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To my wife



Simplify, simplify!
— Henry David Thoreau



Preface

73

Blood gas analysis has become the “...single most helpful
laboratory test in managing respiratory and metabolic disor-
ders. (It is). .. imperative to consider an ABG for virtually any
symptom. .., sign..., or scenario... that occurs in a clinical
setting, whether it be the clinic, hospital, or ICU.”!

For the uninitiated, the analysis of blood gas can be a
daunting task. Hapless medical students, badly constrained
for time, have struggled ineffectively with Hasselbach’s mod-
ification of the Henderson equation; been torn between the
Copenhagen and the Boston schools of thought; and Iately,
been confronted with the radically different strong-ion
approach of Peter Stewart.

In the modern medical practice, the multi-tasking health
provider’s time has become precious—and his attention span
short. It is therefore important to retain focus on those aspects
of clinical medicine that truly matter. In the handling of those
subjects rooted in clinical physiology (and therefore predicta-
bly difficult to understand), it makes perfect sense, in my
opinion, to adopt an ‘algorithmic’ approach. A picture can
say a thousand words; a well constructed algorithm can save
at least a hundred—not to say, much precious time—and make
for clarity of thinking. I have personally found this method

! Canham, EM, Beuther, DA, Interpreting Arterial Blood Gases, PCCU
on line, Chest

vii



viii Preface

relatively painless—and easy to assimilate. The book is set out
in the form of flow charts in logical sequence, introducing and
gradually building upon the underlying concepts.

The goal of this book is to enable medical students, resi-
dents, nurses and respiratory care practitioners to quickly
grasp the principles underlying respiratory and acid-base phy-
siology, and to apply the concepts effectively in clinical decision
making. Each of these sections, barring a few exceptions, has
been designed to fit into a single power point slide: this should
facilitate teaching.

Over the years, many excellent books and articles have
appeared on the subject. I have found the manuals by Lawrence
Martin® and Kerry Brandis® thoroughly enjoyable as also the
online tutorials of Alan Grogono* and Bhavani Shankar
Kodali’: T have tried to incorporate into my own book, some
of their energy and content.

No matter how small, a project such as this can never be
accomplished without the support of well wishers and friends.
I would like to acknowledge the unwavering support of my
colleagues Dr TLN Swamy and Dr Syed Mahmood Ahmed;
my assistants A Shoba and P Sudheer; and above all, my family
who had to endure the painstaking writing of yet another
manuscript.

Ashfaq Hasan

2 Martin, L. All you really need to know to interpret blood gases. 1999,
Lippincott Williams and Wilkins.

3 Kerry Brandis.Acid-Base Physiology: www.anaesthesiaMCQ.com
* Grogono, AW. www.acid-base.com
5> Bhavani Shankar Kodali. 2007. Welcome to Capnography.com
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2 1 The Blood Gases

1.1 The Utility of Blood Gases

Arterial blood gases (ABGs) are vital for investigating:

J
s N -
Gas exchange Acid-base balance
N J 7
I ——
Diagnosing, and

monitoring gas exchange
in patients with
Elucidating mechanisms impending or established
of hypoxemia respiratory failure
including those
undergoing

mechanical ventilation 5




1 The Blood Gases 3
1.2 Electrodes

The design of the electrodes in the blood gas analyser is based
on the model of the electrochemical cell.

Two half-cells are immersed in an electrolyte solution. An external connection which includes an
ammeter completes the circuit. Chemical reactions that consume electrons occur at each half-cell in
solution. The half-cell at which the stronger of the two reactions occurs becomes the cathode; the
other half cell (which is therefore negative relative to the first half-cell) becomes the anode.

The temperature of the chamber is held constant: usually at 37°C. The chemical reactions produce a

measurable flow of electrons through the external circuit.

The blood is analyzed by three separate electrodes:

'

Y

€O, electrode (The

pH electrode (The Sanz Severinghaus electrode)
0, electrode (The Clark electrode) The CO, electrode is a glass
electrode) Compared to the Clark electrode immersed in a
The working of the O, electrode, the Sanz electrode bicarbonate buffer solution.
electrode is based on the is complex. The essence of The latter is contained in a
principle of polarography this electrode is a special nylon spacer and separated
hygroscopic glass membrane. by a membrane from the
blood sample.
\ — -

The electrode includes a silver
anode and a platinum cathode
immersed in potassium chloride
solution. A semipermeable
membrane separates this
solution from the blood sample.

:

The glass membrane separates

the blood sample from an
electrolyte solution. The
membrane is kept completely
hydrated. On contact with the
blood sample, hydrogen ions
dissociate from the membrane
and produce a measurable flow

of electrons.

0, molecules diffuse into the cell
and react with the cathode. The
number of electrons produced by
this reaction is proportional to
the pO, of the blood sample.

A current is generated within the
electrode depending upon the
difference in the electrical
charges on either side.

l

CO, diffuses out of the blood
sample, through the silicone
membrane and into the
bicarbonate buffer solution,
altering the pH of the latter. The
H+ are measured by a modified
pH cell.

The difference in the electrical
potential creates a current. The
number of hydrogen ions
generated within the bicarbonate
solution is proportional to the
PCO,.

Hansen, JE. Arterial blood gases. In: Mahler DA, ed. Pulmonary Func-
tion Testing. Clin Chest Med 1989; 5:227-237
Madama, VC. In: Pulmonary Function Testing and Cardiopulmonary
Stress Testing, 2nd ed., Delmar, 1998
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2 Gas Exchange

2.1 The Respiratory Center

Central controller
Syn: Respiratory signal generator, Respiratory pacemaker, Medullary rhythmicity

centre, pattern generator.

Or simply: the Respiratory centre

| The respiratory centre is a complex and ill-understood structured organized into ‘sub-
| centres. The nuclei of the latter are dispersed within the the medulla oblongata and
tl

\_he pons.

Medullary centres Pontine centres
|
\
Dorsal respiratory group Ventral respiratory

(DRG) group (VRG)

Consists of two groups Two groups of neurons
of neurons, bilaterally, bilaterally, ventromedial . Apneustic centre
near the tractus to the DRG, close to the EESUTCIEECiS P
solitarius.

nucleus ambiguus &
nucleus retroambiguus.

\ "

Axons from the VRG descend
in the contralateral spinal cord

and innervate:
Axons from the DRG descend

in the contralateral spinal cord
and innervate:

The inspiratory intercostal
muscles

The expiratory intercostal

Pneumotaxis s the ability to
change the rate of respiration

Apneusis s the
stoppage
of breathing.

The diaphragm muscles

The inspiratory inter costal The abdominal muscles
muscles Accessory muscles of respiration
The muscles of the upper airway

that are involved in the
|_maintenance of airway patency.

