deficiency.

Hypoadrenalism is caused by adrenal hypofunction or insufficiency and can be

induced by three conditions:

(1) Primary disease involving the adrenal cortex (known as Addison’s disease),
which isrelatively rare

(2) Secondary adrenal insufficiency precipitated by decreased levels of
corticotropin-releasing hormone (CRH) or ACTH

(3) Long-term suppression of the hypothalamic-pituitary-adrenal axis by gluco-
corticoids

6. The major disorder of the adrenal medulla is pheochromocytoma. Pheochromo-
cytomais arelatively rare, usually benign tumor arising in the chromaffin cells of the
adrenal medullathat results in hypersecretion of catecholamines.

7. Laboratory analysis of adrenal function involves several different testing method-
ologies.

The laboratory investigation of Cushing’s syndrome proceeds in two stages.

(1) The fact that the patient has autonomous cortisol production must be
established by using the dexamethasone suppression test. This test involves
the injection of a synthetic steroid that acts like cortisol (dexamethasone) to
induce feedback inhibition of cortisol release at the level of the pituitary.

(2) The cause of the disease must be differentiated.
Plasma cortisol values normally display diurnal variation, with the highest levels
occurring in the morning and the lowest level sin the early evening. Evening values
are <50% of the early morning concentrations. Classically, samples are drawn at
8 A.M. and 4 P.m.
Primary hyperaldosteronism is analyzed by examining serum and urine potas-
sium. Values of serum potassium <3.5 mmol/L, coupled with a urine potassium
excretion rate >30 mmol/24 hr, are commonly seen in persons with primary
hyperaldosteronism. The definitive test for primary hyperal dosteronism, however,
is the measurement of serum or urine adosterone following a high salt chal-
lenge. Primary hyperaldosteronism caused by an adosterone-producing tumor
demonstrates no change in plasma adosterone levels following salt challenge,
whereas primary a dosteronism caused by adrenal hyperplasiademonstrates arise
in plasma aldosterone. A simple method for investigating Conn’s syndrome isto
measure serum and urine potassium when a patient is not receiving diuretics.
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d. Congenital adrenal hyperplasia is analyzed by investigating the possibility of
adrenal insufficiency. The patient may also suffer biochemical consequences of
excess androgen, and measurements of testosterone in serum and pregnanetriol in
urine may be requested.

e. Intheanaysis of Addison’s disease, patients typically exhibit postural hypoten-
sion, hyponatremia, and hyperkalemia. The ACTH stimulation test is given; it
involvesinjection of synthetic ACTH and subsequent measurement of ACTH and
cortisol at 30 and 60 minutes. High ACTH with no cortisol response indicates
Addison’s disease.

f. There are many ways to investigate pheochromocytoma. Urinary metabo-
lites (e.g., VMA, metanephrines) can be quantitated, or plasma epinephrine
and norepinephrine can be measured. In difficult cases, when the patient has
episodic hypertension of short duration, a clonidine suppression test combined
with plasma catecholamine measurements is performed. Clonidine suppresses
catecholamine release from the CNS but not from the adrenal gland.

Thethyroid gland is abilobed endocrine gland located in the lower part of the neck that is
composed of groups of cells called follicles. This gland contains two cell types: Follicular
cells produce the hormones thyroxine (T,4) and triiodothyronine (T3), and parafollicular
cells (lying adjacent to the follicles) produce the hormone calcitonin.

1. Thyroid hormones require iodine for their synthesis. The iodine combines with the
protein thyroglobulin to form hormone precursors that in turn combine to form T3 and
Ta.

a. Thehormonesare either stored within thefollicle or rel eased into the bloodstream.
In the blood, most T4 eventually gives up an iodine molecule and forms Ts. There
is much more circulating T3 than T .

b. Approximately 98% of circulating Tz and T4 is bound to protein, including
thyroxine-binding globulin (TBG) and thyroxine-binding albumin. Some
hormone remains unbound or free, and this is the physiologically active fraction.

c¢. Thyroid hormone function includes action at the cellular level to regulate
carbohydrate, lipid, and protein metabolism. The hormones also act on the CNS,
stimulate the heart, and have arolein physical growth and devel opment.

d. Theregulation of T3 and T4 occursin the following manner.

(1) Thyroid-releasing hormone (TRH) is released by the brain and stimulates the
release of TSH (thyrotropin) from the pituitary gland.

(2) TSH stimulatesiodine uptake by the thyroid gland and also causes the release
of T3 and T4 from the thyroid gland.

(3) High serum levels of free T3 and T4 “shut off” the release of TSH from the
pituitary gland, whereas decreased levelsinduce TSH release.

2. Thyroid disorders are caused by increased or decreased levels of the circulating
hormones T3 and T4. A wide variety of physical diseases can be traced back to a
dysfunctional thyroid gland.

a. Hypothyroidismisaserum level of thyroid hormonethat isinsufficient to provide
for the metabolic needs of cells. Thisdisorder affects women four times more than
men between the ages of 30 and 60 years. Hypothyroidism is usually referred to
as primary, secondary, or tertiary, depending on the site of the dysfunction.

(1) The symptoms of hypothyroidism include an enlarged thyroid gland (goiter),
fatigue, impairment of mental processes, and loss of appetite. Myxedema
(loss of hair, swelling of the hands and face, course skin) occurs as the disease
progresses.

(2) The causes of hypothyroidism relate to the area of tissue damage. In addition,
hypothyroidism can be caused by lack of dietary iodine.

(a) Primary hypothyroidism involves the inadequate secretion of thyroid
hormones caused by a damaged or surgically removed thyroid gland.
Congenital hypothyroidism is caused by the absence of the thyroid gland.
Laboratory results indicate decreased T, T4, free thyroxine index (FT4l),
T3 uptake (T3U), and increased TSH.
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e.

(b) Secondary hypothyroidism involves decreased production of TSH
caused by pituitary disorder leading to low serum levels of the thyroid
hormones. Laboratory resultsindicate al thyroid test values are decreased.

(c) Tertiary hypothyroidism is caused by hypothalamic failure leading to a
lack of TRH production.

(3) In thelaboratory evaluation of hypothyroidism, the earliest abnormality is
increased TSH, followed by decreased serum levels of T4 and Ts.

Chronic immune thyroiditis (Hashimoto's disease) is caused by a genetic

abnormality in the immune system and involves massive infiltration of the thyroid

gland by lymphocytes. The symptoms match those of hypothyroidism.

Hyperthyroidism is caused by excessive thyroid hormone in the circulation.

This causes cells to become overactive. The disorder is sometimes referred to as

thyrotoxicosis.

(1) The symptoms of hyperthyroidism include weight loss, loss of muscle
mass, hyperactivity yet, quick fatigability, insomnia, increased sweating,
nervousness, palpitations, goiter, and bulging eyes.

(2) The causes of this disorder include pituitary tumors that cause excessive TSH
secretion, thyroid carcinoma, or toxic multinodular goiter (gland produces
excess hormones).

(3) Thelaboratory evaluation of hyperthyroidismintheinitial evaluation reveas
elevated thyroid hormone serum levels and decreased serum TSH.

Graves' disease isan autoimmune disorder that occurs six times more frequently

in women than in men. In this disorder, immunoglobulins stimulate the thyroid

gland by binding to TSH receptors. Symptoms are similar to those of hyper-
thyroidism. Laboratory results indicate increased T3, T4, FT4l, and T3U, and
decreased or normal TSH.

Thyroiditis is an inflammation of the thyroid gland caused by either bacterial or

viral infection.

3. Assays for thyroid function include testing for serum level of total (both bound
and free) or free T3, total or free T4, TSH, and TBG. These tests are typically
immunoassays. Other thyroid tests include the following:

b.

T3 resin uptake analyzes the capacity of TBG to bind thyroid hormones. It is an
indirect measurement of the number of free binding sites on the TBG molecule.
Free thyroxine index (FT4l) indirectly assesses the concentration of circulating
free T4. It is calculated by multiplying the value of the total T4 by the percentage
value of the T3 resin uptake.

Thyroid antibody screens assay for the presence of thyroid-stimulating
immunoglobulins, such asthosein Graves' disease and Hashimoto's thyroiditis.
TRH stimulation test measures pituitary TSH stores and is considered con-
clusive for hyperthyroidism, athough it is not needed in most hyperthyroid
patients. In patients with dightly elevated hormone levels (but other symptoms
of hyperthyroidism), TRH is injected, and blood samples are assayed for TSH.
TSH levels rise rapidly in a normal person but will not rise in a hyperthyroid
patient.

E. Parathyroid hormone is produced by the parathyroid glands, which are small, paired
structures located in the posterior thyroid capsule. They may, however, be located in other
parts of the neck or upper chest cavity. The sole function of the parathyroid gland is the
production of parathyroid hormone.

1. Parathyroid hormone (PTH) synthesis begins with the precursor proparathyroid
hormone.

a.

The major physiologic action of PTH is mineral homeostasis. Specifically, PTH
isinvolved in the metabolism of both calcium and phosphorus by the kidney and
bone. A complex interrelationship exists between PTH, cholecalciferol (vitamin
D), and calcitonin.

Transport. Parathyroid hormone, unlike many other proteins, is transported as
afreely circulating, intact, active molecule. The biologically inactive amino acid
fragments can be detected in the serum as well.
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The primary determinant of PTH release is the serum concentration of ionized

calcium, considered to be the biologically active form of serum calcium. Other

substances that impact PTH secretion rates include:

(1) Magnesium, which has an effect on PTH that both parallels and modulates
the effect of calcium on PTH release

(2) Biogenic amines like epinephrine, dopamine, and serotonin

(3) Vitamin D

2. PTH hasan important rolein calcium and phosphorus metabolism.

Calcium isamineral proved to be essential for heart muscle contraction, hemosta-

sis, and cell responsiveness. Cal cium homeostasisisregulated not only by PTH but

aso by cholecalciferol (vitamin D) and the thyroid hormone calcitonin. The overall

effect of PTH isto raise blood cal cium level sthrough its action on bone and kidney.

(1) Inbone, PTH increases bone resorption of calcium into serum.

(2) Inthekidney, PTH increases the renal reabsorption of calcium.

Phosphor us, or rather compoundsof phosphate, isinall living cellsand participates

in many important biochemical processes. The overall effect of PTH is to lower

phosphorus concentrations, whereas vitamin D acts to increase blood phosphate.

Calcitonin isproduced by parafollicular cellsin thethyroid. In general, the overall

effect of calcitonin isto decrease blood cal cium because of its effect on both bone

and renal calcium processing, which is just the opposite of PTH.

(1) Inbone, calcitonin inhibits bone resorption of calcium.

(2) Inthe kidneys, calcitonin decreases the renal reabsorption of calcium, phos-
phorus, sodium, potassium, and magnesium.

3. Pathologic conditions involving a dysfunctional parathyroid gland most often
manifest as hypocalcemic or hypercal cemic states.

Hypocalcemia is classified as either being associated with deficient PTH

concentration or being independent of PTH activity (vitamin D-deficient states).

In general, the PTH-dependent hypocal cemic disorders fall into two categories:

those related to hyposecretion of PTH and those related to tissue resistance to

PTH (known as pseudohypoparathyroidism).

(1) Primary hypoparathyroidism is synonymous with hyposecretion of PTH.
It is caused by surgical removal of the parathyroid glands, trauma following
surgery, or radiotherapy directed toward the thyroid gland. The clinical
manifestations are those of hypocalcemia and include tetany (muscle spasms),
skin changes (especially drying), brittle hair, hypotension, and Gl upset. Low
serum calcium and high phosphorus are hallmarks of this disorder.

(2) Idiopathic hypoparathyroidism is rare and can be hereditary or seen in
conjunction with other endocrine disorders. A very low serum calcium level
and a very high phosphorus level are indicative of this condition.

(3) Pseudohypoparathyroidism (PHP) is characterized by alack of responsive-
ness to PTH by the renal system or other organ systems, not by a decrease in
PTH. Serum PTH levels are typically normal to increased in this condition.

Hypercalcemia is diagnosed when serum calcium levels rise to >102 mg/L

or are sustained at levels >100 mg/L. Symptoms range from no symptoms to

manifestations of polyuria, polydipsia, kidney stones, acid-base disorders, nausea,
stupor, or coma. Malignancy (e.g., multiple myeloma, leukemia, lymphoma) and
hyperparathyroidism account for most cases of hypercalcemia.

(1) Primary hyperparathyroidism most often results from parathyroid adenoma
or hyperplasia. Additionaly, hyperparathyroidism can be associated with
other endocrine disorders, collectively referred to as multiple endocrine
neoplasia (MEN), which involve the pituitary, pancreas, thyroid, and adrenal
glands. Serum calcium is increased, PTH is increased, and phosphorus is
normal to decreased.

(2) Secondary hyperparathyroidism is a condition associated with an attempt
for the body to compensate for hypocalcemic states. It is commonly seen
in patients with renal failure who cannot excrete phosphorus, resulting in a
decrease in calcium, which stimulates the secretion of PTH. Serum calcium
islow, PTH isincreased, and phosphorus is increased.
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4. Laboratory analysis of parathyroid function involves determination of various
hormone and electrolyte levels.

a.

The primary analytes of interest in parathyroid function evaluation are calcium

(total and ionized), phosphorus (inorganic), and PTH (C-terminal, N-terminal).

PTH levels should always be considered aong with serum calcium levels.

(1) PTH C-terminal analysis examines the intact PTH molecule and is highly
specific for detecting hyperparathyroidism.

(2) PTH N-terminal analysis measures both the whole PTH molecule and the
amino-terminal fragmentsin the serum.

Additional analytes of secondary interest include calcitonin, vitamin D, magne-

sium, bicarbonate, and nephrogenous cyclic adenosine monophosphate (CAMP).

Nephrogenous cCAMP is under direct influence of PTH and is a measure of the

urinary portion of CAM P produced by thekidneysand excreted by therenal tubules.

F. Reproductive hormones (Table 1-6). A complex interrelationship exists between the
hypothalamus, pituitary gland, and the gonads (ovaries and testes).
1. FSH and LH are glycoprotein hormones synthesized in the anterior pituitary gland
and transported unbound via the systemic circulation to target tissues.

a.

b.

In a woman, FSH induces the growth of the ovum inside the follicle, and LH
triggers release of the ovum.

In a man, FSH induces spermatogenesis in the Sertali’s cells of the testes, and
LH stimulates the production of testosterone by the Leydig's cells.

2. Progesterone, testosterone, androgens, estrone, and estradiol are steroid hormones
synthesized either in the testes, ovaries, or adrenal glands. Each of these steroid
hormones has cholesterol as its precursor.

a.

The ovaries produce estrogens (i.e., estrone, estradiol), androgens, and proges-

terone. The estrogens are responsible for development of the uterus, fallopian

tubes, and female sex characteristics. Estrogens also prepare the uterine en-

dometrium (lining) for pregnancy. Progesterone prepares the breast for lactation

and maintains the endometrium.

(1) Estradial isthe chief estrogen produced specifically by the maturing follicle
within the ovary.

Table 1-6 Reproductive Hormones

Hormone Produced/

Endocrine Gland Released Target Tissue Response
Hypothalamus LH-releasing Anterior pituitary LH secretion; FSH
hormone secretion
Anterior pituitary  LH Ovarian fallicle Ovulation
gland Luteal cell Progesterone produced
Leydig cell Testosterone produced
FSH Ovary Follicular maturation;
estradiol produced
Sertoli cells Spermatogenesis
Ovary (follicles) Estrogens Hypothalamus FSH inhibited
Pituitary FSH inhibited; LH
secretion
Gonads Secondary sex
characteristics develop
Uterus Preparation of
endometrium
Corpus luteum Progesterone Uterus Maintenance of
endometrium
Mammary gland Lactation
Testes Androgens Male prostate, genitalia,  Growth and development;
(testosterone) larynx, skeleton maturation

FSH = fallicle-stimulating hormone; LH = luteinizing hormone
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(2) Estrone, the other major biologically important estrogen, is produced either
in the peripheral tissues via conversion of prohormone androstanedione or in
the ovary from the conversion of estradiol.

(3) Another estrogen, estriol, is produced in the placenta. Therefore, little is
present in nonpregnant women.

(4) Progesterone is produced by the corpus luteum (the structure that forms
in afollicle that has released its ovum). It is present in significant amounts
following ovulation.

(5) Androstenedioneisthe chief female androgen.
The testes in adult men produce testosterone and small amounts of androstane-
dione, dehydroepiandrosterone, and estradiol. Testosterone (the most potent of
the androgens) induces growth of the male reproductive system, prostate gland,
and development of male sex characteristics, including hypertrophy of the larynx
and initiation of spermatogenesis. The other androgens are also responsible for
the secondary sex characteristicsin men.

Adrenal gland androstenedione is converted to testosterone in the periphera

tissues and accounts for approximately 5% of the total testosterone in men.

3. The regulation of all reproductive processes involves interrelated events and
endaocrine systems, including the hypothalamus, the pituitary gland, and the gonads.

b.

In women, themenstrual cycle controlsreproductive events. High serum level s of
FSH induce follicular development and estrogen release. Theincreased level of es-
trogen causes adecreasein the release of FSH at the level of the pituitary gland and
also causesanincreasein serum LH. LH initially causes estrogen levelsto decline,
then induces maturation and rupture of thefollicle, which releases ovum. Estrogen
levels increase following this release, the ruptured follicle becomes the corpus
luteum, and progesterone is produced. Progesterone inhibits LH release from the
pituitary gland. Serum FSH and LH levels continue to decline, and regression of
the corpus luteum induces decreased serum levels of estrogen and progesterone,
initiating menstruation. The estrogen-induced inhibition of FSH release by the
pituitary gland is removed, and FSH levels begin to increase, beginning the cycle
again.

In men, increased levels of serum testosterone inhibit the release of LH from the
pituitary, thereby decreasing the production of testosterone by Leydig's cells.

4. Abnormalities of testicular function focus on the lack of or excessive production
of androgens. Both increased and decreased androgen production can be a primary
condition resulting from testicular dysfunction, or it may be a secondary condition
resulting from hypothalamus-pituitary dysfunction.

a.

The symptoms of hypogonadism are directly dependent on the time of the
development of androgen deficiency. Prepubertal hypogonadism is caused by
the absence of androgen production. Infantile genitalia persist; growth continues,
but is decreased. This condition is often not apparent until the adolescent period
when normal adolescent development does not occur. Postpubertal hypogonadism
resultsin minimal changes.

(1) Primary hypogonadism is caused by a lack of androgenic feedback by
FSH/LH on the hypothalamus-pituitary axis, which is typically caused by a
genetic defect in testicular development. Laboratory results indicate increased
serum and urine gonadotropins (LH/FSH), decreased serum androgens
(testosterone), and decreased urinary 17-ketosteroids.

(2) Secondary hypogonadism is caused by primary hypopituitarism or a
hypothalamic dysfunction that results in decreased production of LH and
FSH by the pituitary gland. Absence of serum and urine gonadotropins and
decreased serum androgens are indicated by laboratory results.

Hypergonadism is most often a condition resulting from excessive androgen

production by a testicular tumor. It can also occur secondary to hypothalamus-

pituitary dysfunction, with aresulting increase in FSH/LH secretion. In the adult,
thereis little physical change with these disorders. However, increased androgen
levelsin children result in precocious puberty.
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(1) Primary hypergonadism is indicated by high serum androgen levels, high
urinary 17-ketosteroid levels, and low serum gonadotropin levels.

(2) Secondary hypergonadism can be differentially diagnosed by the presence
of high serum androgen levels, high urinary 17-ketosteroid levels, and elevated
gonadotropin levels.

5. Abnormalities of ovarian function present as either hypo- or hyperfunction, both
of which are considered as either primarily caused by ovarian disease or secondarily
caused by hypothalamus and pituitary dysfunction.

a. Ovarian hypofunction is also atime-dependent condition. If it occurs before the
onset of puberty, it induces delayed or absent menstruation. If it occurs after the
onset of puberty, it will result in secondary amenorrhea (lack of menstruation).
(1) Primary ovarian hypofunction is caused by alack of estrogenic feedback on

the hypothalamus-pituitary system, which results in increased release of FSH

and LH from the pituitary gland. Characterized by increased serum levels of

gonadotropins and decreased estrogen levels, there are two common causes

of this condition.

(a) Menopause, the termination of reproduction in women

(b) Turner’ssyndrome, acongenital endocrine disorder in which the ovaries
cannot secrete estrogen

(2) Secondary ovarian hypofunction results from hypothalamic-pituitary
dysfunction or serious illness. Laboratory results indicate decreased serum
gonadotropins, estrogen, and progesterone. The three most common causes
of this condition are:

(a) Tumors and necrosis of the pituitary gland (e.g., Sheehan’s syndrome)

(b) Congenital hypothalamic disorders

(¢) llInesses such as congenital heart disease, chronic renal disease, rheuma-
toid arthritis, rapid weight loss, anorexia nervosa, or hyperthyroidism

b. Ovarian hyperfunction isusually caused by estrogen-secreting tumors or may be
idiopathic in origin.

(1) Primary ovarian hyperfunction is the result of the presence of an estrogen-
secreting tumor, which results in decreased serum FSH/LH levels. Irregular
uterine bleeding is atypical symptom.

(2) Secondary ovarian hyperfunction is idiopathic and results in increased
estrogen secretion caused by the presence of increased FSH/LH levels. Sexual
precocity (early development of secondary sex characteristics) is the primary
condition associated with this disorder.

6. Other conditionsinvolving female reproductive hor monesinclude:

a. Hirsutism, or excesshair a ongthemidlineof thefemalebody (i.e., lip, chin, chest),
istypically caused by excess androgen production by the ovaries or adrenal glands.

b. Polycystic ovary syndrome, or enlarged ovaries, is associated with infertility and
other menstrual irregularities.

c. Infertility is caused by lack of ovulation in women and inappropriate sperm
production in men.

7. Laboratory analysis of reproductive endocrinology involves serum and urine
testing of a variety of hormones and their metabolites or function tests that involve
stimulation or suppression of various hormones.

I Toxic AND THERAPEUTIC DRUGS

A.

Toxicology isthe study of toxic drugs or poisons. A toxicant (poison) isany substance that,
when taken in sufficient quantity, causes sickness or death. Toxicity is arelative term used
to compare one substance with another; atoxic substance is one with atoxicity defined as
“extremely” or “super” toxic.

Specific drugs considered to be toxicantsare composed of several categories. Some of these
drugs are also considered to be therapeutic in nature.
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. Analgesics are anti-inflammatory agents and painkillers. These drugs are a so consid-

ered to be therapeutic.

a. Salicylate (aspirin) is considered toxic at a serum level of >90 mg/dL 6 hours
following ingestion. The time since ingestion must be known to determine severity
of toxicity.

(1) Salicylateintoxication resultsin the following: stimulation of the respiratory
system with initial respiratory alkalosis, conversion of pyruvate to lactate, in-
hibition of oxidative phosphorylation, and breakdown of fatty acidsto produce
ketoacids. Eventually, metabolic acidosis occurs.

(2) Renal clearance of salicylate can be increased by forced alkaline diuresis.

b. Acetaminophen, if present in serum at 300 mcg/mL 2 hours after ingestion, in-
duces hepatic toxicity. Again, time since ingestion is critical in determining ac-
etaminophen intoxication.

(1) Intoxication results in hepatocystic necrosis 3 to 4 days after overdose be-
cause of the inability of the liver to adequately conjugate the metabolite of
acetaminophen (i.e., acetamidoquinone) to glutathione. High level s of acetami-
doquinone in the liver induce hepatocyte death.

(2) Antidote. The effective antidote for acetaminophen overdose is N-
acetylcysteine, which isthought to act as a glutathione substitute and binds to
the metabolite.

. Barbiturates are short-acting (pento-, secobarbital); intermediate-acting (amo-, -,

butabarbital); and long-acting (phenobarbital) sedativesthat exert atranquilizing effect

through their depressant effect on the CNS. The barbiturates can be considered as
substances of abuse or as analgesics.

a. Barbiturateintoxication resultsin cardiac arrest and respiratory depression through
its effect on the CNS.

b. There are no real antidotes for barbiturate overdose except the establishment of
an open airway, aiding respiration, and maintaining cardiac output.

. Nar cotics(opioids) are compoundsinclude heroin, morphine, codeine, and methadone.

Most of these drugs are habit forming and can be considered drugs of abuse.

a. Intoxication. Thetoxic effectsof overdoseincludedepression of respiration caused
by a decreased sensitivity to carbon dioxide and coma. Heroin is metabolized by
the liver to form morphine and is excreted by the kidney as morphine glucuronide.

b. Antidote. The effective antidote for narcotic overdose is haloxone, a narcotic
antagonist.

. Pesticides exist as organic complexes, organophosphates (largest single group of pes-

ticides), and carbamates. These compounds inhibit AChE, which results in specific

effects on the heart and respiratory centers, muscle cramps, and certain CNS effects.

a. Intoxication. The method used for the determination of pesticide poisoning isthe
examination of PChE (an isoenzyme of AChE found in serum).

b. Antidote. The effective antidote for pesticide poisoning is atropine sulfate.

. Carbon monoxideisatastel ess gaswith 200-fold greater affinity for hemoglobin than

oxygen.

a. Intoxication. During carbon monoxide poisoning, hemoglobin cannot adequately
exchange carbon dioxide for oxygen because of the increased amount of carboxy-
hemoglobin present. Suffocation and death follow.

b. Antidote. The effective antidote for carbon monoxide poisoningisremoval of the
sour ce of carbon monoxide or removal of the victim from the source.

. Metal poisoning includes intoxication by the heavy metalslead, arsenic, and mercury.

a. Lead poisoning is most typically caused by lead paint ingestion or continuous
exposure to lead in the soil.

(1) Intoxication. Lead isfound primarily in RBCsin intoxicated victims but pro-
duceswidespread effects, such asgastrointestinal irritation, weight loss, kidney
damage, convulsions, and in children, atered cognition and encephal opathy.
Death occurs because of peripheral vascular collapse or brain involvement.

(2) Antidote. Administration of ethylenediaminetetraacetic acid (EDTA), penicil-
lamine, and other lead chelatesthat bind thelead and allow it to be excreted by
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b.

C.

the kidney. Examination of urinary ALA levels and RBC protoporphyrins can
determine the occurrence of lead poisoning after serum and urine lead levels
have returned to normal.

Mercury (mercury salts) isfound in antibacterial agents, photographic reagents,

pesticides, and batteries. Poisoning by these agentsis typically the result of over-

exposure or ingestion.

(1) Intoxication. Effects of mercury poisoning include gastrointestinal irritation,
severe kidney damage, or neurologic symptoms.

(2) Antidote. Aswith lead poisoning, chelates, such as EDTA, penicillamine, or
dimercaprol [also referred to as British antilewisite (BAL)] bind the mercury
and render it able to be excreted.

Arsenicisfound in pesticides, weed killer, and some paints.

(1) Intoxication. Arsenic induces purging gastroenteritis, shredding of the stom-
achlining, and causesMees' linesin thefingernails because of keratin binding.
Death typically occurs because of hemorrhagic gastroenteritis. Because arsenic
is cleared rapidly from the blood, urine is the specimen of choice for analysis.

(2) Antidote. Chelation therapy with penicillamine or BAL is effective.

7. Substancesof abuseinclude avariety of compoundsthat, when found in high levelsin
theurine or serum, canincriminate anindividual. It ismandatory in substance-of-abuse
analysisto obtain a satisfactory specimen and to process the specimen in a secure part
of the laboratory.

a.

Ethanol is the most common toxicant and substance of abuse seen in patientsin
emergency departments in the United States. It acts by depressing the CNS and
increasing the heart rate and blood pressure. Ethanol metabolism occurs in the
liver by alcohol dehydrogenase, which converts alcohol to acetaldehyde, whichis
then excreted to acetate. A blood level of 0.1 g/dL is defined as intoxicating.
Methanol is widely used in paints, solvents, antifreeze, and solid canned fuels.
Poisoning with methanol istypically caused by ingestion.

(1) Intoxication by methanol is considered more dangerous than ethanol poison-
ing because of the formation in humans of formaldehyde and formic acid as
metabolites. Formic acid formation results in metabolic acidosis, pancreatic
necrosis, and visual system impairment.

(2) Antidotes for methanol poisoning include the administration of sodium bi-
carbonate to treat the acidosis and ethanol to bind alcohol dehydrogenase and
block the formation of the metabolites.

Amphetamines are CNS stimulants that block dopamine receptors in the brain.

Amphetamine metabolism occursin the liver and produces benzoic acid.

(1) Intoxication by amphetamines can produce severe depression, respiratory dif-
ficulties, and episodes of paranoia.

(2) Antidote. The antidote for amphetamine overdose is forced acid diuresis.

Cocaine is a CNS stimulant that is metabolized by cholinesterase to form ben-

zoylecgonine, which is excreted by the kidney.

(1) Intoxication. Cocaineoverdose produces hypertension, myocardial infarction,
or seizure. Cardiotoxicity can occur and result in sudden death following co-
caine use.

(2) Antidote. Thereisno antidote for cocaine overdose except the passage of time
and urinary excretion.

Cannabinoid compounds [tetr ahydrocannabinol (THC), marijuana] produce

psychologic effects and are stored in fat cells. THC is excreted in the urine for an

extended period of time depending on use. Overdose of thisdrug israre and is not
severe enough to be life-threatening.

Phencyclidine (PCP, angel dust) is an abused anesthetic that isillegally used as

a hallucinogen.

(1) Intoxication. Thisdrug can produceviolence, seizures, respiratory depression,
or death.

(2) Antidote. Treatment for PCP overdoseis diazepam. PCPisunmetabolized and
excreted in the urine as phencyclidine.
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The drug screen rapidly identifies a drug or drugs present in the blood, urine, or gas-
tric contents of a patient suffering from toxicity. Neutral and basic drugs as well as drug
metabolites are best detected in urine, whereas acidic drugs are best found in detectable
concentrationsin blood and serum. Following a positive drug screen, confirmatory methods
must be used to quantitatively analyze drug levelsin a patient.

1. Handheld immunoassays are the most common type of drug screen. They detect a
wide variety of drugs but cannot separate closely related compounds. Blood and urine
can both be analyzed with this method.

2. Gas-liquid chromatography alows for greater sensitivity in the identification of
drugs. It can be used as a confirmatory technique for drugs detected by drug screen.

Confirmatory drug tests are required to confirm and quantify those drugs found in a
patient’ s serum or urine using drug-screening methods.