The DRG of The VRG i
inspiratory neurons.

inspiratory and
expiratory neurons.
Inspiration is initated by the

Itis likely that the function of the

o I
firing of these neurons quiescent, only be coming

active when the respiratory drive
increases.

re is to maintain
a balance between inspiration
and expiration.

Stimulation of the apneustic centre
results in apneusis,or
(alternatively) prolongation of
inspiration and
shortening of expiration.
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2.2 Rhythmicity of the Respiratory Center

Inspiratory circuit

Excitedinspiratory \
neurons stimulate

otherinspiratory
neurons

/This reverberation within \

/ the inspiratory circuit

dies out with fatigue of

the inspiratory neurons |
which takes about 2
seconds to occur, after

which expiration
commences

!
/

/£ Expiratory circuit N\

Duringthe excitatory \
phase of the inspiratory ¥
circuit, inhibitory

influences are
exercisedonthe
expiratory circuit

This is the reason for the rhythmicity of the respiratory center.
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2.3 Receptors

Neural and chemical receptors provide vital feedback to the
respiratory center that enables the latter to regulate its output.

-"""\
MNeuralreceptors

The various \
receptors provide
important
L feedback to the
\ respiratory
controller

/

Chemaoreceptors

o
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2.4 Neural Receptors
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2.5 Chemoreceptors

Peripheral chemoreceptors
0; sensitive receptors
located within the carotid
and aortic bodies
& =\
\
r B ™ >
Respiratory disturbances Metabolic disturbances (see section 2.8)
= ¥ < s\ 2

Y
s B
Alterations in serum H* and
HCO3

H*and HCOj3 are relatively
slow to equilibriate across the
blood-brain barrier

- 7\ 7

A

Cookrd] chaoreceors et
respond rapidly to respiratory respond relatively slowly to
disturbances. metabolic disturbances

L% / -

Lambertsen, CJ. Chemical Control of Respiration At Rest, 14th ed,
Mosby Company, St. Louis, 1980

Coleridge, HM, Coleridge, JCG. Reflexes evoked from tracheobronchial
tree and lungs. In: Fishman, AP (Ed), Handbook of Physiology. The
Respiratory System, American Physiological Society, Bethesda, MD, 1986
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2.6 The Central Chemoreceptors: the Alpha-Stat
Mechanism

The ventral medullary surface receptors respond to pH of brain interstitial fluid

| | —

At a constant body temperature, minute When changes in
ventilation is sensitive to changes in the pH the pH are brought
about by changes
: in the body
l l temperature, they
y do not have as
Decrease in pH at Increase in pH at much impact upon
constant body constant body the minute
temperature temperature ventilation as they
J\ would if the
l l temperature were
to remain constant.
h Y
Hyperventilation Hypoventilation

Reeves, RB. An imidazole alphastat hypothesis for vertebrate acid base
regulation: Tissue carbon dioxide content and body temperature in bull-
frogs. Respir Physiol 1972; 14:219
Kazemi, H, Johnson, DC. Regulation of cerebrospinal fluid acid—base
balance. Physiol Rev 1986; 66:953
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2.7 Paradoxical CSF Response in Metabolic Acidosis

| Drop in CSF CO, levels:

Metabolic acidosis: JHCEdse IF it Paradoxical decrease
ventilation: in CSF H* occurs
Increasein plasma H* i e bt
fas Ba CO; washout metabolic acidosis

notwithstanding

—d >

Bushinsky, DA, Coe, FL, Katzenberg, C, et al. Arterial PCO, in chronic
metabolic acidosis. Kidney Int 1982; 22:311

Jennings, DB, Davidson, JSD. Acid-base and ventilatory adaptation in
conscious dogs during chronic hypercapnia. Respir Physiol 1984; 58:377
Javaheri, S, Kazemi, H. Metabolic alkalosis and hypoventilation in
humans. Am Rev Respir Dis 1987; 136:1011
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2.8 Peripheral Chemoreceptors

Hypercapnia
The output of the

peripheral chemoreceptors

can also increase )
Ny

with hypercapmia of acidosis.

Hypoxia 19 J Hypoxia and hypercapnia
Peripheral receptors are Acombination of these
the primary sites for the factors is a greater

‘monitoring' of Pa0;; stimulus for their
hypoxia is their most discharge than any one
potent stimulus A ) factor alone.
e y N\ k Y
y 5\
Peripheral
| chemoreceptors

Peripheral chemoreceptors

Peripheral chemoreceptors are composed of glomus cells, which are provided with a
richer blood supply (2 liters per min per 100 gram of tissue) than any other part of
the body, weight for weight. This is more than forty times the cerebral blood flow.

The high blood flow ensures an almost constant Oz content of the blood passing
through the glomus body, negating the effect of any anemia etc.

. J
The carotid body The aortic body
Located at the bifurcation of the carotid artery,
p : : : Plays an important part as a chemoreceptor of
il ek Al ':ﬁ:::s“” SO o infants but becomes relatively inactive in adults.
L% ; J L% 4

Lambertsen, CJ. Chemical Control of Respiration At Rest, 14th ed,
Mosby Company, St. Louis, 1980
Burton, MD, Kazemi, H. Neurotransmitters in central respiratory con-
trol. Respir Physiol 2000; 122:111
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2.9 Response to Hypoxia

Peripheral chemoreceptors in hypoxia

Hypoxia

Glomus cells synthesize and release dopamine

Stimulation of post-synaptic afferent nerves within the glomus body

| ) l

Carotid body Aortic body
Efferents to the respiratory center are k
carried through the glossopharyngeal Efferents to the respiratory center are
e carried through the vagus nerve.

7 G

l l

Increase in minute ventilation

Coleridge, HM, Coleridge, JCG. Reflexes evoked from tracheobronchial
tree and lungs. In: Fishman, AP (Ed), Handbook of Physiology. The
Respiratory System, American Physiological Society, Bethesda, MD, 1986
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Response of the respiratory center to acute hypoxemia

Acute drop of PaO,
From higher levels to To ‘be[ow To very low levels (to
approximately 60 below 40 mmHg or
about 60 mmHg
mmHg 50)
At this IEVE[‘,‘here & Alveolar ventilation Ventilation actually
generally no increase :
; A AR increases decreases
in ventilation
- e s

* In contrast even a small rise in CO, above physiological levels results in
an almost immediate increase in alveolar ventilation

Igarashi, T, Nishimura, M, Kobayashi, S, et al. Dependency on the rate of
change in PaO, of the ventilatory response to progressive hypoxia. Am J
Respir Crit Care Med, 1995
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2.10 Respiration

Respiration involves the sum of those complex processes that
enable gas exchange between an organism and its environment.

Respiration

Respiration is conventionally divided into the following four components:

membrane.

4

veins.