1. Gas chromatography/mass spectrometry is a sensitive technique used to confirm
drugs detected by screening techniques. Typically, urine samplesareinitially analyzed
by gas chromatography to determine the presence of compounds, then reanalyzed by
mass spectrometry to examine fragments of these compounds for relative abundance
in the sample.

2. Immunoassay techniques use antibodies to detect drugs. These methods are usually
automated and in the form of enzyme immunoassays.

3. Ethanal testingistypically performed using gaschromatography. However, an enzyme
assay using alcohol dehydrogenase and measuring the increase in NADH formation
following the reaction is widely used and can be automated.

4. Heavy metal testing ismost often performed by atomic absorption spectrophotometry.

Therapeutic drugs must be monitored to determine what doses are inadequate or exces-

sive in the treatment of the patient. Often, the ingested drug (called the “parent” drug)

is metabolized to form an active metabolite that produces an effect similar to the parent

drug.

1. Cardioactive drugs are divided into two categories: the cardiac glycosides and the
antiarrhythmic drugs. These agents serve to maintain normal heart function.

a. Digoxinisthe major cardiac glycoside and alters the force of contraction through

its effect on the AT Pase pump in heart muscle. Blood specimens must be collected

8 hours after a dose of digoxin is administered, because its peak concentration

in tissue occurs 6 to 10 hours after administration. Digoxin toxicity produces

symptoms of nausea, rapid heart rate, and visual impairment. Digoxin is excreted
asdigoxigenin in the urine.

b. Theantiarrhythmicdrugsare prescribedtotreat irregular heartbeat that produces
inappropriate ventricular contraction or tachycardia (increased heart rate).

(1) Lidocaineis used for the treatment of faulty ventricular contractions and ar-
rhythmias. It bindsto «;-acid glycoprotein and is metabolized in theliver, pro-
ducing two active metabolites, monoethylglycinexylidide and glycinexylide.

(2) Procainamideisusedtotreat inappropriate ventricular contractionsand tachy-
cardia. Thisdrug is metabolized in the liver to form an active metabolite, N-
acetylprocainamide, which produces the same effect asits parent drug. There-
fore, serum levels of both drugs must be analyzed.

(3) Disopyramide stabilizes the heartbeat. It is both excreted by the renal system
as the unchanged drug and is metabolized in the liver to form an inactive
metabolite.

(4) Quinidineisamyocardial depressant that decreases the heart’s ability to con-
duct current. Itismetabolized intheliver to produce several activemetabolites,
including 3-hydroxyquinidine. If quinidine is added to a digoxin therapy regi-
men, an interaction occurs that induces an increase in digoxin concentration.

(5) Propranolol isprescribed for atrial and ventricular arrhythmias and hyperten-
sion. It is considered to be a beta-blocker.

2. Anticonvulsants function to alter transmission of nerve impulses within the brain to
minimize the seizures of epilepsy.
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a.

e.

f.

Phenobarbital is used to treat all types of seizures except absence seizures. It
is effective in children and neonates. It is metabolized in the liver, and serum
concentrations increase during the administration of valproic acid or salicylic
acid.

Phenytoin corrects grand mal seizures. It is metabolized by the liver and can
interact with several drugs that induce increased serum concentration or increased
metabolism of phenytoin.

Valproic acid is prescribed for absence (petit mal) seizures. Valproic acid affects
many others anticonvulsants by inhibiting their metabolism in the liver, thus in-
creasing serum concentration.

Primidoneis metabolized in the liver to form phenobarbital. Therefore, dual anal-
yses must be performed to determine the proper dosage of this drug. It is used to
treat both grand mal and complex-partial seizures.

Carbamazepineistypically used for treatment of various seizures and facial pain.
Ethosuximide s prescribed for the treatment of petit mal seizures.

3. Bronchodilators act to relax bronchial smooth muscle for relief or prevention of
asthma. Theophylline is the most common in this category of therapeutic drugsand is
metabolized in the liver to produce several metabalites, including caffeine.

4. Psychotropic or antipsychotic drugs are used to treat psychotic patients. They can
be categorized in two classes: lithium and the antidepressants.

a.

Lithium treats manic-depressive illness. The mechanism of action of lithium as
amood stabilizer remains unknown, although effects on synaptic neurotransmis-
sion are thought to be the cause. Lithium is filtered by the renal glomerulus and
eliminated as the unchanged drug.

Antidepressants, or tricyclic antidepressants, are used to treat depression that
has no apparent organic or social cause. Antidepressants include imipramine, nor-
triptyline, amitriptyline, and desipramine, all of which are metabolized by the liver
to form active metabolites. The active metabolites include desipramine (parent
isimipramine), nortriptyline (parent is amitriptyline), and 2-hydroxy-desipramine
(parent is desipramine).

Fluoxetine is not chemically related to the tricyclic antidepressants, but has a
similar effect by blocking serotonin uptake by nerve terminalsin the CNS and by
platelets.

5. Antineoplastic drugs are used in the management of certain tumors, including those
found in breast, testicular, pharyngeal, and sometimes lung cancer. These agents work
by inhibiting DNA synthesis.

F. Therapeutic drug monitoring (TDM) is performed to determine patient compliance to
the drug-taking regimen, to monitor drug interactions, and to monitor drugs that are used
for a preventive effect.

1. Changesin drug concentrations in the body, which occur with time, are related to the
course of the pharmacologic effects. The change in drug concentration over time is
described by the following steps.

a.

b.

Liberation is the release of this ingredient, followed by the process of the drug
passing into solution.

Absorption is the process by which the drug molecule is taken up into systemic
circulation. Following absorptionthrough theintestinal mucosa, adrugtraversesthe
hepatic system, where some drugsundergo substantial metabolism and elimination.
Thisis called first-pass elimination or metabolism.

Drug molecules can be confined to the blood, leave the bloodstream, and enter the
extravascular space, or they can migrate into various tissues. Thisisreferred to as
distribution, a process that typically occurs between a period of 30 minutes and
2 hours. The bioavailability of adrug is the amount of drug that is absorbed into
the system and is available for distribution.

Metabolism is the process of transformation of the parent drug molecule to its
metabolite(s). Metabolites are usually water soluble and can be easily excreted.
Most of the metabolism occurs in the liver, where enzymes catalyze oxidation,
reduction, or hydrolysis of the drug.
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B Figure 1-6 Single dose-response curve. C =

—— Phase 1 ——’——— Phase 2 . .
concentration; t, = half-life.

Time

e. Elimination is the process of excretion of the drug from the body. Drugs are
typically excreted in the urine but also can be eliminated in the feces, sweat,
expired air, and saliva.

2. Basicprinciples. TDM measures drug concentrations during therapy with pharmaceu-
tical agents.

a. A steady-statedruglevel (complete with peaks and troughs) exists for each drug.
When a single dose of a drug is administered oraly, the blood level changes
markedly over time and, at some time, the concentration in the plasma reaches
its peak (highest point) and then declines. Immediately before the next dose of
medication, atrough level occurs.

(1) For single-dose administration, the rate of decline in concentration is ex-
pressed in terms of half-life, which is the time required for the concentration
of the drug to decrease by 50% (Figure 1-6). The half-life is different for each
drug.

(2) At steady-statelevels, therate of administration of thedrug isequal to the rates
of metabolism and excretion, allowing the drug level to remain constant.

Phar macokineticsisthe mathematical interpretation of drug disposition over timeto deter-
mine proper dosing amounts of atherapeutic drug. Pharmacokinetic responses aretypically
graphic plots of blood concentration of the drug versus time, such as a dose-response curve
(see Figure 1-6). Three kinetic processes are used to describe the fate of drugsin the body
over aperiod of time and can beillustrated in a dose-response curve.

1. First-order kinetics describe absorption, distribution, and elimination of drugs. This
means that the rate of change of concentration of a drug is dependent on the drug
concentration. It is represented by the first phase of the dose-response curve.

2. Zero-order kineticsdescribetherate of change of concentration of adrug that isinde-
pendent of the concentration of thedrug. That is, aconstant amount of drug iseliminated
per unit of time. This typically depends on the ability of the liver to metabolize the
drug. Thisisillustrated by the second phase of the curve.

3. Michaelis-Menten kinetics state that if a drug concentration in a system exceeds the
capacity of the system, the rate of change of concentration proceeds according to the
Michaelis-Menten equation.

Laboratory analysis of therapeutic drugs includes enzyme immunoassays and
fluorescence-polarized immunoassays. Gas chromatography and high-pressure liquid chro-
matography areal so used, particularly asconfirmatory testswhen ascreeningtestispositive.
Serum istypically the specimen of choice for drug analysis, but urine metabolites are mea-
sured in some cases, particularly in screening tests.

> Online Menu for this Chapter

Go to thePoint.lww.com/Hubbard2e for the following:

e Study Questions and Answers



...

C

HAPTER 2

Hemostasi s and
Coagulation

JOEL HUBBARD, PhD, MT (ASCP)

I PLATELET PHYSIOLOGY

A. General considerations. Platelets, which exist in whole blood in concentrations of 150,000
t0 440,000/mm?®, are disk-shaped cellsnecessary for hemostasis. Plateletsare formed from
the cytoplasm of megakaryocyte in the marrow.

1.

2.

A Wright's-stained blood film provides an estimation of platelet numbers, size, and
distribution.

Platelet number can be obtained by manual platelet count (hemacytometer) or an
electronic cell counter.

B. Platelet ultrastructure (Figure 2-1)

1.

o o
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Glycocalyx is the outer membrane surface. It isrich in glycoproteins, which serve

as membrane receptors.

a. Glycoproteinlbisthereceptor for von Willebrand’sfactor (VWF) inthepresence
of ristocetin.

b. Glycoproteinsiliband Illaarereceptorsfor vWF and fibrinogen and are exposed
by stimulation of thrombin or adenosine diphosphate (ADP).

¢. Glycoprotein Vaisthe receptor for thrombin.

Microtubule and micro filaments. These provide an active means of platelet con-

traction to squeeze out the contents of the cytoplasmic granules.

a. Microtubulesform the submembranous band around the circumference of the cell
and structurally support the normal discoid-shaped platelets.

b. The contractile microfilaments (thrombosthenin) contain actin and are closely
related to the microtubule.

The open canalicular system provides direct communication between intracellular

and extracellular compartments.

A densetubular system forms a circle within the microtubule.

a. Thissystem serves asasite for arachidonic acid metabolism.

b. Thissystem also functions as a cal cium-sequestering pump that maintains platel et
cytoplasmic calcium levels.

Mitochondria are responsible for energy production.

Glycogen granules provide energy substrate.

Alpha () granules contain contact-promoting factors, including:

a. Platelet fibrinogen

b. Platelet-derived growth factor (PDGF)
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Cellular membrane (glycocalyx) B Figure 2-1 Diagram of

platelet ultrastructure

Mitochondria showing the major

intracellular morphologic
features. (Reprinted from
Besa EC. Hematology.
Baltimore: Williams &
Wilkins; 1992:202 with
permission.)

Microtubule

a-granule

Dense granule

von Willebrand's factor (factor VIII:R)
B-Thromboglobulin (BTG)

Platelet factor 4 (heparin-neutralizing)
Fibronectin

Adenosine diphosphate (ADP)

Adenosine triphosphate (ATP)
5-Hydroxytryptamine (5-HT; or serotonin)
Calcium

c
d
e
f.
. Dense granules contain nonprotein factors including:
a
b
C
d

Platelet function
1. Damaged subendothelium releases factors that activate the platelet, transform its

shape, and evolve a “sticky” platelet aggregate to plug the leak. These factors
include:

a. Collagen

b. Fibronectin

c. VWEF (factor VIII:R)
d. Thrombin

e. ADP

. Tissueplatelet activator s cause the platel et to change shape from discoid to spherical.

Dense and «-granules undergo internal contraction and centralization. The complete

processis calcium dependent.

a. The exposure of surface membrane receptors to VWF and fibrinogen results in
cytoplasmic calcium ionization, stimulation of ATP generation, and activation of
the actin monomersin the micro filaments.

b. Contractionsresult in acentralization of the cytoplasmic granules and arelease of
their contents through the canalicular system.

. Plug formation, or secondary aggregation, is primarily stimulated by thrombin and

thromboxane A, (TXA)).

a. Membrane-binding of VWF and collagen to platel et receptors unmasks membrane
phospholipid A,, which isthe precursor of arachidonic acid, and isimportant for
the production of TXA, and other prostaglandins. Phospholipid A, is unmasked
by the binding of VWF and collagen to platelet receptors on the membrane.

b. TXA; inhibits adenylate cyclase [thus, it inhibits the formation of cyclic adeno-
sine monophosphate (CAMP)] and liberates sequestered calcium into cytoplasm.
Calcium causes further cytoplasmic contraction, release of granule contents, and
platelet aggregation.

c¢. Thrombin enzymatically cleaves fibrinogen to form fibrin, which is necessary to
stabilize the platelet plug.
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4. Growth-limiting factors of the platelet aggregate include:
a. Blood flow, which washes away coagulation-promoting factors
b. Release of prostaglandin PGI, (prostacyclin) by the surrounding vascular
tissues
5. Granular releaseof substancesfrom dense granules, such as serotonin, prostaglandins
(except for TXA), and lysozymes, causeslocal inflammation and vasodilation, which
increases blood flow.

D. Kinetics
1. Megakaryocytopoiesis development occurs by endomitosis (i.e., nuclear splitting
without cell division).

a. A single megakaryoblast nucleus may contain 2 to 64 times the norma number of
chromosomes.

b. Nuclear chromatin isdensely staining, dispersed early, and more compact at later
stages.

¢. Nucleoli are small at all development stages.

2. Stages of megakaryocytic maturation (Figure 2-2)

a. Megakaryoblasts descend from a unipotential stem cell (CFU-Meg). They are
characterized by overlapping nuclear lobes and basophilic staining cytoplasm; their
size ranges from 6 to 24 pum.

b. Promegakaryocytes are larger than megakaryoblasts (14 to 30 «m in diameter)
and have more cytoplasm.

(1) The nucleus becomes increasingly lobulated and spreads out into a horseshoe
shape.
(2) Red-pink granules are visible in the center of the cell.

¢. Granular megakaryocytes(16to56 nm) arecharacterized by increased spreading
of nuclear lobes and spreading of pink granules throughout the cytoplasm.

d. Maturemegakaryocytes(20to 50 ;m) haveacompact nucleus, and thebasophilia
of cytoplasm has disappeared.

(1) Platelet fields are clusters of pink granulesin the cytoplasm.
(a) Platelet fields are produced by an invagination of surface membrane, sep-
arating the cytoplasm into individual platelets.

Megakaryoblast Promegakaryocyte Granular Mature
megakaryocyte

Size range 0-24 um 14 -30 pum 15 - 56 um 20 ~ 50 um

Cytoplasmic Deep blue Basophilic with Mostly Totally
staining (basophilic) pink center pink pink

Granules Rare Few Extensive Organized into

platelet fields

Nuclear Few compacted Lobes spread out Many lobes Many compacted
morphology lobes in horseshoe shape spread out lobes
N:C ratio High Moderate Moderate Low

B Figure 2-2 Morphologic characteristics of stages of megakaryocytic maturation comparing the
nuclear and cytoplasmic variations of each stage. N:C, nuclear-cytoplasmic ratio.
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(b) Individua platelets are shed from the megakaryocyte cytoplasm into the
marrow sinuses, and then are released into the vascular lumen.
(2) Each mature megakaryocyte produces from 2,000 to 7,000 platel ets that each
rangein sizefrom 2to 3 um.

Maturation time from the blast stage to platelet formation is typically 5 days.

4. Normal marrow contains approximately 15 million megakaryocyte. This equates to
approximately 5to 10 megakaryocytes per 10x power field when bone marrow smears
are microscopically examined.

5. Normal circulation life of aplatelet is 8 to 10 days.

6. Plateletsareremoved by macrophage in the liver and spleen or by active usein daily
coagulation mechanisms.

7. Circulating platelets are distributed between the spleen and blood.

a. Onethird of the circulating platelets are alwaysin the spleen.
b. The platelet count is higher in patients without a spleen and lower in patients
with splenomegaly (enlarged spleen).
8. Regulation of the platelet count
a. Under normal conditionsthe platelet count (or mass) is constant, even with active
use. Thisindicatesafeedback system that adjusts production to consumption.
(1) Rebound thrombocytopenia occurs after platelet transfusion.
(2) Rebound thrombocytosis occurs after platelet depletion.

b. Feedback stimulus results in an increased megakaryoblast endomitosis, which
increases platelet volume and number. It also affects committed unipotential stem
cells, which results in more megakaryoblast.

w

E. Laboratory measurementsof platelet activities

1. Initial evaluation includes a platelet count and slide estimate, with a reference value
of 150,000 to 440,000/mm?,

2. Bleeding timeis an effective in vivo screening test of platelet function by timing the
length it takes for platelets to plug broken capillaries after a small cut is made in the
forearm.

a. Reference values are approximately 3 to 8 minutes.

b. Increased bleeding timesare seenin:

(1) Patients taking drugs with antiplatel et action (e.g., aspirin)
(2) Patients with von Willebrand's disease (VWD)

(3) Patients who suffer from congenital platelet abnormalities
(4) Patients with platelet counts lower than 100,000/mm?

3. Platelet aggregation is measured with a platelet aggregometer.

a. Basicprinciple. Citrated, platelet-rich plasmais stirred in the aggregometer while
alight beam is passed through the suspension.

b. A chemical stimulus is added [e.g., collagen, epinephrine, ADP, ristocetin,
A23187 (calcium ionophore), arachidonic acid, y-thrombin (partially trypsinized
thrombin)].

¢. y-Thrombin retains aggregating properties but lacks clotting ability.

d. The shape change from discoid to spheroid is monitored as an initial decreasein
light transmittance.

e. Subsequent aggregation allows an increase of light to pass through the suspension
to the photodetector and to be recorded as an increase in light transmittance.

I FLATELET PATHOPHYSIOLOGY

A. Quantitative platelet disorders (Figure 2-3)
1. Thrombocytopeniaischaracterized by adecreaseinthenumber of circulating platelets
(i.e., <100,000/mmq). Clinical evidence of thrombocytopenia includes an increased
number of petechiae, hemorrhages, prolonged bleeding time, and impaired clot retrac-
tion. Decreased circulating platelet counts result from the following conditions:
a. Low platelet counts can result from defective production in the bone marrow.
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l Quantitative disordersJ lgualitative disorderil
]
I Decreased platelet courﬂ llncreased platelet countJ
|
I |
Distribution Disorders of « DA
and dilution destruction ¢ Chronic inflammatory
I disease
- » Malignancies
Splenomegaly; Dlsorders. of « Splenectomy
Hypothemia; production « Rebound
Transfusion thrombocytosis
Decrease in Ineffective [ ] 1 1
megakaryocytes production Surface Storage Disorders I Acquired I
membrane granule of TXA,
[ I disorders disorders generation
Combined Isolated Immune l - -
consumption consumption destruction Glanzmann's _thrombasthema Cardiopulmonary bypass
T Bernard-Soulier syndrome *DIC
*SLE
DIC and
its causes
| | ¢ Hermansky-Pudiak syndrome
. « Wiskott-Aldrich syndrome
I TP J I Drug mdu@ « Chédiak-Higashi syndrome
| « Storage pool disease
Quinidine
Heparin

B Figure 2-3 Platelet disorder algorithm. DIC, disseminated intravascular coagulation; IDA,
iron-deficiency anemia; ITP, idiopathic thrombocytopenic purpura; TTP, thrombotic thrombocytopenic
purpura; TXA,, thromboxane A,; SLE, systemic lupus erythematosus.

(1) Decreased numbers of megakaryocyte are seen in the following disorders:
(a) Congenital disorders (e.g., Fanconi’s anemia, maternal infection)
(b) Acquired disorders seen with the use of radiation, alcohol, thiazide diuret-
ics, chloramphenicol, and cancer chemotherapy
(c) Marrow replacement by malignant cells, which occurs with metastatic
carcinoma, leukemia, lymphoma, myeloma, and myelofibrosis
(2) Ineffectiveplatelet production inthe marrow isseen with all of thefollowing
conditions:
(a) Hereditary thrombocytopenia
(b) Vitamin By, or folate deficiency (megaloblastic anemia)
(c) Di Guglielmo’s syndrome (also known as erythroleukemia)
(d) Proximal nocturnal hemoglobinuria (PNH)
b. Thrombocytopenia can result from disorders of distribution and dilution of
platelets in the circulation. These conditions include:
(1) Splenic pooling, which is commonly seen with splenomegaly and hyper-
splenism
(2) Hypothermia, which resultsin vascular shunting
(3) Dilution in thecirculation by transfused stored blood
c. Thrombocytopenia can result from disorders that result in the destruction of
platelets.
(1) Combined consumption of both platelet and coagul ation factorsis seen with:
(a) Toxicity due to snake venoms
(b) Tissueinjury
(c) Obstetric complications (e.g., aborted fetus, toxemia of pregnancy)
(d) Neoplasms (e.g., promyelocytic leukemia, carcinoma)
(e) Bacterial and viral infections
(f) Intravascular hemolysis
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(2) Isolated consumption of platelets results from the following disorders:

(a) Thrombotic thrombocytopenia purpura (TTP) is caused by excessive
deposition of platelet aggregatesin renal and cerebral vessels. Physiologi-
cally, TTPisbelieved to be caused by vascular wall dysfunction, which
disrupts the inert basement membrane.

(i)

(ii)

(iii)

Clinical diagnosis. TTPisthreetimes more prevalent in women than
men at an average age of 35 years. The majority of patients are seen
with microangiopathic hemolytic anemia, thrombocytopenia, neuro-
logic symptoms (e.g., headaches, seizures), fever, and renal disease.

L aboratory diagnosis of TTPincludes aprothrombin time (PT) that
isnormal in 88% of patients, an activated partial thromboplastin time
(APTT) that isnormal in 94% of patients, and afibrinogen level that
isnormal in 79% of patients. Fibrin-degradation products (FDP) are
normal in 53% of patients, weakly positive in 23%, and positive in
24%.

Pathophysiology of TTP possibly results from vascular endothelial
cell damage, an increase in a platelet-aggregating factor, a possi-
ble deficiency of platelet-aggregating factor inhibitor, a decrease in
prostacyclin (PGl5), an increase in PG, degradation, or an absence
of aplasminogen activator.

(b) Hemolytic uremic syndrome

(c) Vasculitis[as seen with systemic lupus erythematosus (SLE)]

(d) Disseminated intravascular coagulation (DIC)

(3) Immunedestruction of platelets occursin the following disorders:

(a) Idiopathic (immunologic) thrombocytopenia purpura (ITP) is an au-
toimmunedisorder (Table2-1). Commonlaboratory findingsincludeanin-
crease in mean platelet volume (MPV), decreased platel et count, increased
bone marrow platelet production, increased marrow megakaryocyte, anor-
mal bleeding time, and platel et-associated 1 gG.

(b) Acutel TP occursin children 2 to 6 years of age. Thereis a sudden onset
of thrombocytopenia, which often followsviral infections, such asrubella,
chickenpox, cytomegalovirus (CMV), and toxoplasmosis.

(i)

(ii)
(iii)

(iv)

Duration. Acutel TPusually lastsfor 2 to 6 weekswith aspontaneous
remission in 80% of patients.

Platelet count is usually <20,000/mm? in patients with acute I TP,
Pathophysiology. Acute ITPis caused by viral attachment and anti-
genic alteration of platelet membraneproteinsthat result intheforma-
tion of platelet autoantibodies, which are most often IgG. 1gG-coated
platelets are removed by macrophages in the spleen.

Therapy. Because acute ITP is usualy self-limited, corticosteroids
are the treatment of choice when therapy is instituted. Steroids

Table 2-1 Acute and Chronic Idiopathic Thrombocytopenia Purpura:
A Comparison
Acute ldiopathic Chronic Idiopathic
Thrombocytopenia Purpura Thrombocytopenia Purpura
Onset Children aged 2-6 y; sudden onset, Adults aged 2040 y; women three times
often after viral infections more than men; slow, asymptomatic
onset
Duration 2-6 wk; spontaneousremissionin  Monthsto years
80%
Platelet count <20,000/mm3 30,000/mm?3-80,000/mm?
Pathophysiology Altered platelet-membrane proteins  Associated with systemic lupus
cause formation of platelet erythematosus
autoantibodies
Therapy Corticosteroids Splenectomy; immunosuppressive

chemotherapy (vincristine, vinblastine)
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d.

e.

suppress macrophage phagocytic activity, decrease Fc-receptor func-
tion, and decrease antibody platelet binding. Splenectomy is rarely
needed, and platelet transfusion is ineffective.

(c) Chronic | TP occursin adults 20 to 40 years of age. It isfound in women
threetimes morethan in men and has aslow, asymptomatic onset of throm-
bocytopenia.

(i) Duration. Chronic ITP can last from months to years.
(ii) Platelet count usually ranges from 30,000 to 80,000/mm?q.

(iii) Pathophysiology. Chronic ITP is often associated with SLE.

(iv) Therapy. Splenectomy is the most common treatment because it
decreases the number of macrophage with Fc receptors. Immuno-
suppressive chemotherapy with vincristine or vinblastine is used in
severely affected patients.

(d) Posttransfusion purpura occurs in 1% to 2% of persons who receive
blood transfusions. Production of antiplatelet antibodies by the recipient
of platelet transfusions results in the destruction of platelets.

(e) Isoimmune neonatal purpuraiscaused by maternal viremia (e.g., CMV
or rubella) or maternal drug ingestion.

(f) Drug-induced antibody formation is most commonly seen with the use
of quinidineand heparin. The drugs function as haptens, combining with
a serum protein and causing an antibody response. The drug-antibody
complex attaches to platelets, which results in agglutination, complement
fixation, and destruction by macrophages.

Thrombocytopenia can result from a combination of mechanisms (e.g., aco-

holism, lymphoproliferative disorders).

Heparin-induced thrombocytopenia is observed in more than 10% of patients

who undergo heparin therapy.

(1) Risk from thrombosiswithout heparin therapy isgreater than therisk of bleed-
ing from heparin-induced thrombocytopenia.

(2) The mechanism of thrombocytopenia is due to a direct platelet-aggregating
effect, aswell asimmune destruction by antiplatelet antibodies.

(3) Laboratory diagnosis. A normal aggregation pattern in platelet aggregome-
ter studies is found, except that adding heparin as a stimulant will increase
aggregation instead of blunting the aggregation reaction.

Thrombocytopenia associated with human immunodeficiency virus (HIV) in-

fection is severe but rarely hemorrhagic.

(1) Characteristicssimilar to classic ITP include:

(a) Abundant megakaryocytes

(b) Occasional giant platelets

(c) Immune origin

(d) Absence of splenomegaly

(2) Characteristicsdifferent from ITPinclude:

(a) Greater levels of bound antibody

(b) Involvement of immune complexes

2. Thrombocytosis is characterized by an increase in circulating platelet counts
>450,000/mm?.

Essential thrombocytosis is the result of a primary bone marrow disorder. Al-
though it is characterized by an increased number of platelets, it is caused by a
clonal proliferation that affects all hemopoietic cells. Often, patientswith athrom-
bocytosis will have increased bleeding tendencies because of possible accompa-
nying functional abnormalities. Essential thrombocytosis is most commonly seen
in patients with the following disorders:

(1) Hodgkin's lymphoma

(2) Polycythemiavera

(3) Myelofibrosis

(4) Chronic myelogenous leukemia

(5) Thrombocythemia
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b. Secondary thrombocytosis is a secondary response most commonly associated
with the following disorders:

(1
(2)
(3)
(4)

I ron-deficiency anemia associated with chronic blood |oss

Chronic inflammatory disease may be associated with high platelet counts
Splenectomy-associated thrombocytosis

Rebound thrombocytosis, which may occur after aplatel et depletion through
amassive blood loss

B. Qualitative platelet abnormalities
1. Surface membrane defects that are genetically acquired
a. Glanzmann thrombasthenia

(1)

(2)

(3)

(4)

(5)

(6)

This disease is a homozygous autosomal recessive disorder in which one of

two genes coding for either the membrane receptor glycoprotein I1b (GPI1b)

or for GPIllais affected. Both genes are found on chromosome 17. Males as
well asfemales are affected.

Both receptors function in the aggregation process to anchor platelets to ex-

posed collagen in the subendothelial tissue of damaged blood vessel walls. The

blood clot failsto form, because the dimer complex is no longer defective and
platelets can no longer bind to one another.

Symptoms commonly present in infants and in early childhood.

(a) Bruising (i.e., purpura)

(b) Nose bleeds

(c) Bleeding from the gums started by trauma or simple sneezing, crying,
coughing, or the eruption of atooth

(d) Female adolescents may experience heavy menorrhagia when they begin
their cycle.

(e) In many, the severity of bleeding events lessens with age.

L aboratory diagnosis of this disorder is for the most part straightforward.

(a) Normal platelet count and morphology

(b) Significantly prolonged bleeding time

(c) Platelet aggregometer profile showsfailureto aggregatewith all agents
(i.e., ADPR, adrenaline, thrombin, collagen), except von Willebrand factor.

Clinical variants of Glanzmann's have been identified based on their patterns

of severity.

(a) Typel isaseveredeficiency of <5% of the glycoprotein complex.

(b) Typell isconsidered amild to moder ate deficiency with 5% to 20% of
the complex remaining.

(c) Clinical Typelll isfound to be aqualitative dysfunction.

Prognosis and treatment is of alifelong disorder. Glanzmann’'s now is asso-

ciated with alow death rate from hemorrhage with modern medical care and

support.

(a) Theonly curative treatment for Glanzmann’s disorder isthe bone marrow
transplant.

(b) Mosttreatmentsaresupportiveof thebleeding and preventive management.
The avoidance of trauma and drugs, such as aspirin, that have antiplatel et
actions are considered foremost.

(c) Treatment of bleeding episodes can include platelet transfusion or local
application of thrombin and adrenaline solutions.

b. Bernard-Soulier syndrome (BSS)

(1

Isdirectly dueto an inherited quantitative or qualitative defect in the platelet

glycoprotein (GP)Ib/IX complex consisting of four platelet surface glyco-

proteins (1b%, b2, IX, and V).

(a) The GP Ib* geneislocated on the short arm of chromosome 17, the GP
Ib? geneis on the long arm of chromosome 22, and the GP | X and GP
V genes are located on the long arm of chromosome 3.

(b) Thelb molecule carries both the high- and moderate-affinity receptor sites
for thrombin.
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(2)

(3)

(4)

(5)

(c) This receptor complex mediates adhesion of platelets to the blood ves-
sel wall at sites of injury by binding vVWF and facilitates the ability of
thrombin to activate platelets.

(d) BSSisextremely rare, occurring <1 per 1 million.

Clinical symptoms can present early in life and most commonly include fre-

quent bouts of epistaxis, gingival and cutaneous bleeding, and hemorrhage

associated with trauma.

Laboratory diagnosis commonly results in a prolonged vy bleeding time,

giant platelets, and thrombocytopenia.

(a) Platelet counts may range from very low (i.e., <30,000/mm?q) to slightly
low or low normal.

(b) Bleeding time results range from slightly prolonged (8-10 minutes) to
significantly prolonged (>20 minutes).

(c) Examination of ablood smear and the MPV for giant platelets.

(d) Platelet aggregation studies will show areduced aggregation with risto-
cetin and anormal response to other agonists.

Because BSSinvolvesgene mutationsof several glycoproteinscodesby several

different chromosomes, several clinical variants of the disorder have been

identified.

(a) TypeA clinical variant is what is known as classic BSS due to mutation
inthe GP Ibg gene. A functional defect is often possible in which the GP
Iba isexpressed in adysfunctional form that failsto bind ligand.

(b) Type B variants have aso been identified where the genetic lesion may be
localized tothe GP I ba gene on chromosome 17, 22, or the GP I X gene
on chromosome 3.

(c) Type C variants are dueto GPV gene lesions on chromosome 3.

(d) Rarely, cases of acquired BSS have been described in patients with
myelodysplasia and with acute myelogenous leukemia (M 6).

Prognosis and treatment of these patients concentrates on supportive mea-

sures and the treatment of acute bleeding episodes.

(a) Management should include the education of the patient and their fami-
liesabout their condition and avoiding unnecessary risks, antiplatelet med-
ication such as aspirin or a nonsteroidal anti-inflammatory, and adegquate
dental hygiene.

(b) Iron-deficiency anemia often devel ops due to chronic bleeding.

(c) Splenectomy lessens the degree of thrombocytopenia and the severity of
some symptoms.

(d) Oftenthetransfusion of blood and plateletsis necessary to control hem-
orrhage and thrombocytopenia with a traumatic event.

(e) In future modes of treatment, BSS may be an ideal candidate for gene
therapy. Bonemarrow or stem cell transplantation isstill experimental
for individuals with BSS.

c. Differential diagnosis of membrane-related disorders;

(1)

(2)

Glanzmann's thrombasthenia and BSS have many clinical and physiological

similarities (Table 2-2).

(a) Both result in chronic bleeding of mucous membranes. Treatments and
diagnosis will be different so it is important that a correct diagnosis is
made.

(b) Both disorders will have an increased bleeding time, but the platelet
count is commonly decreased in BSS with giant platelets.

(c) The aggregation patterns will typically give opposite results for each
disorder.

Bernard Soulier must be further differentiated from von Willebrand’sdisease

orlTP.

(a) Von Willebrand’s disease also presents with an increased bleeding time
and impaired Ristocetin aggregation, but there is a decrease in VWF
(VII:R), not in the receptor binding site.
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Table 2-2 Differential Diagnosis of Glanzmann’s Thrombasthenia
and Bernard-Soulier Syndrome

Disorder Bleeding Time Platelet Count MPV Aggregation Pattern
Glanzmann's Increased Normal Normal Failure of normal
Thrombasthenia aggregation pattern
except Ristocetin
Bernard-Soulier Increased Decreased Increased Normal aggregation
Syndrome with al agents
except Ristocetin
vWD Increased Normal to Normal Normal aggregation
decreased with all agents
except Ristocetin
ITP Normal to Decreased Increased Normal
Increased

(b)

(c)

The addition of exogenous VWF in plasma cryopr ecipitate to VWD pa-
tientswill correct thisbleeding disorder, but will not reversethe symptoms
of those with BSS.

ITP aso presents with a thrombocytopenia and giant platelets (i.e.,
MPV), but respondswell to treatment with steroi dsand splenectomy, which
isineffective with BSS.

2. Abnormalitiesin the granular fraction of the platelet

Defects in dense granules. Some platelet functional abnormalities are due to
abnormalities in the granular fraction of the platelet. Congenital deficiencies in
dense granules, which contain ADP, ATP, serotonin, and cal cium, show diminished
platelet aggregation in the second wave of aggregation.

(1) Hermansky-Pudlak syndrome (HPS)

a.

(a)

(b)

(c)

Duetodecreased number sof platelet densegranulesdueto anautosomal
recessive trait caused by mutations in the HPS1 gene on chromosome
10g23. The gene controls functionsinvolved in the production and control
of melanosomes, platelet dense bodies, and lysosomes resulting in adefect
in platelet ADP release and a disruption in the ADP/ATP ratio granular
content.

Common symptoms consist of atriad phenotype of albinism, prolonged
bleeding time, and the accumulation of ceroid pigment in lysosomal
organelles.

(i) Other serious features include visual impairment, pulmonary fi-
brosis, inflammatory bowel disorder, and kidney disease.

(ii) Thevariant of albinism in HPSisatyrosinase-positive form, with
varied amounts of pigmentation. Some patients may have very light
hair and frail features, whereas others may have dark hair and possess
ocular abinism.

(iii) Organ dysfunction isdueto accumulation of ceroid pigmentinlyso-
somal organelles. Often the lungs are affected leading to pulmonary
fibrosis due to remaining scar tissue.

(iv) Because of the platelet granular problems, easy bruising, frequent
nose bleeds, prolonged wound bleeding, heavy menstrual bleed-
ing in females, and excessive bleeding with dental proceduresis
common.

Increased bleeding time test may bethefirst clueto differential diagno-
sis.

(i) Laboratory diagnosis with standard blood tests, such as the PT,
partial thromboplastintime (PTT), platelet count, and ableeding time
do not readily identify an individual with HPS.

(ii) Platelet aggregation studies may find a blunted response in the sec-
ond phase of aggregation.
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(iii) The most definite diagnosis can be found by electron microscope
observation of the patient’s platelets and finding an absence of dense
granules.

(2) Chediak-Higashi syndrome (CHYS)

(a) CHSisageneralized autosomal recessive genetic disorder with recurrent
infections in combination with ocular, neurological, and skin manifesta-
tions.

(i) Onsetin early childhood and death often occurs before the age of 7.

(i) Caused by mutations in the lysosomal trafficking regulator gene
(LYST) found on chromosome 1.

(iii) Resultsinabnormal membranefluidity, uncontrolled granule mem-
brane fusion, and formation of giant cytoplasmic granules, and a
lack of distinguishable dense granules in leukocytes, melanocytes,
and platelets.

(b) The pathogenesisof CHSresult in:

(i) Decreased (i.e., partial) pigmentation of the hair and eyes

(ii) Photophobia

(iii) Nystagmus

(iv) Abnormal susceptibility to infection

(v) Neutrophilsdemonstrate defective chemotaxis, degranulation, and
bactericidal activity.

(vi) Plateletshavedecreased densegranule ADPresultinginanincreased
ATP:ADP ratio.

(vii) Neurological manifestations usually onset in adults with CHS and
include motor, sensory, and cranial nerve defects.

(c) The laboratory diagnosis of CHS would include a CBC with platelet
count, Wright's stained blood smear, bleeding time, platelet aggregation
studies, ATP:ADP ratio measurements, and bone marrow biopsy.

(i) A CBC will reflect aWBC count between 2,000 to 15,000/mm? and
apossible neutropenia.

(i) Platelet countsare usually normal

(iii) Large eosinophilic, peroxidase-positive inclusion bodies in the
myeloblasts and promyel ocytes in the marrow

(iv) Bleeding time will be prolonged.

(v) Coagulation screening will be normal.

(vi) Blood smear examination will reveal leukocyteswith darkly stained
giant granulation.

(vii) Platelet aggregation profile will reveal decreased platelet aggrega-
tion in response to collagen and ADP.

(d) Prognosis and treatment of CHS in the chronic stable phase includes a
multidisciplinary approach.

(i) Highdosesof vitamin C have been suggested to improve phagocytic
function.

(ii) Treatment in the accelerated phase may include a combination of
corticosteroids, vincristine, and cyclophosphamide to partialy ar-
rest the lymphohistiocytic infiltration of the secondary lymphoid tis-
sues but is not usually successful in arresting the progression of the
disease.

(iii) Todate, bonemarrow transplantation has been successful in some,
of the reversal of the accelerated phase of CHS.

(3) Wiskott-Aldrich syndrome (WAS)

(a) Thisdisorderisararex-linked immunodeficiency disorder highlighted by
athrombocytopenia, eczema, recurrent infections, and a predisposition
for secondary leukemia or lymphoma.

(b) The syndrome is caused by the deletion of a specific gene on the X-
chromosome called the WAS protein gene (WA Sp). Gene expression is
limited to cells of hematopoietic lineage.
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(c) Although the function of WA Spisnot fully known asyet, thereisevidence
that it seemsto function asabridge between signaling and movement of the
actin filaments in the cytoskeleton of hematopoietic cells such as platelets
and lymphocytes.

(d) Thedeletionresultsanimmunodeficiency that iscaused by low production
of B and T lymphocytes. Immunodeficiency is found in the majority and
commonly includes IgM deficiency.

(i) Because both types of lymphs are affected, these young males are
susceptibletorepeated infectionsfrom bacteria, fungi, and vir uses.

(i) Ear infections, meningitis, and pneumonia are common.

(e) Diagnosisis usually made on the basis of the patient’s age and sex and
the demonstration of a thrombocytopenia, a weak antibody response
to certain specific polysaccharide antigens, and weak level of platelet
aggregation response.

(f) The manifestations of the syndrome are localized hemorrhage, eczema,
pronenessto infection and bloody diarrhea.

(g) Laboratory diagnosisincludes serum immunoglobulin levels, functional
testing of humoral and cellular immunity, and CBC with cytoflow studies.

(i) Inclassic WAS, IgM levelsarelow and 1gG levels are normal.

(i) A CBC with manua differential is helpful, paying specia attention
to lymphocyte numbers and platelet size.

(iii) Patients with WAS usually have a mean platelet volume (M PV) of
3.81t0 5.0 fl compared to anormal range of 7.1 to 10.51l.

(iv) Counting T- and B-lymphocyte subsets by flow cytometry are useful.
T-cell deficiency may occur, but many times the B-cell number is
normal.

(v) Patients will demonstrate a weak response with CD43 and a low
CDS8 count.

(h) Prognosis and treatment with standard supportive therapy is poor. Death
usually occurs before the age of 10 due to infection, malignancy, and
bleeding.

(i) Standard treatments include antibiotics for infections and platel et
transfusions to limit bleeding.

(i) Immune globulin is sometimes given to strengthen the patient’sim-
mune system.

(i) If the thrombocytopenia becomes severe, splenectomy may be ben-
eficial to reduce the risk of bleeding five to sixfold.

(iv) To date, the most successful form of treatment is a bone marrow
transplant from a compatible sibling. Marrow transplantation may
produce acureis an appropriate HLA compatible donor is found.

a-Granule deficiencies are rare platelet functional abnormalities in which both

aggregation and release properties are diminished.

(1) Storage pool disease, aso known as Grey platelet syndrome (GPS) isacon-
genital platelet disease which associates thrombocytopenia and aggregation
abnormalities.

(a) Inheritanceisautosomal dominate.

(b) The disorder is typically mild and patients commonly present with mild
epistaxis, easy bruising, and long-lasting hemorrhages after accidental
cuts.

(c) Ischaracterized by amarked decrease or absence of platelet «-granules
and specific «-granule proteins. Morphologicaly, platelets appear large
and contain few granules, giving them a grey appearance with Wright-
Giemsa stained blood smears.

(i) Analysisof platelet contents has showed an elevated mean AT P/ADP
ratio of 3.8 as compared to anormal of 1.6.

(i) Serotonin content was also decreased in the affected platelets as

compared to normal.
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(iti) Aggregation studies demonstrated that patient aggregation response
to ADP, collagen, or epinephrineismarkedly impaired, but thrombin
and arachidonic acid aggregation isnormal.

(d) Laboratory diagnosistypically reveals a decreased platelet count with
low MPV and abnormal aggregation results as described previously.
(i) Other diagnostic criteriainclude an increased bleeding time.
(ii) Thediagnosiscan beconfirmed with transmission el ectron microscope
studiesto reveal lack or decrease of a-granules.

(iii) Newer methods have recently been reported for marking plateletswith
a green fluorescent dye (Mepacrine) that is rapidly and selectively
taken up by granulesin platel ets. Subsequent flow cytometric analysis
of platelet rich plasma using mepacrine-stained platel ets can measure
granule presence and compared to normal platelets.

(e) Prognosis of this disorder is mild and not life-threatening; treatment is
commonly supportivewith platelet transfusion giveninrare cases of severe
chronic thrombocytopenia.

3. Deficienciesof thromboxane generation can occur because of agenetic deficiency of
the cyclo-oxygenase enzyme. Platelet aggregation tests are unresponsive to ar achi-
donic acid as a stimulator.

Platel et secretion of granular content depends on the activation of aseries of phos-

pholipases that catalyze the release of arachidonic acid.

(1) This metabolite is converted to intermediate prostaglandins by the enzyme
cyclooxygenase, and then on to thromboxane A, (T XA2) by another enzyme,
thromboxane synthetase.

(2) TXA2 functions to stimulate a cascade of events resulting in secretion and
platelet aggregation by mobilization of iron calcium from internal stores
into the cytoplasm.

Deficiencies of thromboxane generation that occur due to a genetic deficiency of

the cyclooxygenase enzyme are very rare. Only two families have been reported

with agenetic TXA2 deficiency.

Several acquired or genetic disor der sof platelet secretion aretraced to structural

and functional modificationsof arachidonic acid or pathway enzymes. Dysfunction

or deficiency of thromboxane receptorsis also known.

(1) Ingestion of aspirin and ibuprofen causesinhibition of arachidonic acid path-
way enzymes, therefore, these types of disorders are referred to as having
“aspirin-like effects.”

Inthe absence of cyclooxygenase, secretion and secondary aggr egation does not

occur.

(1) Suchdeficienciesproduceaplatel et aggregation patternthat issimilar to storage
pool disease.

(2) In contrast to storage pool disorders, ultrastructural and granular contents are
normal.

Laboratory diagnosiswill find that the platelet count in such casesis normal, but

the bleeding timeisincreased.

(1) Primary aggregation isnormal.

(2) Platelet aggregation tests will be unresponsive to arachidonic acid, ADP, and
collagen in the secondary aggregation stage.

Theprognosisof such disordersisnot life-threatening and easy to manage. Patients

with these deficiencies present with amild bleeding disorder and treatment usually

consists of avoiding antiplatelet drugsand in females controlling menorrhagia
with hormonal therapy.

4. Acquired disorders of platelet function exist that are secondary to the following
conditions:

a.

Thrombocytopenia and platelet function defects, caused by a depletion of «-

granules, are seen in some patients after cardiopulmonary bypass.

(1) Functional defects result from platelet activation and fragmentation in the
bypass mechanical process.
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(a) Causesthe bleeding timeto increase more than 30 minutes.
(b) Causes of defects and granule depletion include:
(i) Aggregation of platelets by fibrinogen absorbed onto the surfaces of
the bypass circuit material
(ii) Hypothermia
(iii) Complement activation
(iv) Mechanical trauma and shear stresses
(v) Bypass pump-priming solutions
(c) Platelet fragments are commonly found in the blood of bypass patients.

(2) Typically, after anormal bypass without complications, normal platelet func-
tionreturnsin about 1to 3hoursafter surgery, but platelet count of cour se
takes several daysfor the marrow to correct for loss.

(3) Thrombocytopeniacan also beamplified by hemodilution asthe blood passes
through the by passmechanism and removal of damaged platel etsby the patients
liver and spleen.

Disseminated intravascular coagulation (DIC) refers to a deposition of large

amounts of fibrin throughout the microcirculation, which results in a pathological

activation of platelet aggregation and coagulation pathways.

(1) DICisclassifiedasaconsumption coagulopathy becauseit resultsindepletion
of platelets, aswell as plasma coagulation factors.

(2) Plasminogen isactivated on awider scaleto plasmin, resulting in anincrease
infibrin degradation products (FDP) in the plasma.

(3) Extrinsic system activation by large amounts of tissue factor entering the
circulation and can result from hypofibrinogenemic states of pregnancy,
metastatic carcinoma, or promyelocytic leukemia.

(4) Intrinsic system activation results from events that damage or ater the
vascular endothelium, thereby exposing collagen (e.g., infectious diseases,
antigen-antibody complexes, liver disease, snake venom poisoning, mas-
sivetrauma, or surgery).

(5) Common diagnostic test resultsinclude:

(a) Thrombocytopenia

(b) Prolonged coagulation screening tests
(c) Elevated FDP or D-Dimer

(d) Decreased plasma fibrinogen

Lupus-like anticoagulant is developed in 10% to 20% of people with SLE, a

significant number of patients taking the drug, phenothiazine, and occasionally in

cases of lymphoproliferative disorders.

(1) Autoantibodiesfoundinthepatient’splasmaaredirected against the phospho-
lipid portion of phospholipoprotein components found as part of the platelet
membrane surface, as well as the laboratory reagent used to perform the
APTT.

(2) Occasiondly patients with lupus-like anticoagulant have a mild thrombocy-
topenia and a functional defect of granular release.

(a) The presence of clinical bleeding with lupus-like anticoagulant is only
found in patient’s with high titers of anticoagulant.

(b) Theantibody isfirst detected by aslightly prolonged APTT. Further testing
for a specific factor deficiency will prove to be normal.

Heparin-induced thrombocytopenia occurs in a significant number of patients

who receive heparin demonstrate a dight transient decrease in platelet count.

(1) The mechanism of thrombocytopenia is postulated as a direct platelet ag-
gregating effect as well as immune destruction by antiplatelet antibodies.
Sequestration by the spleen is also afactor.

(2) Diagnostic criteriainclude;

(a) Abnormal PT and APTT time
(b) Low platelet count

(c) Prolonged bleeding time

(d) Positive antiheparin antibody
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e.

(e) Normal aggregation patternin platelet aggregometer studies, except that
adding heparin as stimulant will increase aggr egation instead of blunting
the aggregation reaction. Symptoms subside upon the discontinuation of
heparin.

Uremiadueto kidney failure (Hemolytic-uremic syndrome) sometimes causes

platelet aggregation abnormalities because of prostacyclin production and de-

creased platelet TXA, production.

(1) A qualitative abnormality of platelet function isthe most common finding.

(2) Thedefectisextrinsic andisproportional tothelevel of metabolite buildup
in the blood due to lack of renal function.

(a) Themost damaging metabolitesto platel et function are thought to be urea,
guanidinosuccinic acid, and phenolic acid.

(b) Endothelial cellsin uremia demonstrate an increase in prostacyclin-like
activity.

(c) Blood ureanitrogen (BUN) levelsand bleeding timeresultsaredirectly
proportional and inversely proportiona to the hematocrit.

(3) Diagnostic criteria include abnormal values for bleeding time and the PT.
Platel et retentionisabnormal and aggr egation studiesshow abnor mal results
with ADP, collagen, epinephrine and ristocetin.

Drug induced platelet abnormalities are the most common cause of acquired

platelet dysfunction.

(1) Functional inhibition is most common with the group of drugs that inhibit
platelet prostaglandin production, such as aspirin. Other classifications of
drugs affect platelet function by altering membrane function.

(2) Chemical compounds may alter the bleeding time and platelet aggregation
studies.

(a) Themost common inhibitorsare aspirin, alcohol, and certain antibiotic
agents such as penicillins and cephalosporins.

(b) Aspirin can result in a platelet dysfunction by irreversible inactivation of
the cyclooxygenase enzyme and the resultant decrease in TXA, forma-
tion.

(c) Other nonsteroidal anti-inflammatory drugs, such as ibuprofen-related
drugs, have the same effect.

(d) Chronic ingestion of large quantities of alcohol can lead to platelet dys-
function. Studies of this dysfunction suggest a mechanism of an inhibi-
tion of prostaglandin synthesis, the alteration of the storage pool of
ADP/ATP, or an alteration of platelet membrane stabilization.

(e) Antibioticsthat aredesigned to affect bacterial cell wall synthesiscan alter
platelet function by decreasing the aggregation response with ADP in
the primary or secondary wave of aggregation.

(3) Diagnostic criteria commonly include an increase in the bleeding time.
Platelet aggregation studies usually result in a pattern of abnormal aggre-
gation in responseto ADP, collagen, and epinephrine.

(4) Inthe majority of cases, full platelet function returns after the offending drugs
are discontinued.

I BL00D COAGULATION AND FIBRINOLYSIS (Figure 2-4)

A. Initiating reactions (contact activation)
1. The intrinsic system refers to the path of the coagulation cascade in which
prekallikrein, heavy-molecular-weight kininogen (HMWK), and factors XI1, XI,
X, 1X, VIV, 1, and | areinvolved inthe formation of afibrin clot. Inthelaboratory,
the APTT is used to test the coagulation cascade.

a.

I nitiation of theintrinsic system coagulation cascadeisby the activation of factor
X1l (Hageman factor).
(1) Vascular damage exposes negatively charged subendothelial tissue.
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B Figure 2-4 The coagulation cascade. Each enzymatic factor represented by roman numerals is
converted in turn to an activated form designated by the letter “a.” The intrinsic pathway consists of
high-molecular-weight kininogen (HMWK); prekallikrein; and factors I, I, V, VIII, IX, X, XI, and XII. The
intrinsic pathway is screened by the APTT. The extrinsic pathway consists of factors |, Il, V, VII, and X. It is
screened by the PT test. Ca®*, calcium ion; PF3, platelet factor 3; (—), negative surface charge of exposed
subendothelium.

(2) Theinactive zymogen form of factor X11 is attracted to the negatively charged
endothelial surfaceof thedamaged blood vessel. The negative polarity activates
factor XII by causing the molecule to expose its active serine center. The
activated form of factor X1I isthen denoted as factor Xlla.

b. Therearethree productsof factor Xllareactions.

(1) Prekallikrein is enzymatically cleaved by factor Xllato produce kallikrein,
which in turn produces bradykinin.

(a) Bradykinin functions to increase local vasodilatation and membrane per-
meability to increase local blood flow.
(b) Thereaction requiresHMWK as a cofactor (Figure 2—4).
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(2) Plasminogen is enzymatically cleaved by factor Xllato functional plasmin,
which initiates clot dissolution reactions.

(3) Factor Xlla enzymatically activates factor XI (plasma thromboplastin an-
tecedent) to yield factor Xla. The activation of factor Xla will continue the
coagulation cascade.

2. Theextrinsic system

a.

I nitiation. Contact activation of the extrinsic system beginswith the activation of

factor VII.

(1) Factor |11, known as tissue factor, is the primary activator of VII to Vlla,
which is a potent serine protease.

(2) Tissue factor consists of lipoproteins, which are produced in many tissues.

(3) Minor activation of factor VII can occur by proteolytic attack from factors
Xlla, Xa, 1Xa, or thrombin.

Inlaboratory testing of theextrinsic system, lipoprotein-rich extractsare added

tocitrated plasmaasthe PT reagent to support the activation of factor V11 by tissue

factor.

B. Intermediatereactions
1. Factor Vllaintheextrinsic pathway enzymatically altersfactor X toyield Xainthe
presence of factor I11. Factor Vlla has limited ability to activate the conversion of X
to its activated form (1Xa).
2. Factor 1X intheintrinsic pathway is most strongly activated by the direct enzymatic
action of Xla

a.

Initiation. This reaction does not require tissue factor lipoprotein as extrinsic
pathway activation. It does require negatively charged membrane phospholipids
and ionized calcium. Platelets are the main source of in vivo phospholipid
surfaces.

Inlaboratory testing of the intrinsic system, phospholipid extracts are added to
citrated plasma as part of the APTT reagent to provide the activation for platelet-
supported reactions.

3. Factor X (Stuart-Prower factor) is activated by two different pathways.

b.

Inthe extrinsic pathway, factor X isenzymatically activated by VIl a, with factor
I and calcium as cofactors.

Intheintrinsic pathway, factor X is activated by factor |1 Xa. Factor IXaforms a
complex with a platelet phospholipid membrane surface and factor VII1 (antihe-
molytic factor) in the presence of calcium.

4. Thefactor VIII complex is a high-molecular-weight (MW) complex formed of two
subunits.

a.

VI1I1:C (antihemolytic factor) is synthesized in the liver and is genetically con-

trolled on the X-chromosome (sex-linked transmission).

(1) Function. Factor VII11:C servesasacofactor in the activation of factor X by
factor | Xa. The presence of VI111:C accelerates the reaction rate by 500-1000
times.

(2) Activator. Factor VII1:C is activated by thrombin.

(3) Inactivator. Coagulation inhibitor protein C (PC) breaks down factor VI11:C
enzymatically.

(4) Pathology. An inherited deficiency of factor VII1:C is known as hemophilia
A.

Factor VIII:R (VWF) is synthesized by endothelial cells, megakaryocyte, and

platel et and demonstrates autosomal genetic expression.

(1) Function. VWF supports the adhesion of platelets to the exposed suben-
dothelial surface of the blood vessel.

(2) Activator. vVWF activation occurs through the release of platelet aggregators
from damaged subendothelial tissueand fromtherelease of platelet a-granule
contents.

(3) Pathology. Aninherited deficiency of factor VII1: Risknown clinically asvon
Willebrand’s disease (VWD).
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Factor Xa activation beginsthe common pathway, because the following enzymatic

reactions are shared by both the intrinsic and the extrinsic pathways.

a. Factor Xaenzymatically cleaves the zymogen prothrombin (factor I1) to its acti-
vated form, thrombin.

b. The activated form of factor V (proaccelerin) acts as a cofactor for factor Xa
activation of prothrombin. Factor V is converted to its active form by thrombin.

¢. The combination of phospholipid membrane surface, factor Xa, factor Va, and
calcium forms the receptor complex known as thrombomodulin, which supports
the enzymatic conversion of prothrombin to the active enzyme thrombin (Figure
2-4).

Thrombin (11a) is apowerful enzyme with many functions, including:

Enzymatic conversion of fibrinogen to fibrin monomer

Activation of factor X111 (fibrin stabilizing factor)

Activation of platelet aggregation

Activation of factor V and factor VII1:C

Activation of PC

Wesak activation of factor V11 tofactor Vlla

-0 20 09O

C. Fibrin clot formation isthe last step in the coagulation cascade.

1.
2.

Thrombin enzymatically converts fibrinogen (factor I) to fibrin.

Fibrinogen has the highest plasma concentration of any clotting factor, with anormal

range of 150 to 400 mg/dL. The molecule is produced in the liver and has a unique

molecular structure.

a. Thefibrinogen monomer consists of two identical subunits bound together to pro-
duce a symmetric structure.

b. Three nodular domains in the fibrinogen molecule have been identified as two
identical D regions at either carboxy-terminal end and acentral E domain at the
N-terminal end.

Thrombin enzymatically activates the fibrinogen monomer by splitting off the fib-

rinopeptides Aa and B from the N-terminalsin the E domain.

The thrombin-exposed N-terminal peptidesin the E domain react noncovalently by

electrostatic forces with polar D domain regions of adjacent fibrin moleculesto form a

polymer structure.

Formation of a fibrin polymer is the endpoint detected in the majority of in vitro

clotting time tests.

. Clot stabilization is achieved by factor Xllla (fibrin stabilizing factor) from the

formation of covalent bonds between chains of adjacent fibrin molecules.

a. Theinactivecirculating zymogen form of factor X111 isactivated by the proteolytic
action of thrombin with calcium and fibrinogen serving as cofactors.

b. Factor Xlllaalso covalently cross-links ap-antiplasmin to the fibrin clot, rendering
the clot less susceptible to lysis by plasmin.

D. Vitamin K—dependent factors are coagulation factors (i.e., factors I, VII, IX, X) and
inhibitors[i.e., PC, protein S (PS)] that depend on vitamin K metabolism to be completely
functional.

1.

2.

Without vitamin K, the coagulation factors and inhibitors are nonfunctioning, even

when present in normal concentrations.

Coumarin anticoagulants inhibit vitamin K reduction from the epoxide form. The

end result isthat factors 11, VI, IX, and X are rendered inactive.

a. Unlikeheparin, coumarinisinactive asanin vitro anticoagulant and functionsonly
as atherapeutic in vivo anticoagulant.

b. ThePT testisthebest screening method for coumarin ther apy becausefactor VIl
has the shortest half-life and is the most sensitive to levels of coumarin therapy.

E. Natural inhibitors of coagulation function to counterbalance the effects of coagulation
factors, provide limitations for the forming fibrin clot, and prevent systemic thrombus
formation.
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1.

o~ wWN

Antithrombin 111 isthe principa inhibitor of thrombin and factor Xa with limited
inhibitory activity against factors | Xa, Xla, and Xlla
a. Antithrombin I11 functions by binding with thrombin to form a 1:1 inactive
complex.
b. Heparin serves as a cofactor in the inactivation, thereby increasing the reaction
rate by more than 2,000 times.
ap-macroglobulin isaminor inhibitor of thrombin.
Complement C, inhibitor isaminor inhibitor of factors Xlaand Xlla.
a-antitrypsin haslimited inhibition of thrombin, kallikrein, and factor Xla.
PC isavitamin K-dependent inhibitor that circulates as an inactive zymogen.
a. Activator. PC is activated by thrombin as part of the thrombomodulin platelet
receptor complex.
b. Function. PC inactivates factors VIII: C and Va in the presence of cofactor PS.
PS also depends on vitamin K, functionsto enhance binding of PC to phospholipid
surfaces, and increases the rate of Vaand Vlllainactivation by PC.

F. Laboratory testing of coagulation dependson the quality and freshness of the plasma
specimen obtained. Whole blood anticoagulated with sodium citrate is the specimen of
choice. A 9:1 blood:citrate ratio is required for accurate coagulation testing, because a
ratio of <9:1 may falsely increase results. Conditions that can interfere with obtaining
the required 9:1 ratio are an abnormally high hematocrit, traumatic blood drawing, or a
hemolyzed specimen. EDTA contamination can falsely increase PT and APTT results.
Specimens must be assayed as soon as possible, and the plasma must be kept cold to avoid
factor deterioration.

1.

2.