Control of
Diffusion ventilation
Ventilation Bloodflow The increase or
The movemert (perfusion) decrease in
The Mo emend of gases (Oaand The flow of ventilation in
of airin and out CO;) along bload thiroligh i
of thle pres‘sure Biliioraics Sl
respiratory gradients across iliahas Pt
iﬁsote"ifrap‘prlox' :I.leeoloca illa (approx. demands of the
i m\;mbranpel‘ i 450 mL/min). body, such that
homeostasis can
be maintained.
-
(@ a4 . 4 -
Negative The respiratory Mixed venous The respiratory
intrapleural zone of the lung hviood frorp the center is anill
pressure is comprises right ventricle understood
created by the efllei e flows through structure that
contraction of bronchioles, the pulmonary lies in the
the respiratory alveolar ducts arteries to the brainstem. It is
muscles. This an_d‘some 600 pulmonary regarded as
e mll!mn alveoli, capillaries; Fhe comprising a
enterthe which are oxygen enriched dorsal and a
respiratory separated from blood is ventral group of
system and the pulmonary returned thence neurons, a
move to the capillaries by a tothe left pneumotaxic
respiratory zone 0.3 mlcron_thlck atrium through and_ an
of the lung. alveolocapillary | | the pulmonary apneustic center

\

2.
y
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2.11 Partial Pressure of a Gas

The pressure exerted by a gas is a function of its concentration
and the velocity with which its molecules move.
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2.12 Partial Pressure of a Mixture of Gases

According to Dalton’s law, the partial pressure of a gas in any
gas mixture is the pressure the gas would exert if it alone
occupied the entire volume occupied by the gas mixture.

Within a mixture of gases, the pressure exerted by each gas is independent of the
pressure exerted by all others. A given gas within a mixture behaves as though it
alone were present to the exclusion of all other gases

The total pressure exerted by a

Partial pressure mixture of gases
The pressure exerted by each gas is The total pressure exerted by a mixture
termed its partial pressure. of gases is the sum of the individual

partial pressures of the gases.
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2.13 The Fractional Concentration (Fg,s) of a Gas
and its Partial Pressure

When the temperature of a gas mixture is held constant, the
partial pressure of a gas is a reflection of the number of mole-
cules of a gas (the concentration of the gas) in relation to all the
molecules of the other gases present. This concentration is
termed the fractional concentration of that gas.

Fractional concentration and partial pressure

The fractional concentration multiplied by the total pressure gives the
partial pressure of a gas.

Partial pressure of major gases in room air:

- B .
Partial pressure of Oxygen Partial pressure of Nitrogen

The molecules of O, comprise 21% The molecules of N;comprise 79%
of all the molecules in room air of all the molecules in room air
(FO,=0.21). (FN2=0.79).
At sea level, barometric pressure At sea level PB is 760 mmHg.
(PB) is 760 mmHg. PN, = FNyx PB
PO2=FO, x PB PN, = 0.79 x 760 = 600 mmHg
PO2=0.21x 760 = 159 mmHg

p
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2.14 Diffusion

Gases always diffuse down their respective partial pressure gra-
dients.

Net diffusion

The net diffusion of gases is determined by the pressure gradient of the
gas.

k
The vast majority of gas |
molecules move down the A few gas molecules do move
pressure gradient: from a region against the pressure gradient, but
of higher pressure to a region of their number is not significant.

lower pressure.

The partial pressures of gases determine their movement by
passive diffusion. The rate of the movement of a given gas is
proportional to its partial pressure gradient.
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2.15 Henry’s Law and the Solubility of a Gas in
Liquid

Henry’s Law states that the volume of a gas that will dissolve in
a given volume of liquid is directly proportional to the partial
pressure of the gas above it. In respect of water, the partial
pressure of the O, dissolved in water (PwQO») is directly propor-
tional to the partial pressure of the O, in the gas phase (Pg0O»).

: 5 = At a gas-liquid interface, the partial pressure
The gas‘h qud of gas (e.g. O) over the liquid (e.g. water)
interface determines the number of gas molecules
colliding with the liquid.

\ J

Mo!ecu.les_ * The number of molecules of the gas
entering quu id entering the liquid is directly proportional to

phase from the partial pressure of Oz (Pg0;) over the
liquid.
gas phase
\ J

Partial pressure | « atequilibrium the number of 0, molecules
i entering the liquid phase (e.g., water) from
of BRses IBas the gas phase are equal to the number of O,
‘ phase and molecules leaving the liquid phase and re-

|iquid phase entering the gas phase.
N
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2.16 Diffusion of O, and CO,

23

The passage of gases between the alveolus and the blood are governed
by the laws of simple diffusion.

Fick's Law

Fick’s Law states that
the quantity* of gas
that can pass through
a sheet of tissue is:

proportional to the
area (A), the diffusion
constant (D) and the
difference in partial
pressure (P1-P2);

and inversely
proportional to the
thickness of the tissue
slice (T).

Vgas =[(A/T) x (P1-P2)
xD/T

-

Graham's law

Graham'’s law states
that the rate of
diffusion of a gas is
inversely proportional
to the square root of
its molecular weight.

The diffusion constant

The diffusion constant
(D) is related to the
solubility and the
molecular weight of
the gas:

D a Sol / VMW

* Actually, the original Fick’s law mentioned pressure, not quantity.
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2.17 The Relative Solubilities of O, and CO,

in Water
Relative Rate CO, solubility CO, + solubility O,
0, MW co, \ MW 0,
B 592 . 0244
\| 44 32
20.7/1

The alveolar-capillary barrier is only 0.2 to 0.5 microns thick.
CO, diffuses with felicity across biological membranes. Thus,
in parenchymal lung disease, even though hypoxemia may be
present, CO, diffusion almost never presents a problem.
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2.18 Inhaled Air

Inhaled air contains virtually no CO,; in contrast, CO, com-
prises as much as 4% of exhaled air; the fractional concentra-
tion of N2 of the inhaled and exhaled air is the same.

0, and CO» are exchanged between the alveoli and the blood
by diffusion; concentration gradients determine the passage of
these gases across the alveolo-capillary membrane.

& Inhaled air
N

B 21%0,
78%N,
Virtually no CO,

Exhaled air
17% 0,

_ -
\ / 78%N,
4%C0,

N
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2.19 The O, Cascade

Ll
760mmHgx0.21 = 160 mm HE
Oxygen is available for inspiration at sea level at a partial pressure of about 160 mm Hg

"

Within the respiratory tract the partial pressure of 0, is about 150 mmHg
0.21 % (760-47) = 149 mmbg
Asit enters mereepnlowsmem 0, is humidified by the addition of water vapour (partial pressure 47 mmHg). Humidification
werves to make the inspired air more breathable; it also results in the drop of the partial pressure of oxygen o about 150 mmHg.

.

Inthe alveol| the partial pressure of O, (PAO,} is about 100 mmHE
149-(40/0.8) = 99 mmHg
4005 the normal value of PaCOy in mmng

€0, being easily diffusibie h illary arterial €0y (PaCO, ) may be assumed to be the same as
awmtw €0y (PACD,).

.8 i the respiratory quotient.

Inthe alveoli, oxygen diffusesinto the alveolar capillaries and carbon disside is added to the alveslar air. The result of a
complex interaction between three factors —alveolar ventilation, €0y preduction (VCO, | and the relative consumption of O
(V1 Jo= conses the partial pressure of Oy m the alveolus 1o drop 1o 100 mmHg. This is the pressure of exygen that equates with
the pressure of oxygen in the pulmonary veins, and therefore, with the pressure of exygen in the systemic arteries,

VO, = 250mI0f CO, per minute

VO, = 300miof O, per minute

o o

>

N

In the systemi 0 P of 0, [Pa0, ) is abaut 95 mmHg
Asmall amount of deoxygenated blood is added to the systemic arteries (because of a small physiological shunt that normally
oﬁuhlﬁt le This is due 1o mmsmaw Blood emptied by certain systemic arteries — the bronchial and thesbesian
andl the left side of the heart. This ‘shunt fraction’ which represents about 2-5% of the
cardiac output, causes the srmk: arterial ooygen to fall fractionally from 100 mmHg, to about 95 mmHg or less.

Thus, in spite of normal gas exchange, the Pa0, may be 5- 10 mmHg lower than the PAD, .

L S
p
Inthe mitochondrion th 70, 15 unk
Due 1o substantial diffusion mhnwntdwnmmwmwﬂuumﬁmw{w
nm}namw : i its normal state of aerobic metabolism
ypoxia, a fall in the Pad), w {to possibly less than 1 mmHg), is
required to shift the BY ing p . i 3

! ~

Hasan, A. Understanding Mechanical Ventilation. Orient Longman, 2003
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2.20 PaO,
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PaO; and Age

The normal level of PaO, declines with advancing age

Pa0, in healthy young adults (at sea level)
In a healthy 60 year old (at sea level)
Average Pa0,:95 mm Hg
(range 85-100 mmHg) Average Pa0,:83 mmHg

Predictive equation for the

estimation of Pa0, at (sea *Pa0,=109-0.43 xage in years
level) for a particular age

Sorbini, CA, Grassi, V, Solinas, E, et al. Arterial oxygen tension in rela-
tion to age in healthy subjects. Respiration 1968; 25:3-13



2 Gas Exchange 29
2.21 The Modified Alveolar Gas Equation

The value of PaO; (the partial pressure of O, in the arterial blood)
cannot be interpreted in isolation. A PaO, which is low relative to
the PAO, (the partial pressure of O, in alveolar air) implies a
significant deficiency in the gas exchange mechanisms of the lung.
The alveolar gas equation makes it possible to calculate the
PAO,. The difference between the PAO, (which is a calculated
value) and the PaO, (which is measured in the laboratory) helps
quantify the pulmonary pathology that is causing hypoxemia.

The partial pressure of the O; in the inspired air depends on the fraction of O; in the
inspired air in relation to the barometric pressure at that altitude, and also upon the water
vapour pressure (the upper airways completely saturate the inhaled air is with water).

PIO; =FIO; (Pb- Pw)
Where,
PIO; = Inspired PO,
Pb = Barometric pressure
Pw = Water vapour pressure, 47 mmHg at the normal body temperature

A

PAO, =PI0; = 1.2 (PaC0,)
Where,
PAO, = Partial pressure of O, in the alveolus

PaCO; = Partial pressure of CO; in the arterial blood. Because of the exce lent diffusibility of CO,
across biological membranes, the value of PaCO, is taken to be the same as the PACO, (the partial
p of CO; in the al )

\M ultiplying PaCO; by 1.2 is the same as dividing PaCO; by 0.8 (0.8 is the ~espiratory quotient)

Substituting the value of PIO; into the above equation,
PAO; = [FIO; (Pb- Pw)] - [1.2 X PaCO;]

The above abbreviated form of the equation serves well for
clinical use, in place of the alveolar air equation proper which is:

PAO, = PIO; — (PACO,) x [FIO, + {(1 — F10,)/R]

Martin, L. Abbreviating the alveolar gas equation. An argument for
simplicity. Respir Care 1986;31-40
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2.22 The Determinants of the Alveolar Air Equation

The alveolar-arterial diffusion gradient (A-a DOz ) for oxygen is the difference
between the partial pressure of O, in the alveolus (PAO,) and the partial
pressure of O3 in the arterial blood (Pa03).

A-aDO; = PAD,-Pa0;
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2.23 The Respiratory Quotient (RQ) in the Alveolar
Air Equation

RQ, for all practical purposes, equals 0.8 mathematically.
C0,/0.8 = 1.2 x CO,.

The quotient remains remarkably constant over a wide spectrum
of clinical conditions, and therefore, in practice, the above for-
mula usually suffices.

The factor 1.2 may change slightly depending upon the FIO,
administered, in order to compensate for the N, that is washed
out with higher fractions of O,. At FIO,’s of 100% the factor
approximates 1.0.

F102< 0.6 F|02 >0.6
* Use factor 1.2 * Use factor 1.0
e, ke,
PAC; = [FIO, (PB—47)]- 1.2 PAD, = [FIO, (P8-47)]- 1.0
PaCO; PacO,

Cinel, D, Markwell, K, Lee, R, Szidon, P. Variability of the respiratory gas
exchange Ratio during arterial puncture. Am Rev Respir Dis 1991;143:217

Martin, L. Abbreviating the alveolar gas equation. An argument for
simplicity. Respir Care 1986;31-40
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2.24 FIO2, PAOz, PaOz and Ca02

f

The Flo, | 2l PAD, (the partial
prossure of O, in the alvealus)

BADy b alo determinedby PB and PO, (tee 2.22)

. =

capltaries, 3nd equilbriate with the 0, in the arterial blood. Thus PAD
is plasmal.

i ‘1

=
SpD, [0, saturation o the arterial blaod) is determined bythe P,
™o, les nthe arterlal blood p A
ta kb, Sp0 fthe heme malecules.
5303 thervTores fetsrmiatdbythe P40 for fiat0; exerts
Ganeraly, gh ;. the higher the 5p0 ;. Howeverthls
relationehip i net Bnear (128 16
-~
1
B : o "t
€0, the o,
590, skongwithth 0,

€30, = 134 XHb (In gm/dL}* X$p0; + Pad, X 0,003 mL O, /mmHig
1*2.34mi of cxygen combing with zach gram of Hb,
£.003 mL i the sokibiity of O in each i of bleod per menbig)

of 15gmy/d, the 0, capeeTyh = 1,38 ¥ 15

e

Hasan, A. Understanding Mechanical Ventilation. Orient Longman, 2003
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2.25 D02, CﬂOz, SpOz, PaOz and FIOZ

echanisms within the lungs

a0, and factors influencing ODC
Sieririne S50,

33
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2.26 O, Content
Recalling that the O, content of arterial blood, CaO,