PT testsfor extrinsic pathway deficienciesin factorsVII, X, V, 11, and | (fibrinogen).

a. Reagent. A lipoprotein tissue extract from brain or lung tissue serves as the
reagent source of tissue factor. An excess of calcium is also added to the PT
reagent.

b. Principle. Citrated plasma is added to the lipoprotein reagent with calcium, and
the time required for fibrin clot formation is measured.

c. Referencerange. Although the PT assay has an approximate normal range of 11
to 13 seconds, it isimportant for each laboratory to establish its own range.

d. Variation. Theaddition of Russell’sviper venom (Stypven) instead of lipoprotein
reagent activates factor X directly, bypassing factor V11 as a necessary component
variable. This variation of the common PT is known as the Stypven time.

Theinternational normalized ratio (INR) by definition isthe PT ratio that reflects

the results that would have been obtained if the World Health Organization (WHO)

international reference preparation (IRP) thromboplastin had been used to perform
the test.

a. The specific purpose of the INR is for reporting results on stable, orally antico-
agulated patientstaking Coumarin.

b. Calculation of the INR:

(1) In order to calculate the INR, it is necessary to have a PT ratio and the inter-
national sensitivity index (ISl) value of the thromboplastin reagent used to
measure the PT.

(2) ThelSl valueisassigned by the manufacture of the thromboplastin reagent,
and attests to the purity of the reagent. The lower the manufacture 1S value,
the more desirable the reagent for use. An IS value of 1.0 would claim equal
purity with the WHO thromboplastin IRP.

(3) The PT ratio iscalculated asfollows:

Patient PT
Mean normal PT

(4) TheINR isthen derived by the following formula:

INR = [patient PT < mean of normal PT]'™
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Alternatively, the INR can be calculated by the following formula:
log (INR) = ISl x log (patient PT/normal PT)

Therapeutic ranges of INR

(1) Patients not on oral anticoagulants with normal coagulation should have low
PT valuesin the range of the INR.

(2) The mgjority of patient’s INRs of 2.0 to 3.0 corresponds to PT ratio for
thromboplastin of 1.5t0 2.0.

(3) When the INR is correctly used for monitoring a patient’s oral anticoagul ant
therapy, the physician givesastandard dose of coumarin to achieve a target
INR between 2.0 and 3.0.

(4) If the physician chooses to use a high dose of coumarin, the target value
INR is between 2.5 and 3.5. Indications of high-dose anticoagulant therapy
are mechanical heart valves.

(5) AnINR value>3.5constitutesa panicvalueand should bereported tothe
patient’s nurse immediately.

3. APTT testsforintrinsic pathway deficienciesin factors prekallikrein, HMWK, and
factors XI11, XI, IX, X, VIII, V, Il,and I.

a.

C.

Reagents. A phospholipid-rich preparation is used as a platel et-membrane substi-
tute. An activator, such askaolin, ellagic acid, or celite, isalso added to the APTT
reagent to provide the negative surface charge required to activate factor X1l and
prekallikrein. Calcium chlorideis used as an additional reagent to initiate clotting.
Principle. A citrated plasmasampleis preincubated with the phospholipid reagent
toinitiate contact activation factorsin the intrinsic pathway. Following incubation,
calcium chloride reagent is added as a separate reagent to initiate the clotting
cascade. The time required for fibrin clot formation to occur is measured.
Reference range. The APTT assay has an approximate normal range of 25 to
40 seconds, but it isimportant for each laboratory to establish its own range.

4. Thrombin clotting time (TCT) testsfor adeficiency or inhibition of fibrinogen.

a.

b.

Principle. Commercially prepared thrombin reagent is added to citrated plasma,
and the time required for clot formation is measured.

Reference range. The range is generally 10 to 20 seconds, but each laboratory
should establish its own range.

A prolonged TCT can occur in patients receiving therapeutic heparin, patients
with increased fibrin degradation products, and patients with any disorder of hy-
pofibrinogenemia.

5. Quantitative fibrinogen assay is an expansion of the TT methodology.

C.

Principle. A measured amount of commercially prepared thrombin reagent is
added to citrated plasma. The clotting time is measured and compared with the
clotting times of plasmafibrinogen standar ds containing known amounts of fib-
rinogen.

A standard curve is constructed, and the clotting timein secondsiis plotted agai nst
milligrams per deciliter of fibrinogen. Patient unknown data can be quantitated for
fibrinogen from a standard curve.

Reference range. The normal range for a quantitative fibrinogen is 200 to 400
mg/dL.

6. Substitution tests (Table 2—3) can be adapted if primary testslikethe PT or APTT are
abnormally prolonged and indicate a factor deficiency. The patient’s deficient plasma
is diluted 1:1 with a plasma or serum substitute, and the APTT or PT is repeated. A
correction of the origina prolonged APTT or PT indicates that the deficient factor
had been added to the patient’s plasma by the substitution solution. The prepared
substitution solutions are as follows:

a.

Aged plasma lacks labile factors V and VIII, but retains normal activity of all
other coagulation factors. Nor mal plasmaretainsnormal activity of al coagulation
factors.

Fresh absorbed plasma lacks vitamin K factors (i.e., factors I, VI, 1X, X), but
retains normal activity of all other coagulation factors.
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Table 2-3 Substitution Testing with Mixing Studies*
Factor-deficient Plasma or Serum

Extrinsic Intrinsic Normal Adsorbed Aged
Pathway PT Pathway APTT Plasma Plasma Serum
[ [ + + (=)
I I + =) =)
Vv Vv + + )
VIl + =) +
VIl + + (-)
IX + ) +
X X + =) +
X1 + + +
X1 + + +

APTT = activated partia thromboplastin time; (—) = factor missing; + = factor present; PT = prothrombin time.
*By using the PT and APTT screening tests and mixing patient plasma samples with known factor deficient plasma, the
majority of coagulation factor deficiencies can be determined. Each factor deficiency will result in a specific testing pattern.

c. Aged serum lacksfactorsl, I1, V, and VIII, but retains normal activity of al other

coagulation factors.

7. Final confirmation and quantitation of a factor deficiency is done with specific
factor assays. These methods use a test plasma with a known deficiency, which is
titrated and tested against the patient’s plasma unknown factor deficiencies. Factorscan
also be immunologically assayed with enzyme linked immunosorbent assay (ELISA)

methodol ogy.

8. Chromogenic assays constitute methods that use a synthetic substrate targeted to be
enzymatically altered by a specific serine protease or serine protease inhibitor in a

patient’s plasma specimen.

a. Principle. The specific substrate is cleaved by the targeted serine protease fac-
tor in the plasma sample to yield a chromogenic (colored) or a fluorogenic

compound.

b. Measurement. An endpoint reaction yields acolor whoseintensity isdirectly pro-
portional to the activity of the serine protease. The color intensity can be measured

on a spectrophotometer and quantitated with a standard curve.

9. Theactivated clotting time (ACT) isamodification of the whole-blood clotting time

test used to monitor heparin therapy.

a. The principle is based on the mixing of a specified amount of particulate clop

activator with whole blood.

(1) A timer is started while the blood is being continuously mixed until aclot is

formed.

(2) The ACT may be preformed manually or with an automated ACT timer, such

asaHemochron instrument.
b. Theaverage normal ACT is 98 to 100 seconds.

(1) Heparinisgiven therapeutically toyield an ACT range of 180 to 240 seconds

in deep vein thrombosis.

(2) For patientsundergoing car diopulmonary bypass, atherapeutic range of hep-

arin should result in ACT times around 400 seconds.

c. The ACT is better suited than the APTT in measuring therapeutically high doses

of heparin.
10. Reptilasetime (RT) isa modification of the TCT.

a. Reptilaseisthe venom of Bothrops atrox, which acts like athrombin-like enzyme

to catalyze the conver sion of fibrinogen to fibrin.
b. Thevenom cleaves only the fibrinopeptide A from the fibrinogen molecule.
c. A prolonged reptilase time indicates afunctional fibrinogen problem.

(1) The advantage of the RT over the TCT is that Reptilase is insensitive to the
effects of heparin and sensitiveto dysfibrinogenemia and hypofibrinogen-

emia.
(2) TheRT isalso prolonged in the presence of FSP.
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Factor XI11 Screening isasimpletest using ureato dissolve clots.

a. Factor XIlI isresponsible for converting thefibrin clot to a stable form.

b. Itisactivated by thrombin during the fibrinogen-to-fibrin conversion.

¢. Whenfactor Xl ispresent, afibrinclotisinsolublein 5M ureawhen left standing
for 24 hours. If factor X111 isdeficient, 5M ureawill dissolve a fibrin clot within
2 hours.

L upus-likeanticoagulant/antiphospholipid antibodiesisdeveloped in 10% to 20%

of people with SLE, a significant number of patients taking the drug, phenothiazine,

and occasionally in cases of lymphoproliferative disorders.

a. Inhibitorsmost commonly arelgG and occasionally IgM. Autoantibodies found
in the patient’s plasma are directed against the phospholipid portion of phospho-
lipoprotein components found in APTT reagent.

b. Occasionally patients with lupus-like anticoagulant have a mild thrombocytope-
nia.

¢. The presence of clinical bleeding with lupus-like anticoagulant is only found in
patient’swith high titers of anticoagulant.

d. Theantibody isfirst detected by a slightly prolonged APTT with a normal PT
and TT.

(1) The APTT will not be corrected with a 1:1 dilution of patient and normal
plasma like atypical factor deficiency.

(2) Increasing prolonged timesaredirectly proportional to extended incuba-
tion timeswith the APTT phospholipid reagent.

e. Further testing for a specific factor deficiency will prove to be normal.

Factor VIII assay and other specific factor assays are based on the ability of com-

mercially prepared plasmas to correct a factor-deficient patient.

a. The APTT assay is used to estimate the concentration of functional factor V111 by
serial diluting the patient’s plasma with a VII1-depleted plasma control.

(1) Factor VIlI-depleted plasma contains full activity of all factors except VIII,
which has been immunodepl eted.

(2) The factor-depleted plasma will have a prolonged APTT unless corrected by
diluting with anormal plasma control.

(3) A prolonged APTT result on amixture of the patient plasma and the factor-
deficient plasma implies that the patient is deficient in the same factor that is
missing in the factor-depleted control.

b. TheAPTT clotting timeinterval of a1:10 dilution of the patient plasma and the
factor-depleted plasma is compared to a previously prepared reference curve to
obtain the % activity of the patient plasma.

(1) The reference graph is prepared with a series of five or more dilutions of
factor-depleted control plasmawith a normal coagulation control.

(2) The reference curve is plotted with clotting time on the y-axis against %
activity of factor VIII, or another factor, on the x-axis.

Point of care testing (PCT) in coagulation has been developed for bed-side testing

of the PT, APTT, TCT, and the ACT to provide rapid turn-around-times for the

physician.

a. Anautomated device such asthe Hemochron Portable Blood Coagulation Tim-
ing System may be used.

b. The methodology uses atechnique similar to the automated ACT.

(1) Commercially prepared tubes containing thromboplastin and a magnetized
stir bar are used for the PT.

(2) Tubes containing diatomaceous earth (for an activator), partial thrombo-
plastin, buffer, calcium chloride, and a magnetized stir bar are used for
the APTT.

(3) Tubescontaining lyophilizedthrombin, buffer, calcium chloride, and amag-
netized stir bar are used for the TCT.

c. Two milliliters of whole blood is collected and transferred to the reaction tube.
(1) Thetimer is started after the tubeis placed in the reaction well.

(2) Whole blood PT and APTT results are inter preted by blood-to-plasma con-
version tables provided by the manufacturer.
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G. Normalfibrinolysisrefersto the enzymatic pathway of cloth dissolution in which plasmin
isthe key enzyme responsible for breaking down bonds in the fibrin polymer and releasing
fibrin degradation products (FDP).

1. Plasmin activation resultsfrom proteolytic cleavage of acirculating inactive zymogen

known as plasminogen by either of two pathways:
a. Extrinsic pathway activation in vivo involves a tissue proteolytic enzyme and
fibrin as a cofactor.
(1) Urokinase can also convert plasminogen to plasmin and is used as a throm-
bolytic agent.
(2) Streptokinaseis a streptococcal-derived protein used as a therapeutic throm-
bolytic drug.
b. Intrinsic pathway activation of plasmin involves factors Xlla, kallikrein, or
HMWK.

2. Plasmin degradation of fibrin begins by the breaking down of thefibrin polymer into

amonomer form known asfragment X. Thisfragment isidentical to afibrin monomer,
consists of one E domain and two D domains, and retains clotting properties.
a. Fragment X isfurther cleaved to produce FDP, which consists of:
(1) Fragment Y, which consists of one E domain and one D domain
(2) Fragment E, which consists of the E domain only
(3) Fragment D, which consists of the D domain only
(4) D dimer, which consists of two D fragments of linked monomers
b. The FDPs produced during fibrinolysis have anticoagulating effects of their own
because they inhibit the process of fibrin polymerization, demonstrate competi-
tiveinhibition of thrombin, and prolongthe TT test.

3. Other functions of plasmin in addition to fibrin degradation include:

a. Fibrinogen degradation

b. Theinactivation of factor VIII:C

¢. Theinactivation of factor V

d. Direct antiaggregation effect on platelets

4. ap-Antiplasmin inhibitsthe actionsof plasmin by forming al:1 complex with plasmin,

which prevents fibrin binding.
a. oap-Antiplasminisbound to the fibrin by factor Xl111a.
b. «ap-Macroglobulin also has wesak antiplasmin activity.

H. Laboratory testsfor fibrinolysis

1.

L atex agglutination can measure freely circulating FDP in the patient’s serum. Latex
coated with antifibrinogen detectsthe presence of increased levelsof FDP. Only serum
can be used to avoid interference with endogenous fibrinogen.

Plasminogen or ax-antiplasmin can bemeasur ed serol ogically or with chromogenics.

D dimer test is based on a highly specific, monoclonal antibody directed against a

unique neoantigen of covalently crosslinked D fragments resulting from fibrinolysis.

The D dimer has several advantagesin detecting degradation fragmentswhen compared

with the standard FDP assay.

a. The FDP assay can be run on plasma, eliminating the risk of false positives.

b. D dimerissuperior in sensitivity and specificity as compared with the conven-
tional FDPassay (i.e., sensitiveto aslittle as 20 ng/mL, as compared with 10 p/mL
for conventional latex FDP).

Prothrombin fragment 1.2 (F-1.2) is a new assay that tests for the presence of the

fragment generated when prothrombin is activated to thrombin (factor I1a).

a. Prothrombin fragment serves as a sensitive biologic marker of thrombin gen-
eration and Xa activity because generation of F-1.2 precedes thrombus forma-
tion.

b. Levelsare elevated in persons predisposed to thrombotic risk (e.g., cancer, heart
disease, orthopedic surgery).

c. Levelsare depressed in persons undergoing anticoagulant therapy.

Euglobulin Lysis Timeis used as a screening test for fibrinolytic activity.

a. Euglobulinfraction of plasmaconsistsof plasminogen, fibrinogen, and activators
of plasminogen.
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The euglobulin fraction is precipitated with 1% acetic acid and resuspended in a

borate solution

(1) Euglobulins are clotted by the addition of thrombin (5 units/mL).

(2) The resulting clot isincubated and the time of lysisis obtained.

Clot lysisin <2 hoursisindicative of abnormal fibrinolytic activity.

(1) A decreased time below normal is also caused by a decreasein fibrinogen.

(2) A prolonged time >4 hoursis caused by adecrease in plasminogen or acti-
vator.

6. Protein-C (PC), and protein-S (PS), and antithrombin-I11 (ATII1) assays can all
be measured for degree of activity with chromogenic assays or with immunoassays
to measure the concentration of the molecule (i.e., antigen).

b.
c.

PC can be accurately measured by chromogenics or enzymeimmunoassay, but the
latter has a better shelf life.
(1) In the chromogenic assay, the patient plasma sample is mixed with venom to
activate PC.
(a) Added chromogenic substrateis hydrolyzed by the APC.
(b) The amount of the hydrolyzed colored product is proportional to the
activity of PC in the patient’s sample.
(2) The immunoassay method is based on using rabbit-derived antihuman PC-
coated microtiter platewellsthat capturethe PC in the added plasmasample.
(a) Bound PC is conjugated with peroxidase, yielding a color product the
intensity of the of the PC in the sample.
PS can be measured with similar methodol ogies.
ATIII can be measured with chromogenics or immunoassay using similar method-
ology for each.
(1) The chromogenic uses heparin asan ATIII activator.
(2) Activated ATIII then binds with a serine protease, such asfactor X, and con-
jugated with peroxidase to yield the colored end product.

7. Activated protein-C resistance (APCR) isdefined astheinability of APC to prolong
clotting tests when added to the APTT

Thisphenomenonischaracteristic of agenetic thrombotic disorder known asfactor

V Leiden.

(1) When APC is added to normal test plasma, inactivation of factors V111
and V result in the prolongation of the APTT.

(2) Patients with APCR demonstrate a diminished ability to inactivate V when
APC isadded to the test sample.

The assay method is based on the prolongation of the APTT when APC is added

to the test plasma.

(1) TheaPTT reagent isadded to two aliquots of the patient’s plasma and prein-
cubated.

(2) Calcium chlorideisadded to one aiquot and the timeto clot is recorded.

(3) Tothesecond aliquot, amixture of calcium chloride and APC isadded and
clot formation is timed.

(4) Inanormal plasmawithout APCR, the APTT resultsof thefirst samplealiquot
without APC should bemor ethan twicetheclotting timeof the second aliquot
with APC.

(5) If the patient has a genetic resistance to PC inactivation of V, then the second
APTT isshortened intime and will belessthan twicetheclotting time of the
sample without APC.

I. Vascular factorsin coagulation

1. Blood vessels are lined with a continuous monolayer of endothelial cells anchored to
inert basement membrane by a subendothelial matrix.
In arteriesand arterioles, the subendothelial layer is surrounded by layers of smooth
muscle cells and adventitia with fibroblasts.
3. When vascular subendothelium is exposed by vessel damage, platelet aggregation
and coagulation can be directly initiated by collagen release and indirectly by tissue-
released VWF.

2.
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a. Platelet factor 4 (PF4) is then released by activated platelets and functions to
inactivate heparin-like compounds secreted by mast cells in the exposed suben-
dothelium.

b. PGl,, released by vascular endothelia cells that surround the damaged area, in-
hibits platel et aggregation and limits the spread of the thrombus formation.

¢. Thethrombomodulin receptor on endothelial cell surfacesisformed to provide a

site for Xa activation of prothrombin to thrombin.

Platelet-derived growth factor (PDGF) released from platel et granules stimulatesthe

growth and migration of smooth muscle cells, endothelium, and fibroblasts to heal the

wound.

Tearsin larger vessels with surrounding smooth muscle cells have enhanced coagu-

latory effects.

a. Both clotting pathways are activated by the release of tissue factor 111 (extrinsic
pathway) and the activation of Hageman factor XIla(intrinsic pathway) by exposed
endothelium.

b. PGlI, isreleased from smooth muscle cellsto limit and localize clotting.

Capillaries do not have a smooth muscle layer, and veins have very little, so clotting

occurs primarily by platelet aggregation and activation of the extrinsic pathway. Tis-

sue factor 111 is present, but activators from subendothelium and smooth muscle are
minimal.

COAGULATION DISORDERS (Figure 2-5)

A. Disordersof fibrinogen and related disorders

1.

Hereditary disorders of fibrinogen can be caused by quantitative or qualitative ab-

normalities of either fibrinogen or fibrin-stabilizing factor (factor XI11). In most of

the disorders, the APTT, PT, and TT tests are prolonged.

a. Afibrinogenemia is a quantitative deficiency of fibrinogen caused by a lack of
synthesis by theliver.

Disorders of
fibrinogen

Congenital Acquired Hypercoaguiable
deficiencies of disorders disorders
intrinsic and

extrinsic pathways

{ [ [
V¥ Factor Vit ¥ Factor X Vitamin K

| * Pregnancy * Amyloidosis deficiency

* Afibrinogenemia
* Dysfibrinogenemia

«DIC
* Primary fibrinolysis

* Autoimmune

s V- Factor Xlil ¢ Liver disease ¥ Factor X!l Lupus-like I Heparin I
* Isoniazid anticoagulant
[ I I
¥ Contact Factor IX [xl/ Factor VI I [4« Factor X | L\l/ Factor V] IJ/ Factor II_I
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Hemophilia B
L
- | i
Vil deficiency nz:friltt:?gncies Acquired
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[ I l l *Lu us|
Hemophilia A | | vonWillebrand | Proteins | | Protein-c | [ AT | [Fiorinoiytic anticoagulant
Factor VIlI:.C disease system « Malignancies
Factor Vili:R R Preggnancy
* Coumarin
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B Figure 2-5 Coagulation disorder algorithm AT-lll, antithrombin Ill; DIC, disseminated intravascular

coagulation.
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(1) Severe hemorrhages predominate in the umbilical, mucosal, gastrointestinal
(GI), and intracranial regions.

(2) The most common treatment is replacement therapy with cryoprecipitate or
fresh frozen plasma (FFP) to raise the blood fibrinogen level higher than
60 mg/dL.

Dysfibrinogenemia is a qualitative abnormality in the structure and function

of the fibrinogen molecule.

(1) Fibrinogen levels may be normal, and the bleeding timeis usually normal.

(2) Posttraumatic or postoperative bleeding of mucosal tissuesis common.

Factor X111 deficiency can be clinically severe with moderate-to-severe bleeding.

Delayed bleeding and wound hesaling is often observed after trauma.

(1) The APTT, PT, and TT tests are normal.

(2) Low factor XIII concentrations are detected by incubation of a fibrin clot
ina5 M urea solution. A normal fibrin clot will not be dissolved in 5 M
urea after 24 hours, but a clot deficient in factor X111 will be dissolved after
24 hours.

2. Acquired disorders of fibrinogen occur secondary to other pathologic events.

DIC refers to a deposition of large amounts of fibrin throughout the microcircu-
lation that results in a pathologic activation of coagulation pathways. DIC can be
fatal, self-limiting, acute, or chronic.

(1) Classification. DIC is classified as a consumption coagulopathy, because it
resultsin a depletion of platelets as well as plasma coagul ation factors.

(2) Physiologic effects. Plasminogen is activated systemically to plasmin, result-
inginanincreasein FDPinthe plasma. Thereispossiblered blood cell (RBC)
fragmentation caused by damage from muiltiple thromboemboli.

(3) Common coagulation test resultsinclude:

(a) A decreased platelet count

(b) A prolonged PT, APTT,and TT

(c) An elevated FDP or D dimer

(d) A decreased fibrinogen

(4) The causes of DIC are widespread and can occur from intrinsic or extrinsic
pathway activation.

(a) Extrinsic system activation occurs by large amounts of tissue factor en-
tering the circulation, and can result from hypofibrinogenemic states of
pregnancy, metastatic carcinoma, or promyelocytic leukemia.

(b) Intrinsic system activation results from events that damage or ater the
vascular endothelium, thereby exposing collagen (e.g., infectiousdiseases,
antigen-antibody complexes, liver disease, snake venom poisoning,
massive trauma, or surgery).

(5) Treatment for DIC varies with the cause, but most often FFP-pooled platel e,
cryoprecipitate, or low-molecular-weight heparinisused to treat the symptoms
and break the cycle.

Primary fibrinolysisissymptomatically similar to DIC, but resultsfromincreased

levels of plasmin.

(1) Common causes include cirrhosis, shock, metastatic carcinoma of the
prostate, injury to the genitourinary tract, and leaking of urokinase from
the urineinto tissues.

(2) Common coagulation test resultsinclude decreased fibrinogen, prolonged PT
or APTT, andincreased FDPor D dimer. Incontrastto DIC, primary fibrinolysis
usually demonstratesanor mal platelet count, and the RBC morphology does
not show fragmentation.

(3) A test tube sample from a patient with primary fibrinolysis will initially form
aclot that dissolvesin 1 to 2 hours.

Liver disease can be associated with coagulation disorders because the majority

of the coagulation factors are synthesized in the liver.

(1) Adecreaseinfactor VII occursfirst becausefactor V11 hasthe shortest half-life
of the coagulation factors.
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Table 2-4 Comparison of the Thrombin and Reptilase* Times to Distinguish

Inherited Fibrin

Thrombin Time Reptilase Time Defect
Infinitely prolonged Infinitely prolonged Dysfibrinogenemia
Infinitely prolonged Infinitely prolonged Afibrinogenemia
Prolonged Equally prolonged Hypofibrinogenemia
Prolonged Normal Heparin
Prolonged Slight to moderate Fibrin degradation product
*F:]egtilase activates fibrinogen in amanner similar to thrombin but is not sensitive to heparin and fibrin degradation product
inhibition.
(2) Inpatientswith severeliver disease, the PT usually isprolonged; inlater stages,
the APTT will also be prolonged.
(3) Severeliver disease often causes decreased fibrinogen production (hypofib-
rinogenemia) or an abnormal fibrinogen molecule (dysfibrinogemia).
d. Therapeutic heparin administration, commonly used in post-surgical and car-

diac patients, can prolong the APTT and TT acutely and can prolong the PT with
chronic use. In a patient receiving heparin, abnormal coagulation results must be
distinguished from similar coagulopathies if the patient history is unknown. This
can be done with the reptilase-R time test (Table 2-4).

B. Inherited deficiencies of other factorsin theintrinsic and extrinsic pathways
1. Hemophilia A is an inherited deficiency or dysfunction of factor VIII:C (anti-

hemolytic factor).

a. Inheritance pattern is sex-linked (i.e., on the X chromosome), and female ho-
mozygotes with a hemophiliac father and carrier mother are very rare.

b. Therearethree patterns of severity.

(1) Severe hemophilia A is diagnosed in patients with spontaneous hemorrhages
and afactor VI11:C level <1% of the normal level.

(2) ModeratehemophiliaA isdiagnosedin patientswho have VI1I:Clevels <5%
of the normal level.

(3) Mild hemophilia A is seen in patients with 6% to 30% of the normal VIII:C
levels. Typically, these patients only bleed excessively in association with
trauma or surgical procedures.

¢. Human alloantibodiesto VI11:C are produced in aminority of severe hemophilia
A cases.

(1) Approximately 10% of severe hemophiliacs are positive for cross-reacting
material (CRM+). CRM is an antigen that neutralizes anti-V111:C antibodies.

(2) Approximately 90% of hemophiliacs are negative for CRM.

d. Patients with moderate-to-severe hemophilia A demonstrate a clinical bleeding
pattern of spontaneous bleeding into joints or muscles, excessive postoperative
hemorrhage, and easy bruising.

e. Predicted coagulation profileresultsinclude:

(1) Normal bleeding time (usually)

(2) Normal PTand TT

(3) Prolonged APTT if VIII:Clevelsare <0.2 U/mL (i.e., <20% activity)

(4) Female heterozygote carriers will have 25% to 75% V111:C activity that will
not usually show up on laboratory testing.

f. Treatment of hemophilia A isbased on replacement ther apy.

(1) Cryoprecipitate is aplasma-fraction preparation prepared by thawing FFP at
4°C. It contains a concentrated portion of fibrinogen and V111 complex.
(2) Preparationsrich in factor VI11:C are more costly, but are effective.

2. Hemophilia B (Christmas disease) is an inherited deficiency in factor 1X resulting
from a sex-linked (X-chromosome) mutation.

a.

Diagnosis. Hemophilia B is less common than hemophilia A. However, clinical
symptoms are virtually indistinguishable, and laboratory differential diagnosisis
necessary.
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Treatment. A correct laboratory diagnosis must be made because treatment of

hemophilia B is different than treatment of hemophilia A.

(1) Cryoprecipitateisdeficient in factor 1X, but rich in the factor VII1 complex.

(2) FFPreplacement therapy isthetreatment of choicefor hemophiliaB, because
FFP contains active factor | X. However, it is deficient in factor VII11.

(3) The haf-life of factor 1X (24 hours) is longer than that for factor VIII (12
hours), so the administration of treatment for a factor 1X deficiency is less
frequent.

Coagulation profile results initially may not produce results that differ from a

patient with hemophilia A because the bleeding time, PT, and TT will aso be

normal, andthe APTT will beprolonged. If hemophiliaissuspected, andthe APTT
is prolonged, substitution tests or assay for factors IX and VI activity should be
performed.

3. VWD occurs amost as frequently as hemophilia A.

a.
b.

Genetically, vWD isinherited as an autosomal dominant condition.

The mutation is generally a defect in the VII1:R component of factor VIII, but

partial deficienciesin the VI1I1:C portion often occur.

Patients with VWD characteristically bleed from mucous membranes and sub-

cutaneous tissues.

(1) Easy bruising and Gl bleeding is common.

(2) Muscle hematomas and deep vessel hemorrhages are not as common as in
hemophilia A.

Production of VIII:R and VI11:C are controlled by different tissues but circulate as

aVII:C/VII:R complex.

The vWF molecule consists of a basic monomer form, but it also combines with

additional monomers to produce a series of multimers of increasing molecular

weight.

(1) Largest MW multimers possess the functional activities contributing to
platelet-mediated homeostatic events.

(2) Antigenically, there appears to be a plasma VWF that is synthesized from a
tissue source and a platel et-derived VWF based on multimer size.

(3) Thevariation of VWF sizeresultsin several clinical subclassifications of this
disorder.

(a) Clinical Typel vWD isthemost common*“classic” form of vWD, inwhich
apartia decrease of all sizes of VWF MW multimers occurs.

(b) Clinical Type Il VWD patients have a selective absence of higher MW
multimers.

(i) Inpatientswith TypellavWD, ristocetin-induced activity isdecreased
because both platelet and plasma vWF are absent.

(i) In patientswith Typellb VWD, the ristocetin-induced activity is nor-
mal or increased because only plasma high-MW multimers are de-
creased.

(c) Patients with Type Il vWD suffer from the most rare and severe type,
because factor VI1I:C isamost nondetectable.

(d) Some patients are classified as having a platelet-type variant, which is
similar to Type l1b, but is accompanied by athrombocytopenia.

The common labor atory coagulation results for patients with VWD include:

(1) Prolonged bleeding time and increased petechiae, because platelet adhesion
to capillariesisimpaired

(2) Normal PT time

(3) Prolonged APTT test, only if VIII:C activity is <20%

(4) Platelet aggregation reactions that are normal with ADP, epinephrine, colla-
gen, or thrombin activation, but thereisimpaired ristocetin-induced aggr ega-
tion

Treatment. Factor V11 concentrationsare not useful, because they contain primar-

ily factor VI11:C and are deficient in high MW multimers of VWF. The treatment

of choice, therefore, is cryoprecipitate.
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6.

7.