=1(1.34 x Hb in gm/dL) x SpO,]
+ [PaO; x 0.003ml O, /mmHg/dL]

Patient A: Patient B:
Anemiawith normotemia COPD with chronic hypoxemia
!P 6 90 i Pa0, S8mmHg
i a0, mmig Hb  16.5gm/dL
\;Ib 8.5 gm/dL Spo,  88%
5p0, 97% l
|Ca0;=[1.34 X Hb (in gm/dL) X 5p0; ]
| +[Pa0; X 0.003 mLO, /mmHg/dL] Ca0,=[1.34 xl-l::h;sw}mu&fﬁo]zl +[Pa0,
X0.003 mlO, /mm L]
=(1.34x8.5)x 0.97] + [0.003 x 90] = [(1.34x16.5)x0,88] + [0.003 x 58]
=11.32mL 0,/dL =19.62mL 0, /dL

As it turns out, the PaO, (and therefore the dissolved O,)
contributes little to the CaO,: one sixty seventh of that carried
by the Hb, given that the Hb level is normal).

The principal determinants of CaO, are Hb and SpO,: the latter,
of course is determined by PaO,. Thus, though the PaO, does
not seemingly contribute much to the CaO,, it can impact the
CaO, after all, through its effect upon the SpO..
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2.27 The Mechanisms of Hypoxemia

Mechanisms of hypoxemia

35

V/Qmismatch | shunt
Decreased An extreme form
ventilation of V/Q
relative to mismatch. Due to
perfusion orvice | |ack of regional
versa. Itis the ventilation,
most commonly | unoxygenated
encountered blood returns to
mechanism for | the left-heart,

I T ]IJL- i L-] the
{see 00.00) shunt fraction.

(see 00.00)

Hypoventilation

Decreased bulk
flow in and out
of the lungs.
Hypoventilation
leads to a buildup
of CO; in the
blood.
Hypercapnia is its
defining feature.

(see 00.00)

Diffusion defect

Hypoxemia
caused by a
limitatior of the
diffusion of gas
(oxygen) through
the alveclar
capillary
membrane.

(see 00.00)

Low barometric
pressure

A decreased
inspired fraction
of 0; would
produce the
same effect as a
low barometric
pressure.




36 2 Gas Exchange
2.28 Processes Dependent on Ventilation

The adequacy of ventilation influences several key processes of
the body.

Oxygenation

Adequacy of
ventilation

Maintenance
of acid-base
balance

Cco,
excretion
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2.29 Defining Hypercapnia
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2.30 The Determinants of PaCO,

Paco,

CO; elimination

2 Gas Exchange

The level of PaCO; depends on the balance between CO; production and

CO; production

CO, production is
dependent upon the
rate of tissue
metabolism

CO, production
almost never
influences PaCO; in
the presence of
intact ventilatory
mechanisms.

Hyperventilation or
hypoventilation in
response to
increased or
decreased CO,
production
respectively,
promptly results in
normalization of the
PaCO,.

—_—

CO; elimination

CO; elimination is dependent upon the
amount of alveolar ventilation

CO; elimination is much more important at
determining PaCO, than is CO, production

\

PaCO,; rises when

CO; elimination is

low relative to CO,
production.

Rise in PaCO; almost
always implies
inadequate removal
of CO; from the
circulation by the
lungs, i.e.,
hypoventilation

\ \

PaCO; falls when
CO;, elimination is
high relative to CO,
production.

Fallin PaCO, almost
always implies
excessive washout of
CO; trom the
circulation by the
lungs, i.e.,
hyperventilation
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2.31 CO;, Production and Elimination

*See p 2.40 for
causes of '
hypoventilation

*Fever, rigors
#Hypercatabolic
state

__*Pain, anxiety
*Chronic liver
disease

*Hypothermia
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2.32 CO, Production and Elimination

The relationship between CO; production and elimination can
be summarized by the respiratory equation:

PaCO; 0 (VCO;/VA)

Where,

VCO, = CO, production

VA = alveolar ventilation

This relationship holds true provided there is no CO, in the
inhaled gas.

According to the respiratory equation, CO; will be expected to rise in any of the following
situations:

If CO; production (VCO;) is increased in the
face of unchanged alveoclar ventilation (VA)*

:‘::r:::rl;f:::ari{sr:: f::rﬁif::{::;;?;:;:‘:;:;:’ If alveolar ventilation (VA) decreasesin the
> ¥ : face of unchanged VCO,

increase in CO; production)

Exercise

This may occur in the setting of:
Rigors

A
Arise in
physiclogical Decrease in minute
dead space ventilation
(vDfvT)

*unchanged alveolar ventilation, as in the setting of a paralysed patient on
controlled mechanical ventilation
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2.33 Exercise and PaCO,

During exercise there is an approximately linear increase in the
respiratory rate, and a hyperbolic increase in tidal volume, and
together these may produce a substantial increase in minute
ventilation. Nonetheless, both PaCO, and PaO, are main-
tained within narrow limits.

Increased CO, production

i i

If CO, production is increased If CO, production is increased
in the absence of lactic acidosis with concurrent lactic acidosis
(as in exercise below the (as in exercise above the
anerobic threshold): aerobic threshold):

CO, elimination increases CO; elimination increases.
Being physiological, the | However, because of the
elimination of CO, is matched associated lactic acidosis.

to its production.
PaCO; remains unchanged. | PaCO, falls.

Wasserman, K, Whipp, BJ. Exercise physiology in health and disease. Am
Rev Respir Dis 1975; 112:219

Hansen, JE, Sue, DY, Wasserman, K. Predicted values for clinical exercise
testing. Am Rev Respir Dis 1984; 129(Suppl):S49

Casaburi, R, Daly, J, Hansen, JE, et al. Abrupt changes in mixed venous

blood gas composition after the onset of exercise. J Appl Physiol 1989;
67:1106
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2.34 Dead Space

p S
Alveolar dead space |

The space within patent but

—_—
Anatomical dead space )

The space within the conducting
airways (mouth and nose down

to and including the terminal \:Mh g,::: m:&:::o
bronchi). Conducting airvays in gas exchange. In health,
play no part in gas exchange. P pa?waﬁolardeadmis |
The volume of air in the adult negligible, but may expand
conducting airwaysis arkedly hu::m |
approximately 150 ml. -
< iological dead ', 4

spaceisthevolume |\ — =
of gas within the
respiratory system \
that is not |
participating in gas
exchange. It consists
of the sum of the
anatomical dead
space and the
alveolar dead space.
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2.35 Minute Ventilation and Alveolar Ventilation

Alveolar

Minute
ventilation

ventilation

1 inthe ak
| l!"'b‘:rouuh. '« these
| Thedifference s o

\‘-\_
— -4

M
! Tﬂclmaramu::’ww”wn |
| hings ::‘J’m and outof the Nholarwnuwantlml
. The amount of !
e3chminats, hat sy, pardoutofthe
5 €
ange.

VE=Vixf -
VE= Minute volume | VA= (Vi-DS)x f
Vi tidal volume | VA=VE-vp
| VE= Minute volume

f= respiratory fre,
quency
| VD =dead space volume



2

44

2.36 The Determinants of PaCO,

2 Gas Exchange

VA = VE-VD
VA = ahveclar ventilation

if VE is low or VD is high.

—

Decreased VE

All the conditions causing a decrease in bulk flow into
the lungs (see 2.40) are capable of producing
hypoventilation.

According to the PaC0; equation,
Paco, a VCO; / VA

Paco, = £ €0y in the d
VCOy = 0y production nml/min
VA = Alveslar ventilation in Limin

PaCO, is therefore the CO, production relative to the
alveolar ventilation. Since CO, production is rarely a
clinically important factor, the adequacy of alveolar
ventilation is the most important determinant of

PaCo;.
Increase in PaCO; Decrease in PaCO;
Occurs when alveolar Occurs when alveolar

ventilation is low relative | ventilation is high relative
to CO; production. to CO; production.

Alveolar ventilation is the most important determinant of PaCO,.
The determinants of PaCO; can be predicted from the following equation:

Looking at the equation above it can be appreciated that low VA can only be possible

Increased VD

In clinical practice, it is
an increase in alveolar
dead space that results
in the expansion of the
physiological dead space.
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2.37 Alveolar Ventilation in Health and Disease

In health: In lung disease:
Nearly all alveoli participate in gas A large number of alveoli do not
exchange. participate in gas exchange.
Physiological dead space is Physiological dead space is
insignificant. substantial.
VA=VE-VD VA=VE-VD
Since VD is insignificant, VE Since VD is substantial, VA is
practically equals VA substantially lower than VE

Minute ventilation does not

1 = equate with alveolar
Minute ventilation roughly ventilation.
approximates the alveolar i

ventilation Alveolar ventilation may be
significantly less than minute
ventilation

Hasan, A. Understanding Mechanical Ventilation. Orient Longman, 2003
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2.38 The Pathogenesis of Hypercarbia (Increased
PaCO,)

To summarize,
The conditions in which PaCO, can be increased are:

o roncrtion o s Increased

of €O, in inspired air of CO,, eg: Decreased alveolar "h"m:ng'::l dead
Rebreathing of air Hypercatabolic pEuiiation i ;:f X
Laparoscopic statf:s: sepsis, This is by far the most aresult of s inérease
insufflation of air into malignant important cause. Inalveolar daad

the body

hyperthermia, etc.

space
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2.39 Hypoventilation and the Level of PaCO, .

...thanif ithe PaCO, is
relatively low
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2.40 The Causes of Hypoventilation

Hypoventilation results from decreased bulk flow in and out of
the lungs.

Bulk flow

Inspiration results in the bulk flow of air into the lungs, up to the level of the
smallest bronchioles. The further progress of gas molecules is by the
mechanism of facilitated diffusion.

Disorders in which bulk flow to the lungs are compromised include:

A

- = —,
Neuro-muscular
di
Fociee Proximal airway
CNS depression Spinal cord or eg. (extra-

. peripheral : : ulmona
eg: ; Sl O .nmlrlog_ivmmdes Pal }T\F
Sedative agents e :arablvsmg f 1““‘0"
Cerebrovascular Sinai gents | ep:
accidents pihaltatna Steroid 158

Amyotrophic myopathy | Tracheal
Central sleep h .
lateral sclerosis 7 | obstruction by
Sones . Mva.smema | stenosis , tumor
Metabolic Polio Bravis | ete.
alkalosis Multiple Muscular 3 =
Myxedema sclerosis dystrophies EpIglottits
i | Obstructive
Hyperoxia Guillian Barre Dyselectrolyte | sleep apnea
(Hyperoxic syndrome mias |
hyp ilation) Botuli Poor nutrition
Respiratory
muscle fatigue
\ \ . L /

Severe intrapulmonary derangements such as tight airway
obstruction in COPD and asthma are also capable of elevating
the PaCO, by increasing physiological dead space.
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2.41 Blood Gases in Hypoventilation

Hypoventilation (Type 2 respiratory failure)

Hypoventilation may exist as an isolated abnormality, or there may be an
additional mechanism of hypoxemia accompanying it

L
‘Pure’ hypoventilation
Here the gas-exchange Hypoventilation associated
mechanism of the lungs is intact, with an additional mechanism
and hypoventilation (i.e., of hypoxemia

reduction of bulk airflow) is the
sole cause for the hypoxemia

h-
|" { Ir/- =Y
Risein PaCO;
approximately
matches the fallin A-aD0sis Fallin PaO,is
Pa0;. norrnalz. disproportionate A-aDOyis
The Pa0,falls to the rise in widened
about 1.25 mmHg PaCo;,
for every 1 mmHg
risein PaCO; |

\ U ) &
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2 Gas Exchange

2.42 Types of V/Q Mismatch

Types of V/Q mismatch

J
Low V/Q mismatch | High V/Q mismatch
e J| - J
( 0
Ventilation low relative to i Perfusion low relative to
perfusion ventilation J
\ s k
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2.43 V/Q Mismatch — a Hypothetical Model

A the normal minute L 2v.

Assume the normal perfusion : 2q

-
Right lung accounts for half of the total m‘ﬂ'wh_gaocoum for half of the lqlal
ventilation and half of the total perfusion half of the total
Ventilation to the right lung = v Ventilation to the left lung = v
Perfusion to the right lung = q Perfusion to the left lung = q

\
- S
-
Assume ventilatio Assume that the ventilation of the left lung is
uﬂ%::dm;dwumnmnﬁ::k doubled. Assume that the perfusion of the
perfusion of the right lll'bilm leftlung Is reduced to zero.
Ventilation =0 Ventilation = 2v
Perfusion = 2q Perfusion = 0
N s

| Therefore, the total minute ventilation to both lungs:
= 2w {whichis normal)

And the total perfusion to both lungs:

= 2ay (this is normal too ).

Yet there is complete F the air ing lung:
wiith the blood perfusing i, and life is not possible on account of hyposemia.

r Fetilne Left lung:

Ventilation= 0 : :I"Eh o

Perfusion = 2q ntilationsay

Perfusion = zero
"
V/Qratio = 0/2q = 1ara V/Qratio = 2v/0 = infinity
\
This is an example of an extreme low V0 h, Thits s ple of by high vja h,
I, the right te left shunt. ie. dead space ventilation.