(1) Theclinical responseto treatment in apatient with VWD differsfrom treatment
of a patient with hemophilia A.

(2) Theincreasein VIII:C levelsfollowing treatment in hemophilia A patientsis
directly proportional totheamount of cryoprecipitateinfused. Thisrelationship
is not found with the treatment of patients with vWD.

(a) Cryoprecipitate infusion given to patients with VWD stimulates produc-
tion of VI11:C, because the defect isnot in VIII:C, but in VIII:R.

(b) Blood levels of VIII:C activity slowly peak 4 to 24 hours after treatment
to blood levels greater than the amount contained in the infused cryo-
precipitate.

Deficiencies of factor X11, HMWK, prekallikrein, or factor X| are rare and geneti-

cally autosomal recessive.

a. Factor Xl deficiencies have the highest incidence in the Jewish population.

b. These bleeding disorders are clinically mild, and severe bleeding is not usually
observed. Bleeding ismore commonly noted, however, with factor X| deficiencies.

¢. Common laboratory coagulation results reflected by these deficiencies include:

(1) Prolonged APTT

(2) Normal PT, TT, and bleeding time

(3) Normalization of the APTT results following a prolonged incubation of the
patient’s plasma with an activating factor, such as kaolin (observed with a
prekallikrein deficiency)

Factor VII deficiencies are rare autosomal recessive disorders that are not usually

associated with a serious clinical bleeding history. Common laboratory coagulation

results from a patient with afactor VII deficiency include:

a. Normal APTT, TT, and bleeding time

b. Prolonged PT but anormal Stypventime

Factor X deficiencies are rare autosomal recessive disorders that can be caused by

quantitative and qualitative abnormalities of the factor X molecule. The expected lab-

oratory coagulation profile includes:

a. Prolonged PT and APTT

b. Normal TT and bleeding time

Factor V deficiencies are rare autosomal recessive disorders.

a. Thelevel of factor V activity in the patient’s plasma does not directly correlate to
the patient’s clinical severity.

b. Approximately one third of patients with factor V deficiency have an increased
bleeding time because of the platelet-related function of factor V of binding factor

X to the platelet surface.

¢. Thecommon laboratory coagulation resultsinclude:
(1) Prolonged APTT and PT times
(2) Norma TT
Prothrombin (factor I1) deficiencies are extremely rare. The common laboratory
coagulation profile includes:
a. Prolonged PT and APTT, which can be corrected in substitution testing only by
fresh normal plasma
b. Normal fibrinogen assay

C. Acquired coagulation disorders (Table 2-5)

1.

Acquired disorders of factor VIII are primarily caused by the presence of autoim-

mune inhibitors of factor VIII.

a. Inhibitorsto VII1:C occasionally develop in normally healthy women after child-
birth and disappear after afew months.

b. Acquired VIII:R (VWD) is seen in people with autoimmune disease or lympho-
proliferative disorders.

Acquired inhibition of factor X111 occursfollowing drug therapy with atuberculosis

drug known asisoniazid.

Factor X deficiencies occur rarely in persons with an autoimmune disease known as

amyloidosis.
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Table 2-5 Laboratory Diagnosis Matrix for Coagulation Disorders

PT Normal PT Abnormal

APTT normal Factor X111 deficiency (H) Extrinsic pathway disorder

Factor VI deficiency (H)
Early liver disease (Ac)
Coumarin drugs (Ac)

APTT abnormal Intrinsic pathway disorders (H) Common pathway disorders (H)

With clinical bleeding: Factor V111, Deficiencies of factors, I, I, V, X
IX, XI deficiencies Liver disease (Ac)

Without clinical bleeding: Disseminated intravascular
Deficiencies of contact activation coagulation (Ac)
factors Vitamin K deficiency (Ac)

L upus anticoagulant (Ac) Coumarin drugs (Ac)

Heparin (Ac)

Factor V111 inhibitors (Ac)

Ac = acquired; APTT = activated partial thromboplastin time; H = hereditary; PT = prothrombin time.

4. Lupus-like anticoagulant is developed in 10% to 20% of persons with SLE, in a
significant number of patients taking phenothiazine, and occasionally in individuals
with lymphoproliferative disorders.

a.

e.

Inhibitors most commonly used are immunoglobulin G (1gG) and occasionally

IgM. Autoantibodies found in the patient’s plasma are directed against the phos-

phoalipid portion of phospholipoprotein components found in APTT reagent.

Patients with lupus-like anticoagulant occasionally have a mild thrombocytope-

nia.

The presence of clinical bleeding with lupus-like anticoagulant is found only in

patients with high titers of anticoagulant.

The antibody isfirst detected by adlightly prolonged APTT, with anormal PT and

TT.

(1) The APTT will not be corrected with a 1:1 dilution of patient plasma and
normal plasmaasin atypical factor deficiency.

(2) Increasing prolonged times are directly proportional to extended incubation
times with the APTT phospholipid reagent.

Further testing for a specific factor deficiency proves to be normal.

5. A vitamin K deficiency results in impaired synthesis of factors 11, VII, IX, X, PC,
and PS.

a.

Causes of vitamin K deficiency are varied and include:

(1) Inadequate diet

(2) Biliary obstruction

(3) Intestinal malabsorption diseases

(4) Gut sterilization by chronic antibiotic therapy

(5) Hemorrhagic disease of the newborn, which is caused by a slowly developing
liver function and corrected by administration of vitamin K

(6) Coumarin therapy, which inhibits vitamin K metabolism and, therefore, the
vitamin K-dependent coagulation factors

Expected labor atory coagulation profile includes:

(1) Acute prolonged PT (and possibly APTT) with chronic deficiency

(2) Normal TT and fibrinogen

6. Heparin binds antithrombin 111, greatly enhancing its ability to bind and inactivate
thrombin.

a.
b.

Exogenous heparin therapy is afast and potent form of anticoagulation.

Heparin is commonly used to treat thrombosis. Many patients receive heparin for
ashort period to prevent emboli after major surgery.

The APTT isthe most commonly used test to monitor heparin therapy, but the TT
is also prolonged.

Occasionally, the PT is prolonged if the patient has received heparin for a long
period.
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Plasmin activators

Platelets and coagulation factors [e.g., tissue-plasminogen activator (1-PA)]
) *)
Coagulation Fibrinolytic
©) ©)
Regulators/Inhibitors: Regulators/Inhibitors:
* Antithrombin 111 * t-PA inhibitor
* Protein C * o-antiplasmin

* Heparin cofactor H

B Figure 2-6 Balance of hemostasis. Coagulation and fibrinolytic systems are in perfect balance as long
as positive and negative influences are equal. Platelets and coagulation factors drive the clotting
process, while plasmin activators drive the opposing fibrinolytic system. Both systems are held in check
by regulators and inhibitors.

e. If thePT, APTT, and TT are greatly prolonged, the possibility of the presence of
heparin should be considered before investigating a factor deficiency.

f. The unconfirmed presence of heparin in the patient’s plasma can be confirmed by
the addition of protamine sulfate to the plasma sample to inhibit the action of
heparin and normalize all prolonged tests.

D. Hypercoagulability disorder saredistinguished by pathologicthrombosisinthecoronary
circulation, cerebral circulation, or the deep veins of the legs.

1.

3.

4,

Hypercoagulability resulting from hereditary deficiency is seen mainly in patients
younger than 40 years and is often fatal. The most common deficiencies are in an-
tithrombin 111, PC, and plasminogen.
a. Genetically induced deficiencies of natural inhibitors, including PS, PC, and
antithrombin 111, are found in 25% of persons with this disorder.
b. Disordersof thefibrinolytic system comprise 30% of reported genetic deficien-
cies and result from:
(1) Decrease in plasminogen or defective function
(2) Decreasein tissue-plasminogen activator (t-PA)
(3) Abnormal fibrinogen molecule
(4) Factor Xl1I/prekallikrein deficiency
¢. Miscellaneous causes of genetic hypercoagulability involve blood vessel and
platelet damage.
Acquired disorders of hypercoagulability are usualy seen in patients older than
40 years and usually occur secondary to a primary pathology, such aslupus anticoag-
ulant, malignancies, or pregnancy.
Regulation of systems of hemostasis is kept in balance by inhibitors of coagulation
and fibrinolysis (Figure 2-6).
Antithrombin 111 deficiencies affect 1 in 5,000 people.
a. Inherited deficiencies can be classified as either a Type | or Typell deficiency.
(1) A Typel deficiency ischaracterized by adecreasein activity and a decrease
in the antithrombin 11 molecule.
(2) A Typell deficiency is characterized by adecreasein activity, but a normal
amount of antithrombin 11 molecule.
b. Acquired antithrombin I Il deficienciesresult from the following primary disor-
ders:
(1) DIC, which resultsin consumption of the molecule
(2) Cirrhosis, which resultsin decreased production
(3) Nephrotic syndrome, which results from aloss of the molecule in the urine.
(4) Medications (e.g., heparin, estrogen, L-asparaginase)
PC deficiencies (Figure 2—7) are one of the most common causes of hypercoagul ability
disorders and can be either inherited or acquired.
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Vil V M Figure 2-7 Inhibition of coagulation
by protein S (PS) and protein C (PC). PS
T T serves as a cofactor in PC inactivation of
coagulation factors V and VIII. PS exists
Villa Va asin inactive protein-bound (C4bBp)

form and an active nonbound form

Thrombin SR

(PSA). PC is activated by thrombin, and
activated PC (AcPC) combines with PSA

Thrombomodulin \

on the platelet surface to inactivate
factors V and VIII.

Platelet

Endothelium

a.

b.

Inherited deficiencies are genetically heterozygous in 6% to 12% of cases. The
majority of PC deficienciesare severe (homozygous). Patientsexhibit low or absent
PC levels. Low levelsresultin seriousclinical symptoms, such as ecchymotic areas
of skin with purpura and tissue necrosis, blindness, and CNS thrombosis.
Acquired deficiencies are caused by chronic oral anticoagulant therapy with
coumarin (vitamin K blocker). The result is coumarin necrosis, which is caused
by arapid functional decrease of PC.

6. PSdeficienciescan beinherited or acquired. PSisavitamin K-dependent glycoprotein
that is synthesized in the liver.

a.

PScirculatesin two forms: an inactive form bound to a protein known as C4b-BP,
and as freely circulating PS with full functional activity. The active form of PS
functions as a cofactor for PC inactivation of factorsV and VIII (Figure 2-7).
Inherited deficiencies of PS comprise 8% to 11% of the thrombotic population and
have been classified into three clinical subtypes (Table 2—6).

Acquired PS deficiencies can occur secondary to the following conditions:

(1) Oral coagulants (e.g., Coumarin)

(2) Pregnancy

(3) Oral contraceptives

(4) Low vitamin K levels

(5) Liver disease

(6) Acuteinflammation

(7) Newborn

7. Factor V Leiden isagenetic resistance to activated protein C (APC).

Discovered several yearsago when an individual with afamily history of deepvein
thrombosis (DVT) did not show the expected prolongation of hisAPTT when APC
was added.

(1) The disorder was identified as an amino acid substitution in the factor V
moleculeresulting in the ar ginine at the PC cleavage site being replaced by
glutamine.

(2) Theresultisthat APC cannot bind to factor V toinhibit and, therefore, chronic
DVT results.

Table 2-6 Clinical Subtypes of Protein S Deficiencies

Free Protein Functional
Subtype S (Nonbound) Activity Total Protein S
Typel Low Low Low
Typella Low Low Normal
Typellb Normal Low Normal
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b. Prevalence
(1) Approximately 5% of general population
(2) Approximately 20% of all DVT cases
(3) Approximately 50% of cases with a family history of DVT
(4) Approximately 60% of pregnancy associated with thrombosis
c. Laboratory Screening:
(1) Resistance to APC prolongation of the APTT has a sensitivity of 90% in
detecting the disorder
(2) PCR identification of the abnormal GAGG sequence

>& Online Menu for This Chapter

Go to thePoint.lww.com/Hubbard2e for the following:

e Study Questions and Answers



...

CHAPTER 3

Routine Hematol ogy

JOEL HUBBARD, PhD, MT (ASCP)

BB LABORATORY ANALYSIS

A. Electronic cell counting. Because of manufacturer diversity and the complexity (i.e.,
performancechar acteristics) of cell counter sthat existsamonglaboratories, individual
laboratory instrumentation is not presented here.

1. Multiparameter cell counters provide 10 or more common parameters, including
count of red blood cells (RBCs), white blood cells (WBCs), and platelets with atotally
automatic diluting system. The most common parameters provided by current cell
counters include:

~T@ w020 T

RBC count

WBC count

Hemoglobin (Hb)

Hematocrit (HCT)

Mean corpuscular volume (MCV)

Mean corpuscular hemoglobin (MCH)

Mean corpuscular hemoglobin concentration (MCHC)

Platelet count

Mean platelet volume (MPV) is determined from the platelet histogram curve.
Thereferencerangeis6.5to 12 fL.

Red cell distribution width (RDW) provides an estimate of RBC anisocytosis
(size variation).

(1) Calculation. TheRDW (Figure 3-1) iscalculated from the following formula:

RDW = (A — B) = (A + B) x k

where A = the MCV, in which 20% of the RBCs are larger than therest; B =
the MCV, in which 80% of the RBCs are larger than the rest; and k = a
constant that represents the number that is required to give a normal value of
10.

(2) The normal reference range for the RDW is 8.5 to 14.5. Samples showing
values >14.5 should be carefully checked for anisocytosis.

(3) Diagnostic use. When considered with the MCV, the RDW can be of use
diagnosticaly, asillustrated in Table 3-1.

2. Electrical impedance

a.

Particles (most often cells) are forced to flow through small openings (i.e., aper-
tures) between two electrodesin an ionic solution.

85
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B Figure 3-1 Normal red cell distribution curve from a
RBC histogram. MCV = mean corpuscular volume; 141
RDW = red blood cell distribution width.
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(1) Electrical resistance (R). As each cell passes through the opening, the elec-

(2)

trical resistance between the two electrodes increases, because cells are poor
conductors of electricity.

Voltage (V). AsR increases, V increases. A voltage pulse of short duration
isproduced for each cell that passesthrough the aperture. The magnitude
of voltageis proportional to the cell volume or size, and the number of voltage
pulsesisproportional to thefrequency of particlespassing through the aperture.

b. Methods

(1)

(2)

(3)

(4)

(5)

Table 3-1

MCV

RBCsand WBCsare counted in duplicate or triplicate. Each of the duplicated

counts must agree within a standardized range of deviation from each other.

The MCV is often determined directly from the voltage-pulse heights from

the RBC count or histogram curve (see Section | B).

The Hb of the sample is obtained spectrophotometrically from the WBC dilu-

tion.

Platelets are counted in duplicate or triplicate in the RBC aperture bath.

Particles ranging from 2 to 20 fL [1 femtoliter (fL) = 107*°> L = 1 cubic

micrometer (mmq)] in the RBC bath are sorted as platelets and plotted as a

platelet histogram.

RBC indices are computed parameters commonly obtained from automated

cell counters.

(a) TheHCT iscomputed from theRBC count and theM CV and cal culated
from the following formula:

HCT% = [RBC x MCV] = 10

Diagnostic Use of Red Cell Distribution Width (RDW) and Mean
Corpuscular Volume (MCV)

RDW Clinical Importance

Normal

Normal

Low
Low
High
High

Normal Acute bleeding, anemia of chronic disorders, RBC molecular
deficiencies

High Early stages of anutritional deficiency (including iron deficiency
anemia), myelofibrosis, sideroblastic anemia, cytotoxic
chemotherapy

Normal Thalassemia minor, anemia of chronic disorders

High Iron deficiency anemia, hemoglobinopathies, thalassemia major
Normal Aplastic anemia

High Autoimmune hemolytic anemia, folate or vitamin By, deficiency

RBC = red blood cell.
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(b) TheMCH iscomputed from theMCV and the M CHC and calculated
from the following formula (notethat 1 ug = 1 picogram [pg]):

MCH pg=[MCV x MCHC] =+ 100
or
MCH = [Hb x 10] + RBC count

(¢c) The MCHC is computed from the Hb and HCT and calculated from
the following for mula:

MCHC% = [Hb -~ HCT] x 100

c. Common errors

(1) Missing parameter(s)

(a) Any WBC or RBC count grossly out of the normal range must be treated
with suspicion, and the sample must be repeated.

(b) The“ruleof three” (i.e, threetimesthe Hb value should agree + 3%
with the HCT value). If it does not, the sample must be repeated.

(c) Any oneof theindicesbeing “singly” out of range must be considered
suspicious.

(2) Carryover from hightolow WBC countsisaproblem with some cell counters
because it can amount to a 2% to 3% error. Carryover results from incomplete
removal of all WBCs from the counting chamber between counts.

(a) If theratio of successive counts exceeds 3:1, then the second count may be
in error by as much as 5%.

(b) It may be necessary to repeat any low WBC count that follows a high
count.

(3) Increased WBC counts >50,000/mm? may produce a proportional elevation
in Hb values because of increased cellular turbidity in the WBC counting
baths. In addition, the MCV and HCT may also be increased because the
number of WBCs is high enough to produce error when sized and counted in
the RBC aperture bath.

(4) Extremely microcytic MCV's may be overestimated by the instrument.

(5) High patient glucose concentrations >400 mg/dL result in intracellular hy-
perosmolaity in RBCs and may cause a high MCV and HCT, with a low
MCHC.

(6) Cold agglutininsin high titer give afalsely high MCV, low RBC counts, and
very high MCHCs.

(a) A good clue for this problem isto look for RBC clumping in athin area
on the blood smear.
(b) Warming the blood or diluent to 37°C may eliminate this problem.

(7) Very high plasma lipid levels resulting in lipemic plasma may produce tur-
bidity in the WBC aperture bath and falsely increase the Hb, MCH, and
MCHC.

B. Blood cell histogramsare provided by many high-volumeinstrumentsto provide size
distributions of the different cell populations. The volume, given in mm? or fL, is
plotted against the relative frequency for platelets, WBCs, and RBCs (Figure 3-2).

1. The WBC histogram provides a count and plot of cellsin the WBC aperture bath
larger than 45fL.
a. Normal WBC histograms have three distribution peaks:

(1) The first peak, ranging from 45 to 90 fL, represents a small mononuclear
population of cells (i.e., lymphocytes).

(2) The second peak, ranging from 90 to 160 fL, represents aminor population of
larger mononuclear cells (i.e., monocytes). Anincrease in the number of cells
inthissize range can also represent abnormal cell types, such astheimmature
precursor cell typesfound in patients with leukemia.
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B Figure 3-2 Typical cell histogram of normal blood. Note the normal distribution curves of the WBC,
RBC, and platelet (PLT) cell populations. The histogram was created by a Coulter model S-Plus IV cell

counter. GR = granulocyte;

HCT = hematocrit; HGB = hemoglobin; LY = lymphocyte; MCH = mean

corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin count; MCV = mean cell volume;
MO = monocyte; MPV = mean platelet volume; RDW = red cell distribution width.

b.

C.

(3) Themajor population and third peak, which ranges from 160 to 450 fL, repre-
sents normal mature types of granulocytes.

Calculated values

(1) A percentage value for granulocytes, lymphocytes, and monocytes is calcu-
lated combining the distribution values and the total WBC distribution spread.
Newer cell counters also give values for eosinophils and basophils.

(2) An absolute value of each cell fraction (in cellsmm?®) is calculated from
the product of the total WBC count and the percent fraction of each cell
type.

Abnormal WBC histogram patterns can aert the technologist and physician to

possible pathology and alert thetechnol ogist to include amanual differential count.

(1) The lower threshold is 45 fL, but the histogram will extend lower to detect
abnormalities, as shown in Figure 3-3.

(2) Error flags
(a) Region code (R) flags signal irregularities in the WBC distribution and

will appear next to the differential parameters that are in error. The “R”
stands for the region. The following numerals indicate the location in the
WBC histogram where the interference was detected:

(i) R1 warns of increased interference in the area left of the lympho-
cyte peak (approximately 35 fL), which is typically caused by sick-
led RBCs, nucleated RBCs, or clumped and giant platelets being
counted in the WBC aperture bath (see Figure 3-3).
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B Figure 3-3 Abnormal WBC

REL WBC 3.9 histogram representing an R1
LY% 75.2 Rt N . .

NO. MO% 96 Ri1 distribution. Note the_ high
GR% 152 R takeoff from the Y axis. GR =
LY# 29 RI1 granulocyte; LY = lymphocyte;
MO# 4 R MO = monocyte.
GR# 6 Ri

! ] J L l |
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Femtoliters (fL)

(i)

(iii)

(iv)

(v)

R2 warns of excessive overlap of cell populations at the lympho-
cyte/mononuclear cell boundary (approximately 90 fL) caused by
the presence of abnormal cell types, such as atypical lymph, blast,
or plasma cells (Figure 3-4).

An R3 warning (Figure 3-5) is caused by excessive overlap of cell
populations at the mononuclear/granulocyte boundary (approxi-
mately 160 fL), which isdueto theincreased presence of immature
granulocytes (i.e., bands, metamyelocytes).

An R4 warning (Figure 3-6) is caused by the extension of the cell
distribution past the upper end of the WBC threshold (approximately
450fL ). Thismost commonly occurswhen the granul ocyte popul ation
isvery high.

RM isthe error code for multipleregion overlap.

(b) Other signal flagsinclude H, which occurswhen a parameter valueis
higher than the set normal limit, and L, which occurswhen a param-
eter valueislower than the set normal limit.

2. RBC histogramsrepresent the cells counted in the RBC dilution, in the size range of
36 to 360 fL, which are sorted and plotted as frequency against cellular volume.
a. Normal RBC histogram. A single peak should be found normally between 70 fL

and 110 fL,

and the peak should coincide with the MCV (Figure 3-7).

b. Abnormal RBC histograms result when the MCV of the curve falls outside of

the normal range of 80 to 100 fL or when the RDW is >14.5.

(1) Anincreased MCV shiftsthe curve to the right, and a decreased MCV shifts
the curve to the | eft.

(2) An increased RDW is reflected by an increase in the “width” of the area
beneath the curve (Figure 3-8).

(3) In some disorders, there may be two populations of RBCs[i.e., amicrocytic
population and a macrocytic population of cells (Figure 3-8)].

WBC 3.9
LY% 289 R2
MO% 143 R2

GR% 56.8
LY# 11 R2
MO# 6 R2

|

WBC | 50 100

200 300 400

Femtoliters (fL)

B Figure 3-4 Abnormal WBC histogram representing an R2 distribution. GR = granulocyte; LY =

lymphocyte; MO = monocyte.
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B Figure 3-5 Abnormal WBC histogram representing an R3 distribution. GR = granulocyte; LY =
lymphocyte; MO = monocyte.

3.

Platelet histogramsrepresent cellsinthe RBC counting bathsthat areinthesizerange
of 2t0 20 fL. Cells in this range are counted, and their frequency is plotted against
cellular volume. Atypical platelet histograms can result in some disorderswhen large
platelets are present (Figure 3-2).

C. X-Bar-B (Xg) statistical analysis

1.

Background. Research has shown that RBC indices (i.e., MCV, MCH, MCHC) of

patient populations are stable over time. This stability is the basis of a hematology

quality control technique known as Xg analysis.

Function. Use of this statistical tool quickly determines the direction and amount of

daily change caused by the instrument, reagents, or sample handling.

Establishment

a. Target values of MCV, MCH, and MCHC are determined by calculating the
mean of 250 to 1,000 samples for each of the three parameters.

b. After target values are determined, ongoing analysis can be applied using small
“batches’ of 20 samples.

¢. The mean and standard deviation of each batch is compared with the target
value of each parameter and averaged with the mean and standard deviation of the
previous batches.

Thehematology system isconsidered “in control” when the batch means are within

established standard deviation limits of the target values.

The percent difference between each batch mean and its corresponding target value

can be calculated and displayed on a L evy-Jennings graph.

WBC 116
LY% 6.3

MO% 29 R4

GR% 908 R4

NO. MO# 3 R4

GR# 105 R4
M/\\n_ 1 | | l
WBC | 50 100 200 300 400

Femtoliters (fL)

B Figure 3-6 Abnormal WBC histogram representing an R4 distribution. GR = granulocyte; LY =
lymphocyte; MO = monocyte.
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B Figure 3-7 Normal RBC distribution of an RBC histogram. Note that the extended distribution
between 100 fL and 200 fL, which is called the toe, is normal. This area represents RBC duplicates,
triplicates, agglutinated RBCs, aperture artifacts, and an occasional white blood cell (WBC).

D. Laser scatter counting and flow cytometry
1. A wide range of diagnostic applications can be found from using the principles of
laser scatter and flow cytometry.

a. Routine cell counting and differential separation of the white cells can be rou-
tinely performed.

b. These techniques can be used to help presumptively characterize acute and
chronic leukemias and lymphomas.

c. Specialized flow cytometry instrumentation can differentially separate types of
leukemic cells, tumor cells, or subtype lymphocyte functional types (e.g., B
lymphocytes, T lymphocytes, T-lymphocyte subtypes).

d. Thesetypesof cell counters can be adapted to perform reticulocyte counts.

e. Oneof themost far-reaching applicationsof flow cytometry technology isthe DNA
analysis of rapidly growing tumor tissue.

2. Principles of operation combine chemistry and flow cytometry for the evaluation of
individual blood cell populations in each of several flow cells or “channels.”

a. General stepsof flow cytometry include:

(1) Preparation and staining of cell populations with cytochemical marking for
further analysis

(2) Flow cell measuresof cell size, cytochemical staining properties, and frequency
of each cell type

(3) Computer conversion of measurements into common hematologic parameters

b. IntheRBC channel, RBCsarediluted and passed through aflow cell for counting
with the technology of laser scatter.

(1) RBC indicesand RDW are computed and reported from the total RBC count.
(2) Many flow cytometry instruments provide RBC mor phology measur ements.

c. The WBC/myeloperoxidase (MPO) channel consists of a speciaized flow cell
in which leukocytes are counted and differentiated.

(1) The blood is diluted, the RBCs are lysed, and the WBCs are stained for
MPO activity. MPO is found in the greatest amount in granulocytes.

RBC 50 100 200 300

Femtoliters (fL)
B Figure 3-8 Abnormal RBC histogram distribution illustrating dual RBC populations.
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Slight-to-moderate amounts of MPO exist in monocytes; very little exists in
lymphocytes and immature leukocyte precursor cells (i.e., blasts).

(2) The WBCs enter a flow cell where two-dimensional light-scatter and light-
absorption properties are determined for each cell.

(3) Stained cells absorb more light and scatter light at a different angle than
unstained cells. The end result is atwo-dimensional leukocyte cytogram.

(4) The peroxidase (MPO) channel gives a total WBC count and absolute
numbers of neutrophils, lymphocytes, monocytes, and large unstained cells
(LUC). The mean peroxidase activity is expressed as the mean peroxidase
index (MPXI) and scaled from —10 to +10.

Basophils. In some flow cytometry instruments, basophils are not classified in the

peroxidase channel because they appear in the same area on the scattergram as

lymphocytes. Basophils, therefore, require separate analysisin a separate channel.

(1) RBCsarefully lysed, and WBCs are partially lysed, leaving only anucleated
leukocytes.

(2) Cells in this channel enter a flow cell and are analyzed by two-angle light
scatter from alaser source.

(3) Basophils are more resistant to lysis than other leukocytes. They are counted
and sorted separately.

(4) Duetovariationsinnuclear texture, ssgmented nuclei have ahigher component
of wide-angle scatter.

(5) Based on their properties of wide-angle light scatter (Figure 3-9), aratio of
segmented nuclel to nonsegmented nuclei (i.e.,, immature myeloid cells) is
reported as alobularity index (L1).

(a) A high LI indicates a large population of segmented nuclei
(b) Alow LI indicatesamorphologic shift totheleft, with morebandsand
immature neutrophil forms.

3. Cytoflow principle of operation

a.

Flow cytometry isthe automated analysis of cells and other particles passing in a
fluid suspensionthrough alaser light source. Cellsarefirst |abeled withmonoclonal
antibodies specific for a variety of cell membrane protein receptors.

(1) Monoclonal antibodies are commercially available and provide highly specific
for identification of cell maturation.

(2) Thesereagentsare specific enoughto recognizeasingleantigenic site (epitope)
of not more than 5to 7 amino acids on a cell.

(3) Can be used in the identification of lymphocyte subpopulations and matu-
ration stages of granulocytes and monocytes

(4) These monoclona markersare commonly known ascluster designation (CD)
markers.

(5) The CD designation can define both cell types and levels of maturation
within a cell line. Presently, there are over 100 commercially available CD
markers available.

(6) By using apanel of antibodiesthat covers aspectrum of CDs, a heterogeneous
cell population such as the bone marrow or a lymph node can be accurately
characterized and quantitated.

To be distinguished and differentiated in flow analysis, CD markers must first be

tagged with a fluorochrome or chromophore, to be able to absorb the light the

laser emits.

(1) Thetagged cell emitslight back at awavelength sufficiently longer than the
excitation light so that the two wavelengths can be optically separated with
selectivefilters.

(2) Fluorescein isothiocyanate (FITC) is the most common fluorochrome used
in cytoflow. If multiple fluorochromes are used to identify more than one cell
population, their emission spectra must have minimal overlap so they can be
separated and quantitated.

Fluorochrome tagged cells are channeled in a fluid stream to pass single file

through a beam of laser light.
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Peroxidase channel B Figure 3-9 Typical format of a
- - - - - scattergram cell distribution report

[ of a flow cytometer cell-counting
/ instrument. Large unstained cells
(Luc), basophils (Baso), eosinophils
Luc | Neut | (Eos), neutrophils (Neut), and
- monocytes (Mono) are represented.

Mono | \
Lymoh e 7 ;
ymp
and —/
Baso _/ 4
/ Eos
X-axis (wide angle scatter)
Basophil — leukocyte channel
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Mononuclear cells Segmented neutrophils

X-axis (wide angle scatter)

(1) Lasersemit monochromatic light, or light of a single wavelength. As each
cell passes through and breaks the laser beam, photons of light are scattered
and emitted by the cells to be separated into the resulting wavelengths by a
series of filtersand mirrorsknown as a photomultiplier tube.

(2) The separated light then is passed to individual detectors that will generate
electrical impulses proportional to the amount of light striking the detector.

(3) Theintrinsic cellular characteristics of each cell can be analyzed by the angles
of light scatter. Intracellular characteristicsaredetected by for war d-anglelight
scatter (FALS) and by side scatter (SS).

(a) FALS isrelated to the light collected by the photomultiplier tube along
the axis of the laser, and is proportional to cell size as shown in Figure
3-10.

(b) The light deflected off the cells at a 90 degree angle to the laser beam
is SS. The reflected light reveals information about cell density, nuclear
complexity, and cell granularity.

(c) Deflected lightisconvertedto ascattergram plotting FAL Son they-axis
against SSon the x-axis. Each dot will represent a single cell of given
size and density. Emitted light from tagged fluorochromesis converted to
a histogram which plots increasing intensity of cellular fluorescence on
the x-axis against the cell frequency on the y-axis (Figure 3-11).
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B Figure 3-10 Cytoflow scattergram example of
white cell differentiation by 90 degree angle light
scatter on the x-axis compared to the amount of
forward angle light scatter on the y-axis.

EOS

Forward Angle Light Scatter

90° Angle Light Scatter

m HEMATOPOIETIC TISSUES are organs and tissue areas in which blood cell
production or regulation occurs. These tissues include areas of fetal hematopoiesis, the
spleen, lymphatic tissues, and the bone marrow.

A. Embryonic and fetal hematopoiesis

1.

B Figure 3-11 Fluorescence
scattergram demonstrating the amount
of CD4 positive cells by plotting the
wavelength of fluorescence on the
x-axis compared to the frequency on
positive cells on the y-axis. The
scattergram shows a prominence of
CD4 lymphocytes in the cell population

analyzed.

Primitive erythroblasts arethefirst blood cells formed by the first month of embry-

onic life. These cells are formed outside the embryo in the mesenchyme of the yolk

sac.

By the sixth week of embryonic life, the liver becomes the primary hematopoietic

organ for producing definitive erythroblasts, which mature to non-nucleated RBCs.

In mid-fetal life, the spleen and lymph nodes begin a limited role as secondary

lymphoid organs.

In the last half of fetal life, bone marrow hematopoiesis begins and becomes pro-

gressively moreimportant. Hematopoiesisin the liver beginsto slowly diminish by the

last trimester.

Shortly after birth, hematopoiesis ceases in the liver, and the marrow becomes the

only site for production of erythrocytes, granulocytes, monocytes, platelets, and B

lymphocytes.

a. Hematopoietic primitive stem cells and committed progenitor cells are located
in the marrow.

CELL COUNT

1

IMMUNOFLUORESCENCE
(CD4)
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B. Spleen

CHAPTER 3 Routine Hematology 95

In an infant, most bone marrow is actively hematopoietic.

With increasing age, marrow for hematopoiesis becomes progressively limited.
The spleen and lymph nodes serve as secondary lymphoid tissue for lymphocyte
development and differentiation.

1. Internal structureisdivided into white pulp and red pulp.

a.

The pulp is divided by fibrous trabeculae, which contain:

(1) Arteriesthat emerge from the trabeculae, giving off right-angle branchesinto
the white pulp and terminating in lymphatic nodules

(2) Veinsthat drain the venous sinuses of the red pulp into the hepatic-portal blood
vessels

(3) Lymphatics that are scattered throughout the spleen and pass through lym-
phatic nodules

White pulp is so named because it contains concentrations of WBCs (i.e., lym-

phocytes and macrophages) in anatomically select areas of the spleen.

(1) A periarterial lymphatic sheath, consisting of T lymphocytes, is wrapped
around the central artery.

(2) Lymphatic nodules, located throughout the white pulp, contain a germinal
center.

(a) The marginal zone, which surrounds the germinal centers and separates

the red and white pulp, isrichin T lymphocytes and macrophages.

(b) Thenodulesare held together by a network of fibrousreticular cells.
Red pulp is so named because it contains venous sinuses and cords of fibrous
trabeculae.

(1) Blood from margina zones and central arterial terminals in the white pulp
drainsinto the red pulp.

(2) RBCs that enter the cords must pass through a porous membrane separating
the cords from venous sinuses.

(a) Poresinthefibroustrabeculae are only approximately 3 um in diameter.

(b) RBCs, which are an average of 7 um, must be squeezed through the

small pores.

(c) RBCs that are old or contain cytoplasmic inclusions do not have

the necessary pliability to transverse the pores, and they are destro-
yed.

2. Functions of the spleen

a.

RBC filtration occursto eliminate cellular impurities.

(1) The process of “sgueezing” RBCs through the narrow fenestrated cord selec-
tively eliminates old or abnormal RBCs.

(2) RBCs and platelets coated with autoimmune gamma G immunoglobulin are
also destroyed by the macrophagesin the red pulp.

Cell grooming or restructuring of RBCs with intracellular inclusions occurs in

the red pulp.

(1) Reticulocytes are delayed in transit because of small amounts of cytoplasmic
RNA.

(2) RBC cytoplasmic inclusions such as deoxyribonucleic acid (DNA), ribonu-
cleic acid (RNA), iron, denatured Hb, or a remaining nucleus are squeezed
from RBCs as they work their way through the tiny pores. Cellular debrisis
eliminated by splenic macrophages.

In humans, the spleen serves as areservoir for platelets and lymphocytes.

(1) Upto30% of circulating platelets are sequestered by the spleen through slow
transit.

(2) Thespleenisrichin mature lymphocytes destined for antigen-dependent dif-
ferentiation.

The spleen serves as an important organ involved in immunity.

(1) White pulp contains approximately 25% of the peripheral T lymphocytesin
transit between circulation and tissue.



96 A Concise Review of Clinical Laboratory Science

(2) Approximately 10% to 15% of peripheral B lymphocytesarefoundin splenic
nodules.

(3) Thespleen providesalocalefor immunity-induced lymphocyte differentiation
and antibody production. It serves as an important organ for immunoglobulin
M (IgM) production by B lymphocytes.

3. Asplenia (the absence of splenic function) can be caused by either surgical removal
(e.g., splenectomy) or radiation overexposure. This condition can also occur in associ-
ation with malabsorption syndromes. The hematologic results of aspleniainclude:

-0 Q06 T 9o

Increased susceptibility to infection

Acute granulocytosis

Acute thrombocytosis, with occasional giant platelets

Chronic and absolute lymphocytosis and monocytosis

Increased appearance of immature RBCs in the circulation

Increased amount of circulating RBCs with cytoplasmic inclusions or abnormal
forms (e.g., Howell-Jolly bodies, target cells, and burr cells)

4. Splenomegaly

a.

Definitions

(1) Splenomegaly describes an enlarged spleen.

(2) Hypersplenism describes exaggerated inhibitory or destructive functions of
the spleen, which is usually accompanied by splenomegaly.

Clinical presentation. Splenomegaly results in vascular congestion and portal

hypertension. RBCs, granulocytes, and as many as 90% of circulating platelets

may betrapped, whichresultsinanemia, leukocytopenia, andthrombocytopenia.

A hypercellular marrow results in response to a chronic pancytopenia.

C. Lymphatictissues
1. Lymphopoiesisis anatomically divided between two areas.

a.

b.

Primary lymphatic tissues include the bone marrow for B lymphocytes, the
thymusfor T lymphocytes, and sites of active hematopoiesisin the fetus.
Secondary lymphatic tissues serve as reservoirs for already differentiated lym-
phocytes. These tissues include the lymph nodes, spleen, and gut-associated
lymphatic tissue.

2. Thethymusisaprimary tissue for T-lymphocyte devel opment.

a.

The cortex, or outer part of the organ, consists of several cell types.

(1) Small and medium primitive T cells (i.e., thymocytes) are the youngest cells
found in the thymus.

(2) Epithelial cells serve asimportant effectors of T-cell differentiation.

(3) The corticomedullary junction isrich in macrophages.

Themedulla, or interior of the organ, isrichin maturing T lymphocytes, epithe-

lial cells, and concentric swirls of squamous epithelial cells known as Hassall’s

cor puscles. Mature immunocompetent T lymphocytes |eave the medullaand enter

thecirculation to migrateto secondary lymphoid tissuesto await “ specific” immune

differentiation.

3. Lymph nodes, spread throughout the body in a“second” vascular system, comprise
part of the secondary lymphatic system.

a.

b.

All lymph empties and is recirculated into the bloodstream via the right thoracic
duct and the left thoracic duct, which is the major lymphatic vessel.
All nodes are separated from each other by thin-walled vessels known as lymph
ducts. The normal anatomic structure of each node includes a cortex, paracortex,
and medulla.
(1) The cortex contains lymphocyte follicles (nodules) with germinal centers.
These follicles are unique to lymph nodes and the spleen.
(a) All follicles are arranged in arow beneath the surface capsular lining.
(b) Thesefolliclescontain a concentration of macrophagesand B lympho-
cytes.
(c) The germinal centers are surrounded by a high concentration of T
lymphocytes.
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(2) The paracortex is defined as the area between the cortex and medulla. This
area of the nodeisrich in macrophages, aswell asB and T lymphocytesin
transit.

(3) The medulla, or inside of the node, is arranged in parallel cords of small
lymph and plasma cells.

4. Lymphopoiesisis defined as lymphocyte production or regulation in primary or sec-
ondary lymphatic tissues.

a.

Lymphocyte production in primary tissues is continuous and independent of

antigen stimulation.

(1) The production rate isin excess of demand.

(2) Only afraction of newly formed lymphocytesin the primary tissues survive to
gain access to secondary lymphoid organs.

Lymphocyte proliferation in secondary tissues is antigenic stimulation-

dependent, resulting in the proliferation of specific clona populations of lym-

phocytes to carry out the immunol ogic response.

Of circulating lymphocytes, 75% to 85% are T lymphocytes, and 10% to 15%

are B lymphocytes.

T lymphocytesaremoreactively motileand recircul ate morethan B lymphocytes.

(1) T cells migrate among the blood (30 minutes), spleen (6 hours), and lymph
nodes (15-20 hours).

(2) B lymphocytes do not freely circulate and may stay in a lymph node for as
long as 30 hours.

D. Bonemarrow
1. Structure and development

Fat-cell occupation of the bone marrow space begins by 4 years of age, at
which time the growth of bone cavities has exceeded the body’s need, and the
available space in bone cavities has grown faster than the needed circulation blood
mass.

(1) Fat-cell growth occursfirst at the diaphysis of long bones and slowly extends
to the center of the bone.

(2) By 18yearsof age, fatty replacement has limited active hematopoietic marrow
to the vertebrae, ribs, skull, sternum, proximal epiphyses of long bones, and
theiliac crest of the pelvis.

(3) Because of this available fatty bone marrow reserve, reactivation of ex-
tramedullary organs rarely takes place.

Organization. The marrow is organized in a spoke-like pattern of venous sinuses

and cords of hematopoietic tissue.

(1) Venous sinuses are covered on the marrow side by endothelial cells and on
the sinus side by abasement membrane and reticular adventitial cells, which
put out projections or “nests’ to support hematopoietic cells.

(2) Megakaryocytesliewithinthecordsclosetothesinuswall. Stringsof platelets
peel directly into the venous sinus.

(3) Erythroblastslie close to venous sinusesin clusters or colonies.

(a) Each cluster consists of acentral macrophage (i.e., nur se cell) surrounded
by erythroblasts in various stages of maturation.

(b) When mature, the reticulocyte squeezes through the basement mem-
brane and endothelial layer to bereleased into the venous sinus.

Nerve supply. The marrow has an extensive supply of nerves, which may play an

important autoregulatory roleto adjust blood flow to the rate of cellular maturation

and proliferation.

2. Bone marrow functions

b.

Minor. The marrow hasaminor function in the antigen processing of cellular and
humoral immunity.

Major. The major function of the marrow isthe production and proliferation of
blood cells (hematopoiesis). Marrow hematopoiesis is divided into three major
compartmentsor cell types (Figure 3-12).
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B Figure 3-12 Hematokinetics in the bone marrow. Hematopoiesis in the marrow consists of three
compartments: multipotential stem cells, unipotential stem cells, and precursor cells. Cell types include
the following: Colony-forming unit (CFU) in the spleen (CFU-S), lymph (CFU-L), erythroid cells (CFU-E),
megakaryocytes (CFU-MEG), and granulocytes/monocytes (CFU-GM); burst-forming unit erythroid
(BFU-E).

(1) Stem cells, known as pluripotential or multipotential cells, retain the ability
to differentiate into any cell line.

(a) The stem cells are referred to as colony-for ming units-spleen (CFU-S).

(b) CFU-S differentiate in either of two pathways, giving rise to either
secondary multipotential stem cells, which giverise to primitive B or
T lymphocytes, or multipotential stem cells, which giverisetothenon-
lymphocytes.

(2) Progenitor (committed) cells are also known as unipotential stem cells,
because they differentiateinto only one cell line. Committed stem cellsinclude
BFU-E, CFU-E, CFU-MEG, and CFU-GM (see Figure 3—10 for descriptions
of abbreviations).

(3) Precursor cells comprise the third marrow compartment. Each type of unipo-
tential stem cell matures into a blast form (e.g., myeloblast, megakaryoblast,
erythroblast).

3. Bone marrow examination can be performed with an aspirate and a biopsy, both of
which arenonsurgically obtained by apathol ogist from either the sternum or the pelvic
iliac crest.

a. Background. The weight of the marrow in an adult is 1,300 to 1,500 g. Marrow
can undergo complete transformation within hoursto days. A marrow examination
is vital to the diagnosis of many diseases, such as myeloproliferative diseases,
lymphoproliferative diseases, and some severe anemias of unknown origin.

b. Preparation of aspirate. A marrow aspirate must be prepared with speed and
quick drying to prevent clotting of the specimen. The types of preparations made
with an aspirate include:

(1) Marrow films stained with Wright's stain

(2) Direct films stained with Wright's stain

(3) Marrow imprint stained with Wright's stain

(4) Crush preparations stained with Wright's stain

(5) Histologic study of marrow particles

(6) Gross quantitative study of marrow
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Marrow preparationsfrom aspiration or biopsy arestained for cell morphology
or iron content.
(1) TheWright'sstain is most commonly used.
(2) Prussian blue stain isused for the quantization of iron in the macrophages of
the marrow.
(a) Hemosiderin or ferritin are stained, and the staining intensity is graded
from 14+—4+ (2+—4+ isnormal for adults).
(b) Sideroblasts (i.e., normoblasts containing one or more particles of
stainableiron) can be examined and quantitated.
(i) Normally, 20% to 60% of the late normoblasts are sideroblasts.

(if) Sideroblasts are decreased with variousiron storage anemias.
Examination of cellularity isexpressed astheratio of thevolumeof hematopoietic
cells to the volume of marrow space for the patient’s age.

(1) A current peripheral blood cell count, platelet count, and reticulocyte count
[see Section IV F 5 ¢ (2)] should be included with a marrow examination.
(2) Celularity is estimated from gross quantitative study and histologic sections
of marrow biopsy.
(3) Irregularities of cellular distribution are first examined with a low-power
scan of the slide, then examined at 500x or 1,000x for cellular characteristics.
(a) A differential count of 300 to 1,000 cellsis completed.
(b) A myeloid/erythroid (M:E) ratioisestimated by comparingthepercent
of total granulocyteswith total normoblasts. Thenormal M:E ratioin
theadultis2:1to4:1.

Il HEMOGLOBIN SYNTHESIS, STRUCTURE, AND
FUNCTION

A. Hemesynthesis(Figure 3-13)
1. Synthesis occurs on the mitochondria of normablasts and begins with succinyl-
coenzyme A (SCA), which is aby-product of the tricarboxylic acid (TCA) cycle.

Succinyl coenzyme A

Vitamin By

B Figure 3-13 Formation of heme from
succinylcoenzyme A (SCA). The lll isomer is the
biologically active form. The enzyme ferrochelatase
inserts the iron into the py’role ring.
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[Porphobilinogen] x 4
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A X

Coproporphyrinogen-lil

Protoporphyrinogen-IX

Protoporphyrin-1X
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a.

b.

SCA combines with glycine to yield an unstable intermediate known as «-amino—

B-ketoadipate.

The intermediate is decarboxylated to form delta (§)-aminolevulinic acid (ALA).

(1) Thisreaction occurs in mitochondria and requires pyridoxa phosphate (i.e.,
vitamin Bg).

(2) Trace amounts of ALA, which is normally found in urine, are increased in
certain abnormalities of heme synthesis (e.g., lead poisoning).

Two molecules of ALA combine to form porphobilinogen (PBG).

(1) Normally, trace amounts of PBG can be measured in urine.

(2) Increased amounts of PBG are excreted in acute inter mittent por phyria and
are detected by a color reaction with Ehrlich’s aldehyde reagent.

2. Four molecules of porphobilinogen combine to form uroporphyrinogen | or I11.

a.

b.

The type 11l isomer form is converted by way of coproporphyrinogen 111, and

protopor phyrinogen | X to protoporphyrin I X.

Iron isinserted into protoporphyrin by the mitochondrial enzyme, ferrochelatase,

to complete the formation of the heme moiety.

In certain diseases, this pathway may be partially blocked.

(1) Type | isomers of uroporphyrinogen and coproporphyrinogen are formed
and excreted in excess urinary amounts as uroporphyrin | and copropor-
phyrin .

(2) Protoporphyrin is normally found in mature RBCs, but concentrations are
increased in lead poisoning and iron deficiency anemia.

B. Globin chain synthesis

1. Polypeptide chains are manufactured on ribosomesin the normoblast cytoplasm.

2. Glohin chains are assembled from two pairs of polypeptide chains (i.e., four chains per
hemoglobin molecul€).

3. Four primary chains(i.e, «, B, p, 8) can be produced. Each type of globin chain is
different by only afew amino-acid substitutions.

4. Therearemany Hb forms, depending on the combination of the two pairs of globin
chains.

a.
b.

An embryonic form, e, &2, is detected early in fetal life.

By 3 months of embryonic life, embryonic Hb is replaced by fetal Hb (Hb F).
(1) Hb F consists of two « chains and two y chains (i.e., a2y»).

(2) Hb Fisthe major Hb in the fetus and newborn infant.

(3) Hb F hasahigher oxygen affinity than that of adult Hb.

(4) B-chain production does not begin until the 20th week of prenatal life, so adult

Hb is approximately 10% between 20 and 35 weeks, and 15% to 40% at birth.

(5) After birth, the production of Hb F slowly ceases, and by 6 months of age,
it constitutes <8% of the total Hb content.

(a) By 1year of age, infants have <2% Hb F.

(b) Lessthan 1% Hb F isnormally found in adults. Reactivation of Hb F
production may occur in pregnancy and in somedisor der s of erythro-
poiesis.

Adult hemoglobin (HbA) isthe major adult form, consisting of two « chains and

two B chains (i.e., a2f3>).

Hemoglobin A, (HbA,) accountsfor 1.5% to 3.5% of normal adult hemoglobin.

(1) HbA; consists of two « chains and two § chains (i.e., a282).

(2) §-Chain synthesis occurs only in normoblasts and is absent in reticul ocytes.

(3) The HbA, form is increased in some B-thalassemias and in iron deficiency
anemia.

Genetic control of globin-chain production is seen as gene separation.

(1) The production of ¢-chainsis coded on chromosome 16.

(2) The production of all other globin chainsis coded on chromosome 11.

C. Structureand function of hemoglobin
1. The main function of an RBC isto contain, transport, and protect hemoglobin
molecules.
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. Each Hb molecule consists of four globin chains (most commonly, «,8,) and four

heme groups, each with a center iron molecule.

. Each globin chain has a hydrophobic “pocket” that contains a heme group.

a. Thisarrangement protects the Fe?* from oxidation to the ferric form (i.e., Fe3*).
b. Theferric form cannot bind oxygen.

. Theiron of each heme is directly bonded to a nitrogen atom of a histidine side chain.

This histidine is known as the proximal histidine and functions to increase the oxygen
affinity of the hemering.

. A second histidine, known as the distal histidine, is on the opposite side of the heme

plane. Thishistidine sterically diminishesthebinding of carbon monoxide (CO) and
inhibits the oxidation of the heme iron to the ferric state.

. One molecule of Hb can bind up to eight atoms of oxygen (i.e., two oxygens per heme

ring).

. Hemoglobin exhibits three kinds of allosteric effects (i.e., interactions that occur

between spatially distinct sites within the molecule).
a. Cooperativebinding of oxygen increasesthe amount of oxygen that can be carried
by a hemoglobin molecule.

(1) Thebinding of one molecule of oxygento ahemegroup facilitatesthefurther
binding of oxygen to other heme groups in the same molecule.

(2) This property is responsible for the pattern seen with the sigmoid-shaped
hemoglobin oxygen dissociation curve, asillustrated in Figure 3-14.

b. The Bohr effect is the chemical phenomenon whereby protons (i.e., H™ atoms)
and carbon dioxide (CO,) promote the release of oxygen from the Hb molecule.

(1) Thischaracteristicisphysiologically important to enhancetherelease of oxy-
gen in metabolically active tissues.

(2) Each RBC contains an enzyme known as carbonic anhydrase (CA), which
catalyzes the conversion of the CO, given up by tissues and water (H,O)
to produce carbonic acid (H,COg), as shown by the chemical equation that
follows:

Metabolically active tissue -5 CO, + H,0 — HCO 3 + H*

(3) TheH* liberated by this reaction hinds to sites on the globin chain, lowering
the Hb oxygen affinity and releasing more oxygen to the tissues.

(4) A small portion of the CO, binds to amino-end terminal groups of the globin
chains and is transported to the lungs as car boxy-hemoglobin. The binding
of CO; further lowers Hb oxygen affinity.

(5) Inthelungs, the binding of oxygen releases H* and displaces bound Hb-COs,
asillustrated by the chemical reaction that follows:

HCO 5 + H* & CO, + H,0

B Figure 3-14 The normal

100 =
o0 -7 dissociation curve of normal human
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¢. The third allosteric effect demonstrated by Hb is the regulation of the oxygen
affinity of Hb by 2,3-diphosphoglycer ate (2,3-DPG).
(1) Only one moleculeof 2,3-DPG can be bound per Hb molecule by cross-linking
between the two 8 chains.
(2) 2,3-DPG bindsmoreweakly to HbF thanto HbA, which partialy explainswhy

HbF has a higher oxygen affinity.

d. Allosteric properties of Hb arise from interactions between the « and g chains.
Hemoglobin can exist in two allosteric forms.
(1) TheT (i.e, tense) form isthe low oxygen affinity state of hemoglobin.

(a) The quaternary structure of Hb is stabilized by noncovalent electrostatic
bonds between the different globin chains.

(b) Globin-chain bonds partially “close off” the heme pockets, making acces-
sibility of oxygen to the heme iron more difficult.

(c) On oxygenation in the lungs of the first heme, the iron moves into the
plane of the heme and pulls the proximal histidine.

(d) The resulting movement of the histidine breaks some of the noncovalent
chain-chain bonds, opening up the reactive sites of the Hb molecule and
shifting the equilibrium from the T form to a high-*affinity state.

(e) TheT form is stabilized by any one of the following:

(i) Binding of 2,3-DPG
(ii) Binding of CO,
(i) Bindingof H™
(2) TheR (i.e, reactive) form refers to the high oxygen affinity state, in which
theiron in each hemering is readily accessible to oxygen binding.

D. Oxygen transport
1. Regulation. Theamount of oxygen reaching thetissues can beregulated by either alter-
ing the number of circulating RBCs, which causesachangeintherate of erythropoiesis,
or by atering the affinity of hemoglobin for oxygen.
2. Inanormal steady state, the amount of oxygen and CO, exchanged in the lungsis
equal to the amount exchanged in the tissues.
3. Oxygeniscarried in the blood in two forms.
a. Approximately 3% of oxygen isdissolved in the plasma.
b. Themajority of oxygeniscarried by Hb inthe RBCs. Each gram of Hb hasthe
maximum capacity to bind 1.34 mL of oxygen.
4. Carbon monoxide binds 210 times stronger than oxygen to a hemoglobin molecule.
a. |f aperson were breathing room air (i.e., 21% oxygen) contaminated with aslittle
as 0.1% CO, hdf of the Hb-binding sites would be filled with CO.
b. In addition to lowering Hb-oxygen saturation, CO results in a left shift of the
oxygen dissociation curve, which reflects an increased Hb-oxygen affinity
State.

E. Carbon dioxidetransport
1. Approximately 5% of the total CO, in arterial blood is physically dissolved in
plasma.
2. Approximately 5% of the CO,, known as carbamino-CO,, is carried in blood bound to
amino groups of plasma proteins.
3. Approximately 90% of the blood CO, is converted to bicarbonate and H* ions.

F. Abnormal hemoglobin variants
1. Carboxyhemoglobin (HbCO) is a carbon monoxide (CO) variant of Hb found in the
blood at levels <1% of the total Hb in anormal individual.
a. Pathophysiology
(1) Hb has a 200 times greater affinity for CO than O,.
(2) Very small amountsin the atmosphere lead to asphyxiation.
(a) As little as 0.04% (v/v) of CO can result in a HbCO blood level of
10%.
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(b) Exposure of CO up to alevel of 0.1% (v/v) can increase HbCO blood

levelsto 50% to 70% resulting in:

(i) Unconsciousness

(i) Respiratory failure

(iii) Death
Laboratory diagnosis
(1) A blood level of 0.5% istypical in nonsmokers.
(2) Blood levelsof up to 5% aretypical of chronic smokers.
(3) Assaysconsist of screening and quantitative methods.

(a) Screening methods use a mixture of a patient hemolysate and 1
Mol/L NAOH. Samples with more than 20% HbCO result in a light
red end product as compared to a brown end product for a normal
sample.

(b) Quantitativemethodsconsist of gaschromatography and spectrophotom-
etry.

Treatment consists of removal of source and hyperbaric O, therapy.

2. Sulfhemoglobin is an Hb variant resulting from the oxidative degeneration of Hb by
the addition of a sulfur atom to each Hb molecule.

C.

Pathophysiology

(1) The O, affinity of sulfhemoglobin is reduced to one hundredth the affinity
of normal Hb.

(2) Is an acquired condition producing cyanosis at levels exceeding 3% to 4%
Hb content.

(3) Resultsfromexposureto certain sulfur-based drugs(i.e., sulfonamides), and
chemicals.
(a) Found to be elevated with severe constipation, and with a bacteremia

with Clostridium welchii.

(b) Blood levels cannot be converted back to normal.

Laboratory diagnosis may be performed by analysis of a sample hemolysate for

aincrease in an absor ption band at 620 nm.

Treatment consists of removal of cause.

3. Methemoglobin (HbM) is Hb with the heme-iron in the ferric (Fe3+) valance.

a.

b.

Pathophysiology
(1) Normal Hb is converted to 0.5% to 3.0% of HbM daily which is reduced by
RBC metabolic pathways[IV, D].
(2) Mild clinical symptoms of HbM result from three physiological causes.
(a) Inherited methemoglobinemia can occur in two forms.
(i) Is usudly due to inheritance of a decrease in the NADH-
methemoglobin reductase enzyme.

(ii) Various amino acid substitutions in the globin chain that directly
affect heme groups by shifting the iron to the ferric state sometimes
occur. There are five variants.

(b) Acquired methemoglobinemia can be caused by a variety of substances.
(i) Antimalarial drugs
(ii) Sulfonamides
(iii) Drugs of abuse
(iv) Nitrate-rich water or foods
Laboratory diagnosis
(1) Heinz bodies can be demonstrated on a periphera blood preparation with
crystal violet staining.
(2) Diaphorase screening testswith specific enzyme assays can quantitate levels
of HbM.
(3) Quantitation with spectrophotometry.
(a) HbM levels above 1.5% of the total Hb demonstrate a characteristic ab-
sorbance peak at 630 nm.
(b) KCN is added causing HbM to convert to cyanmethemoglobin which
does not absorb at 630 nm
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(c) Differencesin absorbancebeforeand after KCN addition are proportional
to HbM concentrations.
c. Treatmentisreservedfor patientswithtoxiclevelsof HbM >30% , which consists
of intravenousinfusion of methylene blue.
4. Glycosylated hemoglobin (HbA;) isaminor component of adult Hb on chromatog-
raphy analysis.
a. Pathophysiology
(1) A carbohydrate component is added to the N-ternimus of the 8-globin chain
of Hb.
(2) HbA 1 isHb with aglucoseirreversibly attached.
(a) Synthesisis proportional to the time-averaged concentration of blood
glucose.
(b) Older RBCs have a higher level of HbA ;. than young RBCs.
(¢) Blood concentrations of glucose >400 mg/dL significantly increaselevels
of HbAlc.
b. Laboratory diagnosis
(1) Methodsinclude variations of chromatography.
(2) HbA1c levels used as an indicator of control of blood glucose levelsin dia-
betes.
(3) Averagelevelsare 7.5% in diabetes and 3.5% in nondiabetic patients.

ERYTHROCYTES AND ERYTHROPOIESIS

A. Erythroid maturation

1. Production beginswith the multipotential stem cell (CFU-S). The differentiation of
astem cell, induced by certain microenvironmental influences, results in a committed
erythroid progenitor cell.

2. The committed unipotential cell compartment for erythropoiesis consists of two
compartments, as defined by their behavior in cell culture systems.

a. BFU-E stem cells(see Figure 3—-14) maintain an active cell cycle maintained by a
bur st-promoting factor released by the local microenvironment.
(1) BFU-E cells have a low concentration of erythropoietin (EPO) receptors
and respond only to high concentrations of EPO.
(2) T lymphocytes are required for optimal BFU-E growth.
b. Differentiation of the BFU-E cell pool gives rise to the unipotential CFU-E stem
cell pool (see Figure 3-14).
(1) CFU-E cellshaveahigh concentration of EPO membranereceptors; hence,
they respond to low EPO concentrations.
(2) EPO stimulation transforms the CFU-E cell into the earliest recognizable ery-
throid precursor, the pronormoblast.