Forster 11, RE, DuBois, AB, Briscoe, WA, Fisher, AB. The Lung: Phy-
siological basis of pulmonary function tests. Year Book Medical Publish-
ers, Inc., 1886
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2 2.44 Etiology of Right to Left Shunts

(

Etiology of right to left shunt

ARDS

Cardiogenic pulmonary edema
Lobar pneumonia

Atelectasis

Pulmonary thromboembolism (a shunt occurs
by the reflex closure of alveoli)

Pulmonary arterio-venous malformations
Intracardiac right to left shunts

Aright to left shunt is an extreme
example of a low V/Q mismatch.

The V/Q ratio is zero |
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2.45 The Difference Between V/Q Mismatch and
Shunt

Low V/Q mismatch is the commonest mechanism of hypoxemia

The administration of 100% O; enables differentiation between a low V/Q mismatch
and shunt

Low V/Q mismatch:

Ventilation reduced relative to
perfusion

Shunt:
No ventilation, intact perfusion

Supplemental O, (FIO; 1.0)
eventually reaches the poorly
ventilated alveoli

Supplemental O; (FIO; 1.0) cannot
reach the obliterated alveoli

Pa0; rises Pa0; does notrise
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2.46 Quantification of Hypoxemia

*E.g., if the FIO; is 21% (as when a person is breathing room air
Multiplying FIO; into 5, lhi expected ;.10; = Eg. x5 =105 r:pploximatelvi, ¥ !
gives the approximate Similarly breathing 50% O, (FIO; 0.5) would result in a Pa0; of
expected PaO; for that roughly 50 % 5 = 250.
FIO; (provided that the | *!fthe measured Pa0, is significantly below the expected Pa0;,

there is a problem with the gas exchange .
lungs are normal). E ekl £

The Pa0; :FIO; ratio «A normal person breathing room air would have a Pa0; of
A z : approximately 100 mm Hg. The Pa0; /FIO; would be: 100/0.21
This (P:F ratio) makes it it

possible to compare the *The normal range for the Pa0,/FIO; ratio is 300-500.

arterial Owgenation of In the appropriate setting a P:F ratio of less than 300 indicates
patients breathing acute lung injury (ALI) while a P:F ratio of less than 200is
different FIO;'s. diagnostic of ARDS.

/.

- *The Pa0; is obtained from the ABG
The Pa0;/PAO; ratio 2
ZI = »The PAO; cannot be directly measured at the bedside and

A better estimate of needs to be calculated from the fified alveolar air equation

nation than the p:F  (see221)
SXyEEn ?atio & & *Pa0; [PAD, ratio offers better accuracy over a broader range of

FIO; than the PF ratio.

Bernard GR, Artigas A, Brigham KL, et al. The American European
Consensus Conference on ARDS: definitions, mechanisms, relevant out-
comes and clinical trial coordination. Am J Respir Crit Care Med 1994;
149:818-824

Peris, LV, Boix, JH, Salom, JV, et al. Clinical use of the arterial/alveolar
oxygen tension ratio. Crit Care Med 1983; 11:888

Covelli, HD, Nessan, VJ, Tuttle, WK. Oxygen derived variables in acute
respiratory failure. Crit Care Med 1983; 8:646
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2.47 Compensation for Regional V/Q Inequalities

Compensation for regional V/Q inequalities
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D 2.48 Defects of Diffusion

2 Gas Exchange

#In health, the Pao; of capillary blood equilibrates with the alveolar gas in
approxinately 0.25 seconds.

This is more than enough time for adequate oxy genation of the BBC since the
BBC spends 0.75 sec in the pulmonary capillaries.

sithas b

ime the
oxygenation of the REC only at h in ecess of 240 beats/min

=In disorders causing diffusion defects® interstitial processes retard the diffusion

of axygen into the baood.
=There is now not enough time for the oxygenation of the Hb within RBCs
pecially durin when the . tirme is rapid.

=Like the other causes of hyp than shunt), a diffusion defect can
be casily corected by adh f I oy
= A diffusion defect is a relatively I f dain ICL
patients.

\

* Interstitial fibrosis is the classical cause, but even in this condition, it is a
V/Q mismatch which is the primary mechanism for the hypoxemia

West, JB. Pulmonary Pathophysiology: The Essentials, 6th ed. Philadel-

phia, Lippincott Williams and Wilkins, 2003, 22-24
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2.49 Factors that Determine Diffusion

DLCO
The ability the lungs to transfer oxygen from inspired air to the h lobin within the pul ¥
circulation is measured by the DLCO. CO has an incredible avidity for Hb. Also, its uptake is not
affected by the pulmonary blood flow. This make the test less vulnerable to variations in the cardiac
output: CO is especially suited to assessing the performance of the alveclocapillary membrane (ACM).
-
i > 48 B b
Technical aspects:
Alveolo-capillary membrane: Pulmanaey caplliseybiood yohime: Dil‘,:: rart;:':
o 2 i which ca
Area and thickness*® The "reservoir ofilwmnslohhl‘:ha_l s monoxide
within the p ¥ CombES D
hemoglobin
"~ \
o ™ oy,
Pathclogical factors
ML (increased
thickness of the ACM)
s : e Since €0 and 02
{decreasein absolute FPosition: greater ppiiens
Physiologic factors surface area of the venous retum in the Pathologic factors ‘“":I’; A m:H‘:""
Height: the taller the || ACM) ,,“'”'"‘*‘“"""‘",";"“ i bl Jecul the
i i a af the
d‘\&lmshel:;l?:ﬂi" (increased “distance peknecisey chplbryi | | Pumonory arten: (?ﬂm:':‘n?z
therefore the surface for diffusion”) L S hyperiension combination of CO
€2 of the ACM in the supine position. || yoe e
an . ' Emphysema with b () v/a
(destruction and loss Excrcise: Increase Severe emph At
of the ACM: other pulmonary blood flow HeDLcD.
factors dso‘ I during exercise ’
peaLe increases the DLCO.
ralein emphysema), B
- “ s N 4

* There is now evidence that the decreases in DLCO may be less dependent
on a decreased surface area of the alveolocapillary membrane and more on
the reduction of the red cell mass within the pulmonary cirrculation than
earlier thought.