3. Pronormoblasts (rubriblasts) comprise the first recognizable erythroid precursor
stage as well as the first hemoglobin-synthesizing cell. These blasts begin a con-
trolled process of photoporphyrin production, globin-chain synthesis, iron uptake, and
Hb assembly.

a. Size. Pronormoblasts measure approximately 20 um in diameter (the largest of
erythroid precursors).
b. Distinguishing morphologic and cytoplasmic characteristics are presented in

Table 3-2.
c. Thisis an actively mitotic stage, and its division forms two basophilic nor-
moblasts.
4. Basophilic normablasts (prorubricytes) are dlightly smaller in size than pronor-
moblasts.
a. Distinguishing morphologic and cytoplasmic characteristicsare givenin Table
32

b. Thisisan actively mitotic stage, and its division gives rise to two polychromatic
erythroblasts.
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Table 3-2 Morphologic and Cytoplasmic Characteristics of Erythroid Cells

Cell Type Morphologic Characteristics Cytoplasmic Characteristics
Pronormobl asts Fine, uniform chromatin pattern Moderate in amount
Intensely staining chromatin Moderately basophilic (bluish)
Prominent nuclear membrane Granules are absent
One to three prominent nuclei
Basophilic Coarse, partially clumped chromatin Moderate in amount
normoblasts with awheel spoke pattern Deeply basophilic due to a high
(prorubricytes) Nuclear parachromatin stains pink amount of cytoplasmic RNA
Nucleoli are present, but not always
visible
Cell borders often irregular because
of pseudopodia
Polychromatic Nuclear volume occupies only half Stains various shades of gray due
erythroblasts of the cell area. to mix of RNA and
(rubricytes) Intensely staining chromatin hemoglobin
Moderately condensed chromatin
Orthochromic Smaller normoblasts than previous Abundant hemoglobin
normobl asts stage Fewer polyribosomes
(metarubri- Last stage in maturation sequence Slight polychromasia
cytes) with nucleus
Reticulocytes Nuclear material extruded Polychromatic due to remaining
Immature reticulocytes are larger RNA
than RBCs

Immature reticulocytes are sticky
because of alayer of transferrin
on membrane

RBCs = red blood cells; RNA = ribonucleic acid.

5. Polychromatic erythroblasts (rubricytes) are slightly smaller than prorubricytes.

a.

b.

6. Ort

Distinguishing mor phologic and cytoplasmic characteristicsare givenin Table
3-2.

This stage undergoes one or more mitotic divisions, depending on the level of
erythropoiesis.

After the last mitotic division, the nucleus becomes small and condensed (i.e.,
pyknotic), which givesrise to the next stage.

hochromic normablasts (metar ubricytes) are the last nucleated stage in the mat-

uration seguence.

a.

b.

This is the first non-mitotic stage, with smaller normoblasts than the previous
stage.

Distinguishing mor phologic and cytoplasmic characteristicsare givenin Table
3-2.

7. Reticulocyte. Cytoplasmic contractions and undulations extrude the nucleus of the
metarubricyte with a small rim of cytoplasm and Hb, which changes the cell into
a reticulocyte. Morphologic and cytoplasmic characteristics are given in Table 3-2.
Other characteristics include:

a.
b.

e

Macrophages phagocytose the extruded nuclear material.
Thereticulocyteisreleased into thecirculation after 2 days of maturation in the
marrow.

Eight reticulocytes are normally produced from one pronormoblast.
Reticulocytes synthesize Hb for approximately 1 day after leaving the marrow.
Residual ribosomes, mitochondria, and other organelles are removed in the
spleen or are internally dissolved. The result is a mature RBC, which has an
aver age life span of 120 days.

8. Iron incorporation isavita part of erythroid maturation.

Ironistransferred from transferrin into the young normoblasts, where it becomes

attached to specific normoblast membrane receptors.

(1) Freeiron is shuttled into the normoblast, and the transferrin molecule is re-
leased for recirculation.
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(2) Intracellular iron is shuttled to the mitochondria for heme-ring production,
or it istemporarily deposited in the cytoplasm as ferritin.
b. A secondary supply of iron is provided by a central macrophage through cell-
to-cell delivery.

9. Normoblastic and megalaoblastic maturation. Megaloblasts are abnormal erythroid

cells. Megaloblastic development parallels al stages of erythrocyte maturation.

a. Megaloblastosis is an abnormal maturation of erythroid precursors resulting
from avitamin B, or folic acid deficiency.

b. Megaloblasts have an impaired ability to synthesize and replicate their own
nuclear DNA. Intermitotic and mitotic phases of mitosis are prolonged and out
of synchrony.

(1) Asaresult, nuclear maturation lags behind cytoplasmic maturation.

(2) The nuclear chromatin pattern of megal oblasts is more open, and breaking up
of the nucleus is common (i.e., karyorrhexis).

(3) Thisresultsin anincreased frequency of circulating RBCs with Howell-Jolly
bodies, which are remnants of nuclear chromatin.

B. Regulation of erythrocyte production

1.

Thenumber of circulating RBCsmay beregulated by changing therate of production

in the marrow or the rate of release from the marrow. This regulation is normally

well balanced, because the rate of RBC destruction does not significantly vary.

Impaired oxygen transport to the tissues and low intracellular oxygen tension triggers

RBC production in the marrow. Conditions that stimulate erythropoiesis include:

a. Anemia

b. Cardiac or pulmonary disorders

c. High altitudes

Oxygen tension in tissues is regulated, in part, by the oxygen affinity of Hb.

a. Modulation. Hemoglobin-oxygen affinity is modulated by the concentration of
phosphatesin the RBC.

(1) The primary phosphate is 2,3-DPG.

(2) 2,3-DPG combines with g chains of the reduced Hb molecule, which results
in reduced Hb affinity for oxygen binding.

b. Inareas of hypoxic tissue, as oxygen moves from Hb into the tissue, the amount
of reduced Hb decreases. Thisresultsin:

(1) More 2,3-DPG being bound

(2) Lower Hb oxygen affinity, which results is more oxygen being released to the
tissues

c. |Iftissuehypoxia persists, the depletion of 2,3-DPG leadsto increased glycolysis
and production of more 2,3-DPG, which further lowers Hb oxygen affinity.

Reduced intracellular oxygen tension leads to the production of EPO.

a. Background. EPO is a glycoprotein hormone that controls RBC production at
the level of the marrow.

(1) Production. EPO is produced mainly by kidney glomeruli, when cellsin the
glomerular tuft of the kidney experience a reduced oxygen tension.

(2) Location. EPO is present in the plasma and urine of all mammals, with a
biologic half-life of 4 to 6 hours and a normal reference range of 22 to 54
milli-immunochemical units per milliliter (mU/mL).

b. Threemain EPO marrow effectsinclude:

(1) Stimulation of committed unipotential cellsto proliferate and differentiate
into pronormoblasts

(2) Shortening the generation time of each maturation stage

(3) Promoting early release of reticulocytesinto the blood

¢. The end result of EPO stimulation is an increased number of marrow nor-
moblasts.

Other regulators of erythropoiesis

a. Plasma Hb may have a feedback stimulation of RBC production or result in
increased EPO production.
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Hemolytic anemias result in a higher reticulocyte count than other disorders that
stimulate RBC production.

Androgenshaveasynergistic effect on EPO release and are thought to be the cause
of higher red cell valuesin men.

C. Erythrocytestructure
1. General considerations. RBCs are hiconcave disks with a mean diameter of 7to 8
um and a mean volume of 90 fL. The RBC has no nucleus or mitochondria and
cannot synthesize protein but is packaged with enough limited metabolism to exist
for 120 days.

a.
b.

C.

d.

RBCs have mor e surface area than volume, which creates a soft, pliable cell.
The life span of an RBC depends on the relationship between the RBC membrane
and metabolism. An RBC must have good self-healing ability. Cell damage or
injury can produce cell fragments rather than Hb leakage and cell lysis.

The main mission of an RBC is to carry oxygen and carbon dioxide to and from
all tissues.

With cell aging, enzymatic failure leads to the loss of pliability and splenic de-
struction.

2. The RBC membrane is a lipid bilayer, two molecules thick, consisting of tightly
packed phospholipid molecules.

a.

Cholesterol isfound in the bilayer in a1:1 molar ratio with phospholipids.

(1) RBC membrane cholesterol is in rapid exchange with plasma unesterified
cholesteral.

(2) Cholesterol content of the RBC membrane depends on the plasma concentra-
tion of cholesterol, free bile acids, and the esterifying enzyme lecithin choles-
terol acyltransferase (L CAT).

(3) Changesin RBC shapeand survival canresult from changesin plasmalipids.
(a) Patients with hepatocellular disease or biliary obstruction have im-

paired L CAT activity.

(b) This results in cholesterol overloading of the RBC membrane and
excess RBC membrane surface area.

(c) Red cells appear astarget cell formsand acanthocytes, which have a
reduced survival compared with normal RBCs.

Membrane proteins are of two basic classes.

(1) Integral proteins provide anion channels through the RBC membrane.

(a) These proteinsare in contact with both sides of the membrane.

(b) Oligosaccharide chains are attached to the external surface of transmem-
brane proteins, providing a negative charge to the RBC surface, which
prevents autoagglutination of RBCs.

(2) Peripheral proteinsprovideastructural network on the inner surface of the
membrane, giving the cell its biconcave structure. Peripheral proteins consist
of spectrin, components 4.1 and 5, and actin. Abnormalities of these pro-
teinsareresponsiblefor cell-shape defor mitiesand hemolytic anemias(e.g.,
hereditary elliptocytosis, hereditary spherocytosis).

Theoutside layer of the RBC membrane contains numer ous antigenic deter mi-

nants, which provide agenetically determined “ specific map” of the RBC surface.

(1) More than 300 RBC antigens have been identified, comprising approxi-
mately 15 genetically distinct blood group systems.

(2) RBC antigens are composed largely of the oligosaccharide groups of the inte-
gral proteins.

(3) Almost all antigenic groupsareintrinsic partsof themembraneand appear
during early cell development. The exception is the L ewis group, which is
secondarily absorbed onto cell surfaces.

(4) Common RBC antigen systems include:

(a) ABO

(b) Secretor and Lewis

(c) Ii
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B Figure 3-15 The metabolism of the RBC is primarily from anaerobic glycolysis via the
Embden-Myerhof (EM) pathway and the pentose-phosphate shunt. ADP = adenosine diphosphate; ATP
= adenosine triphosphate; DHAP = dihydroxyacetone phosphate; 1,3-DPG = 1,3-diphosphoglycerate;
2,3-DPG = 2,3-diphosphoglycerate; FDP = fructose-1, 6-diphosphate; F6P = fructose-6-phosphate;
G-P-isomerase = glucose-phosphate isomerase; G3P = glucose-3-phosphate; G6P = glucose-6-
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adenine dinucleotide; NADH = nicotinamide-adenine dinucleotide (reduced form); NADP = nicotinamide-
adenine dinucleotide phosphate; NADPH = nicotinamide-adenine dinucleotide phosphate (reduced
form); pentose-5-P = pentose-5-phosphate; PEP = phosphoenylpyruvate; 2-PG = 2-phosphoglycerate;
3-PG = 3-phosphoglycerate; 6-PG = 6-phosphogluconate. (Reprinted from Besa E, Catalano PM, Kant J,
et al. Hematology. Baltimore: Williams & Wilkins; 1992:98 with permission.)

(d) MN and P
(e) Rh, Kell, and Duffy

D. Erythrocyte metabolism
1. The RBC has no nucleus or mitochondria to metabolize fatty and amino acids for
the provision of energy substrates.
2. Energy metabolisminthe RBCisamost exclusively through the breakdown of glucose.
3. Threebasic metabolic pathways are found in the RBC (Figure 3-15).
a. Embden-Meyerhof (EM) pathway is a nonoxidative anaerobic pathway that
handles 90% of glucose utilization in the RBC.
(1) The end result of the pathway is the net production of 2 adenosine triphos-
phate (ATP).
(a) ATPisnecessary for the survival of an RBC because ATP:
(i) Maintains cell shape and flexibility
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(i) Energizes the metabolic pumps that control cellular sodium, potas-
sium, and calcium flux
(iii) Preserves membrane lipids

(b) Deficienciesin ATP, due to an inherited or acquired defect in glycolysis,
can reduce cell survival and result in hemolytic anemia.

(2) The EM pathway also plays an essential role in maintaining pyridine nu-
cleotides in a reduced state [i.e., nicotinamide adenine dinucleotide, re-
duced form (NADH)] to support the conversion of methemoglobin (HbM)
to hemoglobin in the methemoglobin reductase pathway.

(a) HbM results from the oxidation of iron (Fe) from ferrousion (Fet) to
ferricion (Fe*).

(b) HbM hasavery low oxygen binding affinity.

(¢) Theaccumulation of HbM greatly reduces the oxygen-carrying capacity
of the RBC.

(d) The methemoglobin reductase pathway counteracts the oxidized state by
reducing Fe** to Fe?t.

(e) This pathway relies on the reducing capacity of nicotinamide adenine din-
ucleotide (NAD).

(f) Persons homozygous for an abnormal methemoglobin reductase gene ac-
cumulate 20% to 40% Hb M in RBCs.

(g) Persons with heterozygous enzyme deficiency maintain sufficient HbM
under normal conditions but are susceptible to hemolysis by oxidizing
drugs.

b. ThelLuebering-Rapaport pathway isnecessary for theproduction of 2,3-DPG.

(1) The amount of 2,3-DPG produced at any one time depends on the glycolysis
rate-limiting enzyme, phosphofructokinase.

(2) 2,3-DPG production also depends on an adequate supply of inorganic phos-
phate.

(3) 2,3-DPG hinds to Hb and decreases the oxygen affinity of Hb, thereby re-
leasing more oxygen to the tissues.

¢. Hexose monophosphate shunt (i.e., pentose-phosphate shunt) couples oxidative
metabolism with nicotinamide-adenine dinucleotide phosphate (NADP) and
glutathione reduction.

(1) This pathway is functionally dependent on glucose-6-phosphate dehydro-
genase (G6PD).

(2) When this pathway is functionally deficient, globin denaturation occurs, and
Hb precipitates out of solution to form inclusions (i.e., Heinz bodies) aong
the inner surface of the RBC membrane. This commonly occurs in patients
with X-linked G6PD deficiency.

E. Erythrocytelifecycle

1. A constant red-cell massin thecir culation isensured by the balance between delivery
of RBCs from the marrow to the blood and the removal of aged or abnorma RBCs
from the circulation.

2. As RBCs age, catabolic changes occur that result from cellular enzyme depletion,
which leadsto a decreasein cell flexibility.

a. Cdl rigidity makes it more difficult for RBCs to get through small capillaries or
splenic sinusoids. The 2 to 3 um-fenestrations of the splenic sinusoids remove
aged or abnormal RBCsthat have a higher degree of rigidity.

b. Splenic trapping resultsin cell lysis and monocyte/macrophage phagocytosis of
debris.

3. Extravascular destruction is removal of RBCs by the spleen and liver (i.e., reticu-
loendothelial system). This pathway isthe most efficient method of cell removal and
recovery of essential components such as amino acids and iron.

a. Intramacrophage RBC breakdown occurs following phagocytosis, when the
RBC is attacked by lysosomal enzymes. Hb is broken down by an enzyme known
as heme-oxygenase.



110

A Concise Review of Clinical Laboratory Science

b.

Iron isreleased from the heme group, returned to plasma transferrin, and trans-
ported back to the erythroid marrow. Small amounts of iron can be stored within
the reticuloendothelial macrophage asferritin or hemosiderin.

Amino acids from globin chains are redirected to the body’s amino acid pool.

The photoporphyrin pyrrole ring is broken down at the «-methane bridge, and its

a-carbon is exhaled as CO.

(1) The opened tetrapyrrole, bilirubin, is carried by plasma abumin in the un-
conjugated (i.e., theindirect bilirubin) form to the liver.

(2) Bilirubin is conjugated in the liver to form bilirubin glucuronide (i.e., direct
bilirubin).

Conjugated bilirubin isexcreted from theliver into the small intestineviathebile

duct, where it is converted by bacterial florato urobilinogen.

(1) Most urobilinogen is excreted in the stool as urobilin.

(2) Between 10% and 20% of urobilinogen is reabsorbed by the gut. The reab-
sorbed urobilinogen is either excreted in urine or returned to the gut via an
enterohepatic cycle.

(3) Withliver disease, the enterohepatic cycleisimpaired, and anincreased amount
of urobilinogen is excreted in the urine.

4. Intravascular destruction of RBCs accounts for <10% of RBC loss, but it can in-
crease in certain hemolytic diseases. Free hemoglobin is disposed of in the following
manner:

a.

b.

The free hemoglobin tetramer is unstable in plasma; therefore, tetramers are

quickly dissociated into a1 8; dimers.

Hemoglobin dimers are quickly bound to plasma haptoglobin.

(1) Haptoglobin binding stabilizes the home-globin bond and preventsrenal ex-
cretion of Hb.

(2) Thehaptoglobin-hemoglobin complex isremoved fromthecirculation by retic-
uloendothelial macrophagesandisprocessed intracellularly inthe samemanner
as extracellular RBC destruction.

(3) Thereisalimited supply of plasmahaptoglobin, so the number of haptoglobin-
hemoglobin complexes that can be formed acutely is limited.

(a) A sudden release of several grams of Hb intravascularly can exceed the
haptogl obin-binding capacity.

(b) When the haptoglobin-hemoglobin complex is processed in the macro-
phage, the haptoglobin itself is also catabolized.

(c) A decrease or absence of serum haptoglobin may be used to indicate in-
creased intravascular hemolysis.

If haptoglobin is depleted, unbound Hb dimers are free to be filtered by the

renal glomerulus.

(1) Asmuch as 5 g/day can be reabsor bed by renal tubular epithelial cellsand
converted to hemosiderin for storage.

(2) If the amount of free Hb is high, the tubular uptake capacity can be exceeded.
Then, dimers are excreted in the urine as free Hb.

(3) Large amounts of filtered Hb can be destructive to renal tubular cells.

(4) Alargeamount of Hb excretionisaccompanied by the excretion of hemosiderin
and iron loss.

Part of the free Hb not bound to haptoglobin may be oxidized to methemoglobin.

(1) The hemeringsdissociate from the globin chains and are bound to another
transport protein, hemopexin.

(2) Heme-hemopexin complexes are cleared from the circulation by reticuloen-
dothelial macrophages and catabolized.

(3) A small percent of the heme groups are bound to albumin as methemalbumin.

F. Measurementsof RBC production and destruction
1. Anemia occurs when delivery of RBCsto the circulation is decreased or when the re-
moval of RBCsfrom the blood isincreased and cannot be compensated for by increased
marrow production (see Chapter 4).
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B Figure 3-16 Laboratory

Reticulocyte indexl Circulation: measurement of the RBC life cycle.
1. RBC radioiron .

Anemia can result from a marrow
uptake and release .
2. RBC volume production defect or from an RBC
survival disorder (e.g., hemolysis).
Therefore, the correct laboratory tests
can determine the source and cause of
most anemias. TIBC = total iron-

Splenic macrophage: binding capacity; LDH = lactate
1. Bilirubin: direct dehydrogenase.
and indirect
2. CO release
3. Urobilinogen
4. LDH

b.

When anemia develops, the end result is tissue hypoxia.

(1) Hypoxiastimulatesincreased erythropoietin production by the kidneys.

(2) Increased EPO levels result in a normoblastic hyperplasia, which produces
more RBCs to be released into the circulation.

In anormal person, the marrow is capable of 6 to 8 timesthe normal output.

2. Measurement of thetotal erythron must take into account the balance between mar-
row production, survival in the circulation, and destruction in the hepatic and splenic
macrophage (Figure 3-16).

3. Measurement of total RBC production can be obtained from an absol ute measure of the
number of immature erythroid cells through the injection and tracking of radioactive
iron.

4. Measurements of Hb catabolism and RBC survival can be obtained with several meth-

ods.
a.

b.
c.

d.

Anindication of theamount of heme breakdown can be determined by theamount
of exhaled CO.

Uraobilinogen can be measured in the stool.

Serum bilirubin and lactate dehydrogenase (L DH) levels can provide a quanti-
tative indication of RBC turnover. Hemolytic disorders can result in high levels
of bilirubin and LDH.

RBC survival can be estimated by removing asample of whole blood and labeling
it with the radioisotope chromium 51 (>1Cr-labeled).

5. Thefunctional capacity of the erythroid marrow can be measured with several methods.

b.

Relative numbers of marrow stem cells may be estimated using cell culture tech-

niques.

The density of the erythroid marrow can be estimated from a bone marrow

examination and by obtaining aM:E ratio [see Section |1 D 3 d (3)(b)].

(1) Thenormal adult M:E ratiorangesfrom 2:1to 4: 1.

(2) A hemolytic disorder may display an M:E of 1:1, which indicates an erythroid
hyperplastic marrow.

(3) An erythroid hypoplastic marrow may demonstrate aM:E ratio >4:1.

The reticulocyte count is a good way to effectively measure the production rate

of RBCs.

(1) Background. Because RBC intracellular RNA disappears after about a day
in the circulation, the reticulocyte count provides a rough measurement of
the number of RBCs being delivered by the marrow to the circulation each
day.

(2) Method. Basically, a reticulocyte count is obtained by staining RBCs with a
vital stain known as new methylene blue.

(a) Blood smears of stained RBCs are made, and a set number of RBCs are
counted while thetotal number of reticulocytesis simultaneously counted.

(b) Reticulocytesarereported asa percent of RBCs.

(c) Normal valuesrange from 0.5% to 2.0%.
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Table 3-3 Maturation Index
Hematocrit (%) Reticulocyte Maturation Time (D)
45 1.0
35 15
25 20
15 25
(3) If the total RBC count is also determined, the absolute reticulocyte count can

(4)

(5)

be determined by multiplying the percent reticulocytes by the RBC count.

(a) The normal absolute reticulocyte count ranges from 25,000 to
75,000/mm3,

(b) Theformula for obtaining the absolute reticulocyte count is:

% (reticulocytes = 100) x (RBCs x 10%/mm®)
= reticulocytes x 10°/mm?3/d

Because the norma maturation time for reticulocytes in the circulation is

1 day, the normal RBC production is an aver age of 50,000/mm?/d.

Often, an increased circulatory maturation time of reticulocytes, which is

caused by accelerated rel ease from the marrow, must be taken into account.

(a) Even with increased erythropoiesis, reticulocytes till need 2 to 3 daysto
mature.

(b) To avoid an overestimation of daily RBC production, a correction factor
is used based on the estimated maturation time of reticulocytes in the
circulation.

(i) The finding of polychromatic RBCs or nucleated RBCs (NRBCs) on
the blood smear indicates accelerated erythropoiesis, a shift reticu-
locytosis, and a need to correct the reticulocyte count for circulating
maturation time with the maturation index.

(i) The maturation index variesinversely with HCT (Table 3-3).

(c) Example. A patient is seen with a HCT of 25%, an RBC count of
2.89 x 105/mm3, and areticulocyte count of 7%. The calculated abso-
lutereticulocyte count of thispatient is:

0.07 x (2.89 x 10°/mm?®) = 202 x 10%/mm?3

(i) Because the average normal reticulocyte count is 50,000, this patient
has the following rate of reticulocyte production:

202,000
50,000

(i) When corrected for maturation time using the patient’s HCT of 25%
(Table 3-3), thereare 4 = 2 = two times as many reticulocytes per day
asnormal.

(d) An aternate method used to correct for shift reticulocytosisis by calcul at-
ing the reticulocyte index (RI).
(i) Example. Using the same patient values as before, the formula for
obtaining an RI is:

= four times normal amount

Patient’'sHCT (25%)
Normal HCT (45%)
(ii) After the Rl is known, the reticulocyte production index (RPI) can
be determined:
RI (4%)
Maturation time (2 days)

Rl = 7% x = 4%

= two times as many reticulocytes/day

6. Measurement of blood volume might be necessary for the diagnosis of certain disor-
ders such as anemias or polycythemia (i.e., increase in RBC volume).
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Substances that combinewith RBCs (e.g., chromium 51) can be used to directly

measure the total red cell volume. Then, the plasma and whole blood volumes can

be calculated from the HCT value.

Substances that combine with plasma proteins can be used to directly measure

plasmavolume. Then, thered cell and whole blood volumes can be cal culated from

the HCT value.

(1) Evan’sblue dye binds to plasma proteins.

(2) Radio-iodine saturated albumin (RISA) mixes with native albumin to pro-
vide ameasure of plasmavolume.

G. RBC morphology: normal and abnormal
1. Sizevariationsin RBCscan have adiagnostic implication and areimportant to report.

Anisocytosisisaterm indicating RBC variation in size (Web Color Image 3-1).
(1) Anisocytosis is usually quantitated as 1+, 2+, 3+, or 4+. There must be a
variation in size of more than 10% of erythrocytes per high-power field for a
grading of 1+.
(2) When possible, use the RDW to aid in recognition and quantitation of aniso-
cytosis. An RDW >15.0 indicates anisocytosis.
Normocytosis of RBCs indicates relatively uniform size (i.e., <10% variation).
Macrocytosisis aterm used to indicate the presence of large RBCs with a mean
diameter >8 um. Refer to Web Color Image 3-2.
(1) Macrocytosis should be quantitated in the following manner:
(a) 1+ (i.e, dlight) if there are approximately 25% macrocytic RBCs present
per high-power field
(b) 2+-3+ (i.e., moderate) if there are 25% to 50% macrocytic RBCs present
per high-power field
(c) 4+ (i.e, marked) if thereis >50% macrocytic RBCs per high-power field
(2) When possible, usethe patient’sMCV to aid in aquantitation of macrocytosis.
An MCV >100 fl indicates macrocytosis.
(3) Macrocytosis has the following diagnostic implications:
(a) Megaloblastic anemias
(b) Shift reticulocytosis (e.g., hemolysis)
(c) Anemiaof liver disease
Microcytosis should be quantitated in a manner similar to the quantitation of
macrocytosis. If the MCV is not available, finding a small lymphocyte provides a
comparable scale. Refer to Web Color Image 3-3.
(1) An MCV <80fL indicates microcytosis.
(2) Microcytosis has the following diagnostic implications:
(a) Iron-related disorders
(b) Sideroblastic anemias
(¢) Anemia of chronic disorders
(d) Thalassemias

2. Thecolor of the RBCs can be related to the Hb content of the cells.

a.

Normochromic RBCs have a normal red color and Hb content. If possible, the

patient’s MCH and M CHC should be used to provide guidelines for RBC color

appearance.

Hypochromia refers to RBCs that show a less than normal amount of

hemoglobin staining, and the cells' central pallor is increased to more than one

third of the cell diameter (Web Color Image 3-4). The patient’ sM CH and MCHC

should be used to provide guidelines for RBC color appearance. Hypochromia

should be graded in the following manner:

(1) 1+ (i.e, dlight) if RBCsshow acentral pallor occupying onethird to two thirds
of the cell’s diameter

(2) 243+ (i.e.,, moderate) if RBCs show a central pallor occupying more than
two thirds of the cell’s diameter

(3) 4+ (i.e., marked) if RBCs show red hemoglobin staining that appears only as
arim on the periphery of the cell
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3. Shape changes often have a diagnostic implication and should be graded as slight,
moderate, or marked (i.e., 1+, 2+, or 3+) per microscopic field at a magnification of
1000X.

Poikilocytosisrefersto RBC variation in shape. There must be avariation in shape
of more than 10% of the RBCs per high-power field for agrading of 1+. Refer to
Web Color Image 3-5.

Spherocytosis indicates RBCs of spherical shape (Web Color Image 3-6).

(1) Spherocytes appear microcytic and hyperchromic, because of their spheri-
cal form. The central pallor is absent (i.e., the typical doughnut shape is
absent).

(2) Grading. Spherocytosis should be graded as slight, moderate, or marked (i.e.,
1+, 24, 3+) using the same guidelines previously described for changes in
size.

(3) Spherocytes will be normocytic with anormal MCV.

(4) Diagnostic implications of spherocytes are as follows:

(a) Hereditary spherocytosis
(b) Hemolysis

Ovalocytosis(i.e., elliptocytosis) indicatesred cellsthat vary in shapefromslightly

oval to pencil-shaped or cigar-shaped (Web Color Image 3-7).

(1) Ovalocytosisis reported if more than 10% of RBCs per microscopic field are
oval or elliptical in shape.

(2) Thediagnosticimplications of ovalocytosis are as follows:

(a) Hereditary elliptocytosis
(b) Megaloblastic anemias

Sickle cells (i.e., drepanocytes) are flattened and elongated cells that are often

curved and may have the appearance of a curved blade (i.e., sickle) with sharp

points (Web Color Image 3-8). The presence of sickle cellsin any amount suggests
an investigation of sickle cell anemia.

Burr cellsareirregularly shaped RBCswith symmetric, knobby projections. Refer

to Web Color Image 3-9.

(1) Burr cells are produced by a rapture of the cell membrane by enlarged cyto-
plasmic vacuoles.

(2) Care must be taken to distinguish burr cells from crenated RBCs, which are
produced by too rapid a drying of the blood smear.

(3) Diagnosticaly, burr cellsimplicate renal disease.

Schistocytosis (i.e., fragmented RBCs) are pieces of RBCs that are small and

triangular with pointed ends. Schistocytes are commonly found in patients with

hemolytic anemia and severe burns. Refer to Web Color Image 3-10.

Tear drop cells (i.e., dacryocytes) have one pointed end and a round body. Re-

fer to Web Color Image 3-11. Tear drop RBCs have the following diagnostic

implications:

(1) Megaloblastic anemias

(2) Myelofibrosis with myeloid metaplasia

(3) Acquired hemolytic anemias

Acanthocytes are irregularly shaped RBCs with asymmetric, sharp projections

(Web Color Image 3-12).

(1) Acanthocytes are produced by cholesterol overloading of the membrane.

(2) Diagnostically, acanthocytesimplicate chronic liver disease.

4. Abnormal forms of RBCs should be graded as slight, moderate, or marked (i.e., 1+,
24, or 3+) per microscopic field at a magnification of 1000X.

a.

Target cells(i.e., leptocytes) are flattened RBCsthat reveal peripheral and central
zones of Hb, giving the appearance of atarget (Web Color Image 3-13).
(1) Target cells are produced by cholesterol overloading of the membrane.
(2) Thediagnosticimplications of target cells are as follows:
(a) Chronic liver disease
(b) Thalassemias
(c) Hemoglobinopathies
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Polychromatophilia (i.e., polychromasia) refers to an increase in the number of
younger RBCs (e.g., reticulocytes) with incomplete hemoglobinization. Refer to
Web Color Image 3-14.
(1) Thesecellsarelarger than normal RBCs, lack acentral pallor, and stain apale
blue.
(2) Polychromasia should be quantitated in the following manner:
(a) 1+ if 1-3 polychromatic cells are found per microscopic field
(b) 2+ if 3-5 polychromatic cells are found per microscopic field
(c) 3+ if more than five polychromatic cells are found per microscopic
field
Basophilic stippling describes cytoplasmic inclusions. RBCs have cytoplasm that
isstippled with anumber of fineblue granules, which areribosomal-RNA remnants
(Web Color Image 3-15).
(1) Stippled cellsare quantitated in the following manner:
(a) Slight if one stippled RBC is noted in every other microscopic field
(b) Moderateif 1-2 stippled RBCs are noted in every microscopic field
(c) Marked if three or more stippled RBCs are noted in every microscopic
field
(2) Thediagnostic implications of basophilic stippling are as follows:
(a) Lead poisoning
(b) Toxin poisoning
(c) Conditionsthat greatly accelerate erythropoiesis
Cabot ringsarethready, blue, ring-shaped, twisted, or figure-eight RBC cytoplas-
mic inclusions. They are seen rarely in severe anemia.
Howell-Jolly Bodies are dark violet-staining DNA remnantsin RBCs (Web Color
Image 3-16).
(1) Theseinclusions usually occur singly and average 1 um in diameter.
(2) Thediagnostic implications of Howell-Jolly bodies are as follows:
(a) Splenectomy
(b) Hemoglobinopathies
(c) Severehemolysis
NRBCs are usually orthochromic normoblasts, but can represent any stage of
erythroid maturation (Web Color Image 3-17).
(1) Their presence in the peripheral circulation is indicative of marrow stimula-
tion.
(2) NRBCsare normally found in newborns.
(3) They arereported as the number of NRBCs counted per 100 WBCs.
(4) Thediagnosticimplications of NRBCs are as follows:
(a) Acutehemorrhage
(b) Congestive heart failure
(c) Hypoxia
(d) Hemolytic anemia
(e) Leukemias
(f) Megaloblastic anemias
(g) Myelofibrosis
Pappenheimer bodies are RBC cytoplasmic inclusions measuring up to 2 umin
diameter (Web Color Image 3-18). One to 10 may be seen in asingle RBC. The
granules are freeiron and stain dark violet with Wright's stain.
(1) Particles aso stain positive with an iron stain (i.e., Prussian blue).
(2) The presence of Pappenheimer bodiesindicates abnormal hemoglobin synthe-
Sis.
(3) Thediagnostic implications of Pappenheimer bodies are as follows:
(a) Severe hemolytic anemia
(b) Asplenia and post-splenectomy state
(c) Sideroblastic anemia
(d) Thalassemias
(e) Megaloblastic anemia
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h. Rouleaux formation isreported if the RBCs become aligned in aggregates resem-
bling stacks of coins. Rouleaux are often seen as an artifact in thick areas of the
blood film. Refer to Web Color Image 3-19.

(1) Rouleaux are quantitated in the following manner:
(a) Slight, if onetotwo RBC chains are found per thin microscopic field
(b) Moderate, if threeto four RBC chainsarefound per thin microscopic field
(c) Marked, if five or more RBC chains are found per thin microscopic field
(2) Thediagnosticimplication of rouleaux is often associated with hyperproteine-
mia disorders such as multiple myeloma.
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CHAPTER 4

Hematologic Disorders

JOEL HUBBARD, PhD, MT (ASCP)

I ReD BLOOD CELL INDICES AND THEIR USE IN THE
DIAGNOSIS OF ANEMIA

A. Red blood cell (RBC) indices, known as corpuscular constants, are provided by the
majority of automated cell counters. Indices can also be calculated individually from the
RBC count, hemoglobin (Hb), and hematocrit (Hct) values.

B. These parameters are useful in the diagnosis, classification, and differentiation of
anemias, as seen in Table 4-1. They can aso provide useful guidelinesin accessing blood
smear RBC morphol ogy.

C. Individual corpuscular constantsincludethe mean cell volume (MCV), mean corpuscul ar
hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC).
1. MCV is defined as the mean or average size (in cubic microns) of the individual
erythrocyte.
a. The MCV may be calculated from the volume and number of erythrocytesin a
given quantity of blood (Box 4-1). The formula for calculation is asfollows:

Hct% x 10
RBCs x 10%/mm3

b. Thenormal MCV for an adult is80to 100 fL.

(1) If the cells are larger than normal, the MCV isincreased, and the condition is
called macrocytosis. If the condition is associated with an anemia, it is called
amacrocytic anemia.

(2) If thecellsaresmaller than normal, the M CV isdecreased, and the condi-
tioniscalled microcytosis(or microcyticanemiaif associated with anemia).

2. MCH isthe mean or average amount of Hb by weight per cell, expressed in micromi-
crograms (u ) or picograms (pg).
a. Calculation. The MCH may be calculated from the Hb and the Hct values (Box

4-2). Theformulafor calculation is as follows:

Hbg/dL x 10
RBCs x 10%/mms3

b. Thenormal MCH for the adult is 29 +/— 2 pg.
(1) Inmacrocytic erythrocytes, the amount of Hb may be greater than normal. The
increase in Hb parallelstheincrease in cell size.
(2) The RBC is never supersaturated with Hb. There is no such thing as a
hyperchromic RBC.

= mcv fL

= MCH (pg)

117
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Table 4-1 Morphologic Classification of Anemia and RBC Morphology
by Indices Range

RBC Morphology MCV (fL) MCH (pg) MCHC (%) Anemias

Normocytic/normochromic ~ 80-100* 27-31* 32-36* Acute blood loss
Hemolytic anemias
Aplastic anemia (early
stage)
Myelophthisic anemia
Stem cell-related
anemias
Macrocytic/normochromic High High Normal Megaloblastic anemia
Anemiaof liver disease
Chronic aplastic anemia
Acute hemolytic anemia
(with shift
reticulocytosis)
Microcytic/normochromic Low Normal Normal Anemiaof chronic
inflammation
Microcytic/hypochromic Low Low Low Iron deficiency anemia
Thalassemia
Lead poisoning
Porphyrias
Sideroblastic anemia

MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin concentration; MCV = mean cell volume;
RBC = red blood cell.
*Indices shown as normal range.

3. MCHC is the mean or average Hb concentration (in grams) per 100 mL of packed
erythrocytes.
a. Calculation. The MCHC is calculated by dividing the Hb in grams per 100 mL
(g/dL) of blood by the volume of packed erythrocytes per 100 mL of blood and
multiplying by 100 (Box 4-3). The formulafor calculation is as follows:

Hb g/dL
Hct %

b. Normal range for adults is 34 +/— 2%. RBCs in which the MCHC is found
decreased are termed hypochromic. The only pathologic condition in which the
MCHC may be increased is spherocytic anemia. The MCHC also increasesin the
presence of cold agglutinins and agglutinated RBCs.

x 100 = MCHC g/dL

RED BLOOD CELL (RBC) DISORDERS can beclassified as either poly-
cythemias or anemias. Polycythemias are disorders that have an increase in circulating
RBCs, and therefore, an increased Hct. Anemias are disorders that have a decrease in
circulating RBCs; therefore, these disorders have a decreased Hct.

Polycythemias are characterized by anincreasein Hct >53% in men and 51% in women.
1. Clinical symptoms are caused by hypervolemia or hyperviscosity.
a. Hyperviscosity can cause sluggish flow of blood and a tendency toward throm-
bosis and disseminated intravascular coagulation (DIC).

Calculation of Mean Cell Volume (MCV)

EXAMPLE:
Calculating the MCV of a patient with an RBC count of 5.0 x 10%/mm?® and aHct of 45%:

45 x 10
5.0

MCV = =90fL




EXAMPLE:
Calculating the MCH for apatient who hasaHb of 15 g/dL and an RBC count of 5.0 x 10%/mm?3:
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Calculation of Mean Corpuscular Hemoglobin (MCH)

15x 10

MCH = =30fL

b.

(1) Thedecreased oxygen flow totissuesiscompensated for by the higher Hct and
increased blood volume (i.e., hypervolemia), which increases vessel diameter
and therefore results in increased tissue perfusion.

(2) Thisisnot abenefit, however, because cardiac work isincreased to deliver
the same amount of oxygen as normal.

Hypervolemia increases blood-vessel diameter and therefore results in increased

tissue perfusion. This can cause increased cardiac work, which is dangerousfor an

individual who is predisposed to heart problems.

2. Typesof polycythemia include relative and absolute. Absolute polycythemia must be
differentiated from relative polycythemia before treatment can ensue.

a.

b.

Relative polycythemiarefersto acondition in which thetotal RBC massisnormal

but the Hct is elevated because the plasma volume is decreased.

(1) Relative polycythemia can be caused by acute dehydration resulting from
severe diarrhea, burns, or chronic diuretic therapy.

(2) Spurious (false) polycythemiaisrelated to chronic smoking. Nicotine in-
duces aloss of plasma volume.

Absolutepolycythemiareferstoanincreaseinthetotal RBC massinthebody. This

isatrue erythrocytosis caused by marrow erythroid hyperplasia or, secondarily, by

an increase in erythropoietin (EPO), asillustrated in Figure 4-1.

Anemias are characterized by a reduced Hb concentration of <12 g/dL in men and
11 g/dL in women.

1.

2.

EXAMPLE:
Calculating the MCHC of a patient who has aHb of 15 g/dL and a Hct of 45%:

Clinical symptoms are caused by a decreased oxygen-car rying capacity of the blood

and tissue hypoxia.

b.

The physiologic effects of anemiainclude the following:
a.

A decreased Hb oxygen-affinity state resultsin aright shift of the oxygen disso-

ciation curve.

Decreased tissue perfusion in select areas of the body is caused by redistribution

of blood flow favoring the more oxygen-dependent tissues, such as the brain and

myocardium.

Increased cardiac output results in anemic patients to maintain adequate tissue

oxygen tension.

Increased RBC production by the marrow results from an increase in EPO

release from the kidneys because of a decrease in oxygen tension.

(1) A compensatory increasein marrow erythropoietic cellularity occurs 4-5 days
following a decreasein Hb values.

(2) Erythroid hyperplasia in the marrow results in increased reticulocyte
count and nucleated red blood cells (NRBCs) in the circulation.

Calculation of Mean Corpuscular Hemoglobin Concentration

15 x 100

MCHC =
45

=33g/dL




120 A Concise Review of Clinical Laboratory Science

Increased:
RBC count
Hematocrit
Hemoglobin
RBC mass increased Polycythemia RBC mass normal
Absolute polycythemia Relative polycythemia
Erythropoietin Increased
Acute dehydration
Smoker's polycythemia
Secondary
Decreased polycythemia
Primary . Appropriate Inappropriate
polycythemia
Polycythemia vera Decreased PO, Normal PO,
High altitude Renal cysts or tumors
Cardiopulmonary Extrarenal tumors
disease Familial polycythmia
Hemoglobinopathy
HbM

B Figure 4-1 Algorithm for the differential diagnosis of the polycythemias. Po, = pressure of oxygen;

RBC = red blood cell.

3. Typesof anemias

a.

Absoluteanemiasresult fromimpaired RBC production, blood | 0ss, or accelerated

RBC destruction (hemolysis).

(1) Physiologic causes include:

(a) Stem cell disorders

(b) DNA disorders

(¢) Heme and globin disorders

(d) RBC survival disorders (i.e., hemolytic disorders)

(2) Morphologic classifications (Table4-1) includethefollowing (see Chapter
3):

(a) Macrocytic
(b) Microcytic
(c) Normocytic

Relative anemia can result from an increase in plasma volume rather than a de-

crease in the number of RBCs.

(1) A dilutional anemia can occur by the third trimester of pregnancy.

(2) Macroglobulinemiaand multiplemyelomaareassociated with an increase
in plasma globulin and protein concentration. This increase in plasma
protein causes hyperosmotic plasma, and a dilutional anemiais caused by
a compensatory increase in plasma volume.

I ANEMIAS AND POLYCYTHEMIAS areREC disor dersthat result from
an imbalancein marrow multipotential or unipotential stem cell production and matu-
ration. Theimbalanceis seen aseither anincreasein cellular production (i.e., polycythemia)
or adecrease in cellular production, which resultsin an anemia.
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A. Polycythemias (Figure 4-1)
1. Primary absolute polycythemiaischaracterized by pancytosisor pancytopenia(i.e.,
al cell lineseither increased or decreased). I nitially, proliferation of erythroid, myeloid,
and megakaryocytic bone marrow elements is uncontrolled. Polycythemia vera is a
clonal disorder that resultsin failure of the multipotential stem cell.

a.

L aboratory characteristics of polycythemia verainclude:

(1) Increased RBC count and Hct

(2) Increased bone marrow erythroid iron stores, which trap and depletetis-
sueiron stores

(3) Decreased to absent EPO levels

(4) Increased whiteblood cell (WBC) count, which isreflected by an increase
in levels of serum and urine muramidase and serum vitamin B, and
vitamin Bj, binding proteins

(5) Thrombocytosis

Patients who have polycythemia vera are commonly observed to have the clinical

characteristicsof splenomegaly and spontaneous hemorrhaging dueto thrombosis

and hyperviscosity.

Treatments for polycythemia verainclude the following:

(1) Therapeutic phlebotomy is used to reduce the growing RBC volume. Thera-
peutic phlebotomy, however, further depletes tissue iron stores and can result
inaniron-deficient (i.e., microcytic/hypochromic) erythrocytosis.

(2) Splenectomy is used to relieve symptoms caused by splenomegaly and
blood pooling.

(3) Chemotherapy isused to treat patients who have advanced diseaseto kill
rapidly growing malignant stem cells.

Polycythemia vera can evolve into myelofibrosis or a myeloid metaplasia fol-

lowing chemotherapeutic treatment. Between 10% and 15% of patients progress

to acute myelogenous leukemia.

2. Secondary absolute polycythemia has a normal WBC and platelet count and can
be classified as:

a.
b.
c.

Polycythemia caused by appropriate EPO production

Polycythemia caused by inappropriate EPO production

Familial polycythemia, which is seen in children who have functionally normal

Hb, Hb-oxygen saturation, and cardiopulmonary dysfunction

(1) These children have high EPO levels unrelated to Hb concentration.

(2) Theuncontrolled EPO production ismost likely caused by a defect in the
regulation of EPO production.

(3) Another variation of thisgenetic disorder isan inherited deficiency of 2,3-
diphosphoglycer ate phosphatase activities, which resultsin polycythemia.

B. Anemias (Figure 4-2) caused by a defect in stem cell erythropoiesis most commonly
result from a depression of colony-forming units-erythroid (CFU-E) and burst-forming
units-erythroid (BFU-E) unipotential stem cell maturation and differentiation.

1. Anemia of chronic disordersis usualy amild form of anemia occurring secondary
to achronic inflammatory disorder, such as an infection, rheumatoid arthritis (RA),
or neoplastic diseases.

RBC production by the marrow is normal but insufficient to compensate for a

decreased RBC survival.

The marrow CFU-E is capable of responding to EPO, but EPO production islow.

Thisanemiais partially caused by a defect in iron metabolism that results from

ablock in the secondary iron storage system.

(1) Monocytesand macrophageshave areduced ability to movestored intracel lular
iron to the erythroid marrow cells.

(2) Thisrecycling block resultsin alow serum iron level and an increase in
the storage iron in tissue macrophages.

(3) Systemic inflammation resultsin the release of interleukin-1 (IL-1) from
macrophages, which blocks macrophage iron release. This decreases the
reutilization of recycled iron that isreleased from heme catabolism.
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Confirm with RBC indices

MCV <79 1L NO .
MCHC < 32 g/dL Investlg‘ate other
RDW increased anemia types
YES
. Chronic hemorrhage
Retic count NO
or response
normal to low to therapy
YES
Serum iron YES ;I BC increased NO Investigate anemia
one marrow iron R
decreased decreased of chronic disorders
NO YES
Target cells on NO Iron deficiency
blood smear anemia
YES
Suspect . Hemoglobin Abnormal Thalassemia
thalassemia electrophoresis
NORMAL
Refractory anemia
(Myelodysplastic
syndrome)

* Early stage iron deficiency anemia

B Figure 4-2 Algorithm for the differential diagnosis of iron deficiency anemia from other microcytic/
hypochromic anemias. MCHC = mean corpuscular hemoglobin concentration; MCV = mean cell volume;
RBC = red blood cell; RDW = red cell distribution width; TIBC = total iron-binding capacity.

d. Laboratory characteristicsof anemiaof chronic disordersinclude thefollowing:
(1) Typicaly normocytic/normochromic RBCs that can be microcytic/hypochro-
mic in some cases
(2) Slight anisocytosis and poikilocytosis
(3) Normal reticulocyte count
(4) Unaltered WBC and platelet counts, except alterationsresulting from the
causative disease
(5) Marrow isnormocellular, but sideroblasts are decreased.
(6) Serum ironisdecreased, and total iron binding capacity (TIBC) isnormal
or decreased.
2. Ananemiaof renal insufficiency occursin patients who have end-stage renal disease.
a. Thereisagenera correlation between the severity of the anemiaand the degree of
elevation of the blood urea nitrogen (BUN). When BUN is >100 mg/dL, the Hct
isusually <30%.
b. The primary cause of the anemia is a decreased production of EPO by the
damaged kidney.
(1) Ineffective erythropoiesis also results because of an impaired ability of the
CFU-E to respond to EPO.
(2) RBC survival isalso decreased because of hemolysisthat resultsfrom the
damaging effects of uremic plasma.
(a) Hemolysis caused by uremiaresultsin the formation of burr cells.
(b) Burr cellsand RBC fragmentsare seen in the blood of a patient who has
hemolytic-uremic syndrome.
(c) Increased blood urea levels also affect the functional ability of platelets.
Bleeding is acommon problem that further amplifies the anemia.
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3. Anemiaof liver diseaseischaracterized by shortened RBC survival and inadequate

RBC production that occurs secondary to a chronic liver disease.

a. RBC morphology isusually macrocytic or normocytic with target cellsor acan-
thocytes caused by increased surface membrane cholesterol.

(1) These abnormal RBCs are removed at a higher rate by the spleen.

(2) Their survival isreduced when compared with normal RBCs.

b. The patient often has an accompanying splenomegaly with cirrhosis, which further
decreases RBC survival.

¢. Thereticulocyte count isincreased dightly, and theplatelet count isnormal or
decreased.

d. A differential diagnosis must distinguish this anemia from other macrocytic ane-
mias. Patients who have anemia of liver disease usually have a normal WBC
count and serum vitamin B1, and folate levels; patients who have megal oblastic
anemias do not.

4. Anemiasof endocrinedisease can occur with hypothyroidism and androgen-deficient
states.

a. Anemia of hypothyroidism involves a mild-to-moderate anemia with a normal
reticulocyte count.

(1) Thyroid hormone regulatesthe cellular metabolic rate, and therefore, thetissue
oxygen reguirement.

(2) With a decrease in thyroid hormone (i.e., hypothyroidism), there is a
smaller tissue oxygen requirement, which is interpreted by the kidneys
as a more than adequate oxygen tension. The net result is a decrease in
the production of EPO.

(3) Thistype of anemia often isa macrocytic/normochromic anemia but can
also be a normocytic/normochromic anemia.

(4) The anemia may be complicated by iron deficiency or folic acid or vita-
min B1, deficiency, and the laboratory results may reflect these forms of
anemia.

b. A deficiency in testosterone secretion in men results in a decrease in RBC pro-
duction and a decline of approximately 2 g/dL of Hb.

5. Myelophthisic anemia is an anemia associated with bone marrow infiltration and
hyperproliferation by nonerythroid cells.

a. A leukoerythroblastic reaction commonly accompanies the anemia
(1) Normoblastsof varying degreesof maturation aretypically found on the blood

smear with areticulocytosis.

(2) Increased leukocytes along with their immature forms are also found on
the peripheral blood smear.

(3) RBC morphology is nor mocytic/nor mochromic, but can be macrocytic.

(4) Plateletsarenormal or decreased and often have abnormal forms.

b. The usual causes of myelophthisic anemiainclude:

(1) Metastatic carcinoma

(2) Multiple myeloma

(3) Leukemia

(4) Lymphoma

(5) Lipidosesor storage disease

6. Aplastic anemiaisamarrow disorder characterized by areduction in the number or
function of multipotential stem cells with aresulting pancytopenia. This disorder is
more commonly found in adults.

a. Themarrow ishypocellular with patchy areas of normal cellularity and increased
fat cell infiltration.

b. Thediagnosisof severe aplastic anemiais made in pancytopenic patients when at
|east two of the following three peripheral blood values are found:

(1) A WBC count lower than 500 cells/mm?®

(2) A platelet count lower than 20,000/mm3

(3) A reticulocyte count lower than 1%

¢. Aplastic anemia can be acute and rapidly fatal or it can have a slow onset and a
chronic course.
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d.

Most patients are initially seen with the following common clinical characteris-

tics.

(1) Bleeding asaresult of thrombocytopenia

(2) Increased susceptibility to infections due to leukopenia

(3) All of the symptomstypical of anemia

(4) The absence of splenomegaly

(5) Iron overload from repeated transfusions

In 50% of patients, no specific agent can be correlated with the disease. Known

causes of aplasiainclude:

(1) Drugs (33%)

(2) Chemicalsor toxins (4%)

(3) Infectionsand infectious hepatitis (4%)

(4) Miscellaneous causes (59%)

The pathogenesis of aplastic anemia is thought to occur from either one or a

combination of several of the following physiologic mechanisms:

(1) Defective or insufficient multipotential colony-forming unit-spleen (CFU-S)
stem cell population

(2) Altered microenvironment that is unableto provide for normal differen-
tiation and development of the stem cell compartment

(3) Absent humoral and cellular stimulatorsfor hematopoiesis

(4) Excessive suppression of hematopoiesis by T lymphocytes or macro-
phages

(5) Stem cells interacting among themselves with one clone inhibiting the
growth of another

(6) Immunologic mechanismsthat suppress hematopoiesis

Treatment focuses on symptoms and finding the cause of suppression. Accepted

courses of treatment include:

(1) Blood transfusions

(2) Stimulation of residual marrow with androgens or adrenaocorticoids

(3) Controlling infectionswith antibiotics

(4) Controlling bleeding problems

(5) Bone marrow transplantation for acceptable candidates younger than
40 years

(6) EPO therapy to stimulateresidual bone marrow

Laboratory values for a patient who has aplastic anemiainclude the following:

(1) RBC morphology is normocytic/normochromic but often is macrocytic with
anormal red cell distribution width (RDW)

(2) Slight anisocytosis and poikilocytosis

(3) Absence of circulating normoblastsin light of the degree of the anemia

(4) An absolute leukopenia with arelative lymphocytosis

(5) Thrombocytopenia

(6) Elevated levels of leukocyte alkaline phosphatase (LAP)

(7) Decreased marrow iron stores

(8) High serum iron concentration

(9) Very high plasma and urine EPO levels

Toxins. Aplastic anemiais often associated with toxic chemical or physical agents.

(1) Toxic aplastic anemias are known to occur after exposure to mustard com-
pounds, benzene, chemotherapy drugs (e.g., busulfan, urethan), antimetabolite
drugs, or ionizing radiation.

(2) Hypersensitive aplastic anemia has been known to occur following treat-
ment with certain classes of therapeutic drugsor chemicalsthat cause an
autoimmune suppression of the bone marrow.

(a) Thiseffect has been noted with drugs such as antibiotics, anticonvul sants,
analgesics, antithyroid drugs, antihistamines, and insecticides.

(b) Chloramphenicol isthe most common cause of drug-induced aplasia. Up
to 50% of patients who receive this drug on along-term basis will have a
resulting mild pancytopeniathat is reversible with drug withdrawal.
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j. Aplastic anemia can occur secondary to other diseases or conditions, such as:
(1) Infection, most often occurring as a sequel to infectious hepatitis
(2) Paroxysmal nocturnal hemoglobinuria (PNH)

(3) Pregnancy (usually remits after delivery)

k. Aplastic anemia (Fanconi’'s anemia) refersto individuals with agenetic predis-

position to bone marrow failure.

(1) Detection occurs between the ages of 1 and 8 years.

(2) Often, several family membersare affected.

(3) Thereisa high incidence of developmental abnormalities, which include
some of the following symptoms:
(a) Hyperpigmentation
(b) Short stature
(c) Hypogonadism
(d) Maformation of the fingers and toes
(e) Malformation of the organs
(f) Abnormalities of the chromosome pattern of lymphocytes and marrow

cells
7. Purered cell aplasiaisan unusual disease characterized by the selective depletion of
only the erythroid bone marrow tissue.

a. The disorder is a unipotential (CFU-E) stem cell defect that is believed to be
related to an immunologic dysfunction.

b. Transitory arrest of erythropoiesis may occur in the course of ahemolytic anemia
that is preceded by an infection.

c. Congenital RBC aplasia (Blackfan-Diamond anemia) is a rare disorder diag-
nosed between the ages of 1 and 6 years.

(1) CFU-E and colony-forming burst (CFU-B) stem cells are decreased.

(2) Patientshavea severenormocyticor slightly macrocytic anemiaand alow
reticulocyte count.

(3) Leukocytesand platelets are usually normal in numbers.

(4) The marrow shows a reduction in all developing erythroid cells, except
pronor moblasts.

(5) Hemoglobin F (HbF) iselevated as high as 5% to 25%.

(6) The RBC fetal antigen is present.

d. Acquired purered cell aplasiaisrare but occurs morein adultsthan in children.

(1) Typical laboratory findings include a decreased reticul ocyte count and mar-
row erythroid precursor depletion.

(2) Up to 50% of patients have an associated cancer of the thymus (i.e.,
thynoma).

(3) Remission of the anemia after surgical removal of the thymus occursin
25% of patients.

(4) Acquired red cell aplasia is thought to occur through the production of
a cytotoxic autoantibody against erythroid precursors and a plasma in-
hibitor of heme synthesis.

8. Refractory anemiais an ill-defined group of chronic anemias occurring in persons
older than 50 years.

a. Laboratory features commonly include a normocytic or macrocytic anemia, de-
creased reticulocyte count, pancytopenia, and a hypercellular marrow with
erythroid hypoplasia.

b. Refractory anemiais now classified with the myeloproliferative disorders as one
of five myelodysplastic syndromes.

¢. Theanemiacan develop into an acute leukemia with the presence of blast cells
in the peripheral circulation.

C. Hemedisordersrepresent agroup of anemias that result from a defect in the synthesis of
the heme ring in the mitochondria of developing normoblasts (Figure 4-3).
1. General considerations
a. Disorders of heme synthesis result in a microcytic/hypochromic anemia.
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B Figure 4-3 Heme synthesis begins with succinyl coenzyme A and terminates with the insertion of iron
(Fe) into protoporphyrin IX. Enzyme deficiencies in the heme-biosynthetic pathway are related to the
various porphyrias (the name of the porphyria is placed by the enzyme that is deficient or dysfunctional).
There is a buildup of the biosynthetic intermediates in the pathway prior to the enzyme deficiency, which
results in an increase in these metabolites in the blood, feces, and urine. ALA = aminolevulinic acid.

(1) Microcytosisisaccompanied by an MCV lower than 80 fL (normal = 80-100
fL).
(2) Hypochromia is accompanied by an MCH <25 pg (normal = 27-33 pg)
and by an MCHC <32 g/dL (normal = 32-36 g/dL).
b. Heme disorders can be caused by either enzyme deficienciesin the heme biosyn-
thetic pathway (i.e., porphyrias), or by iron-related disorders.

2. Porphyriasareagroup of inherited or acquired disorders that can occur from the
deficiency of oneor severa biosynthetic enzymes. These disordersresult inineffective
hematopoiesis and a hemolytic anemia.

a. Therate of biosynthesis of the heme ring is controlled to a large extent by the
reaction rate of the beginning enzyme, §-aminolevulinic acid (ALA) synthetase.
(1) The activity of thisenzymeis reducible by some drugs and steroids.
(2) Theenzymeisinhibited by negative feedback of the completed hemering.
If the production of hemeisinhibited somewherealong the pathway, there
isaresultant decreasein hemeringsand anincreasein theactivity of ALA
synthetase, which drives the pathway up to the point of the block and
resultsin an increase in the inter mediate compounds behind the block.
b. Acute porphyrias are inherited enzyme deficiencies that begin with acute
hemolytic episodes.
(1) Acuteintermittent porphyria (Al P) isahereditary autosomal dominant con-
dition.
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(a) Clinical symptomsinclude:
(i) Abdominal pain with vomiting
(ii) Constipation
(iii) Hypertension
(iv) Peripheral neuritis
(v) Behavioral changes and psychosis

(b) The common laboratory profile includes:

(i) Slight elevations of bilirubin and alkaline phosphatase levels
(ii) Increased urine ALA and porphobilinogen (PBG)
(iii) Leukocytosis

(c) Enzyme defects. AlP is caused by decreased levels of uroporphyrinogen |
and 111 synthetase, which resultsinincreased production of ALA and PBG.

(2) Hereditary coproporphyria is a hereditary, autosomal dominant condi-
tion.

(a) Clinical symptoms. Patients are either asymptomatic, or they areinitialy
seen with mild neurologic, abdominal, or psychiatric symptoms. Patients
commonly have light-sensitive skin because of increased levels of PBG.

(b) Thelaboratory profile includes:

(i) Increased coproporphyrinogen I11 in feces
(i) Intermittent increases of coproporphyrinogen, ALA, and PBG in
urine.

(c) Enzyme defect. Patients have a deficiency in coproporphyrinogen decar-
boxylase activity.

(3) Variegate porphyria is a hereditary autosomal dominant condition that
has a high incidence in the white population of South Africa.

(a) Clinical symptoms. Symptoms are similar to AIP with the additional
symptom of cutaneouslesions, which are caused by highly photosensitive
skin.

(b) Laboratory profile. There are increased levels of urinary ALA and PBG,
but thereisalso anincreasein thelevels of porphyrin precursorsthat occur
further along the pathway.

(c) Enzyme defect. Patients who have this disorder have a deficiency in heme
synthetase (also known as ferrochel atase deficiency).

¢. Chronic porphyrias are more commonly associated with solar photosensitivity
of the skin and include either genetic or acquired conditions.

(1) Congenital erythropoietic porphyriaisrareand isinherited as an autosomal
recessive disorder.

(a) Clinical symptoms of this disorder include:

(i) Redness of the skin
(i) Hemolytic anemia
(iii) Severe skin photosensitivity
(iv) Splenomegaly
(v) Often fatal early in life

(b) Laboratory profile. Patients often excrete red pigmented urine because of
excessive excretion of coproporphyrin | and uroporphyrin I.

(c) Enzyme defect. Patients with this disorder show a deficiency in uropor-
phyrinogen |11 cosynthetase.

(2) Erythrohepatic protoporphyriaisaninherited disorder so named because
the enzyme defects are localized in both the hepatic and erythropoietic
cells.

(a) Clinical symptoms. This porphyriais a disease of early adulthood that
exhibits mild skin photosensitivity.

(b) Laboratory profile. Patients who have this porphyria demonstrate an in-
cre