Enright PL, Diffusing capacity for carbon monoxide, 2008.
www.UptoDate.com
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2.50 Alveolo-Arterial Diffusion of Oxygen (A-aDO,)

The alveolo-arterial
diffusion of oxygen (A-a

DO2) * In order to compute the A-a DO, it is
Represents the ease necessary to calculate the PAO, (from the
with which the modified alveolar gas equation):
administered oxygen | PAO, =FIO, (Pb-Pw) - PaCO,/R where,

| diffuses into the blood, * Pa0; = alveolar oxygen tension
and therefcgre * FIO, = fraction of inspired oxygen
‘ :ﬁzmzﬁ iif;:::::i:; * Pb = atmospheric pressure in mmHg
the blood. * Pw = partial pressure of water (47 mmHg at
i body temperature)
hedabpy e « PaCO, = arterial CO, tension
difference between the : 2
alveolar O, tension * R =respiratory quotient

(PAO;) and the arterial |
| oxygen tension (Pa0;). |

Mellemgaard, K. The alveolar-arterial oxygen difference: its size and
components in normal man. Acta Physiol Scand 1966; 67:10

Kanber, GJ, King, FW, Eshchar, YR, Sharp, JT. The alveolar-arterial
oxygen gradient in young and elderly men during air and oxygen breath-
ing. Am Rev Respir Dis 1968; 97:376
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2.51 Limitations of the A-aDQO,

FIO; estimates are often
misleading on
conventional oxygen
devices if a patient has an

| The respiratory quotient is irregular pa_nem of
not always 0.8, whichit is breathing.

assumed to be (especially

‘Water vapour pressure is
assumed to be 47 mmHg:
actually, the water vapor

in critically ill patients with
pressure changes slightly
‘with body temperature,

altered body metabolism
and on complex nutritive
supplementation).

s ™, p

There estimate of what | Vi N
FIO; the patient is on, is Erroneous \ The barometric pressure
also does not remain

ofteninaccurate. Variable | | r Itsin
performance devices like | = Fhe constant throughout the
nasal prongs and non- | compu tation day:itis invariably

venturimasks provide | o / bty
e o Zhate: e

Martin, L. All you really need to know to interpret blood gases. Lippincott
Williams and Wilkins, 1999 p.53
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?  2.52 Timing the ABG

Healthy lungs

» There is rapid mixing of inhaled
air, between the different regions
of the lung.

* Blood gases drawn after 5-7
minutes of any change in FIO; are
acceptable.

2 Gas Exchange

Presence of significant Iungh-
disease

* There is slow mixing of alveolar
gas because of inhomogeneity of
ventilation between diseased and
healthy alveolar units.

* Blood gases should ideally be
drawn after 20-25 min of any
change in FIO; to enable
equilibration with those lung
areas having low V/Q ratios.

_/

/

Cugell DW. How long should you wait [editorial]? Chest 1975; 67:253
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2.53 A-aDO, on Intermediate Levels of F1IO,
The A-a DO, normally increases with age. The following
formula predicts the A-aDO, for a given age:

A —aDO2 =2.5+ (0.25 x Age in years)

/ Normal \ :

A-aDO; on room 2 .
air: = .
7-14mmHg y N
4 The normal A-a DO, gradient ‘-\
widens with higher fractions of \
/ inspired O, . This A-a difference

Ir“ reaches a maximum when PAO,

[ exceeds 350—-450 mmHg and then
decreases at higher PO,'s thus
describing a bell shaped curve.

Therefore, between the two
extremes of inhaled F10,(0.21
and 1.0) the expected A-aDO,
level (even in the normal subject!)
is difficult to predict.

.

r(i Normal B
| A-aDOon100%
[ 0;:
Less than 70 /
mmHg

Kanber, GJ, King, FW, Eshchar, YR, Sharp, JT. The alveolar-arterial
oxygen gradient in young and elderly men during air and oxygen breath-
ing. Am Rev Respir Dis 1968; 97:376

Gilbert, R, Keighley, JF. The arterial/alveolar oxygen tension ratio. An
index of gas exchange applicable to varying inspired oxygen concentra-

tions. Am Rev Respir Dis 1974; 109:142
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2.54 The Utility of A-aDO,

F N y
/' AaDOis / A-aDOisnot
! widened in the widened in the

|I following ] { following |
|\ mechanismsof | |\ mechanism of

hypoxemia: hypoxemia: f Disorders
v V/Qmismatch \_/ causing

hypoventilation
{(here the
problem lies with
deficient bulk
Right to left flow of air into
shunt the lungs and not
at the level of the
alveoli, the
alveolar capillary
interface or the

Diffusion defect pulmonary
capillary bed)
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3.1 The Structure of Hemoglobin

The special ability of hemoglobin to imbibe O, from the pul-
monary capillaries and release it to the tissues derives from its
unique quartenary structure.

Globin

The Hb molecule consists of four globin chains (two alpha chains each of
141 amino acids, and two beta chains each of 146 amino acids

Heme

One heme group binds each globin chain.

Each heme group consists of:

-
One ferrous ion (Fe**) One protoporphyrin IX ring
In order to carry O, it is necessary This protoporphyrin ring is
for heme’s iron to remain covalently bound to the ferrous
in the ferrous state. ion.

Perutz, MF. Molecular anatomy, physiology, and pathology of hemoglo-
bin. In: Stamatoyannopoulos, G, Nienhuis, AW, et al. (Eds). The Mole-
cular Basis of Blood Disorders, WB Saunders, Philadelphia, 1987

Bunn, HF, Forget, BG. Hemoglobin: Molecular, Genetic and Clinical
Aspects. WB Saunders, Philadelphia 1986
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3.2 Functions of Hemoglobin

Only about 5% of all
the CO; transported in the

bloodis in the form of
carbamino compounds (viz,
bound to hemoglobin).

‘Another 5% of €O s carried
dissolved in plasma.

Mbulkofthemz,
however, is carried in the
form of bicarbonate.

Stamler, JS, Jia, L, Eu JP, McMahon, TJ, Demchenko, IT, Bonaventura, J,
Gernert, K, Piantadosi, CA. Blood flow regulation by S-nitrosohemoglobin
in the physiological oxygen gradient. Science 1997; 276:2034-2037
McMahon, TJ, Moon, RE, Luschinger, BP, Carraway, MS, Stone, AE,
Stolp, BW, Gow, AJ, Pawloski, JR, Watke, P, Singel, DJ, et al. Nitric
oxide in the human respiratory cycle. Nat Med 2002; 8:711-717
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3.3 Co-operativity

Deoxygenated Hemoglobin

Deoxygenated hemoglobin exists in a tense (taut) configuration because of
electrostatic bonds between its beta globin chains. The hemoglobin molecule has
helical twists. In the non-helical sections the polypeptide chain folds upon itself.
creating clefts within which the four heme groups lie at equidistant intervals.

The attachment of the first O; molecule

In its taut state, deoxygenated hemoglobin has little affinity for O;. The attachment of
the first O; molecule to one of the globin chains generates chemical and mechanical
stresses resulting in the severing of electrostatic bonds. This allows the hemoglobin
kmolecule to unfold slightly.

The attachment of the second 0, molecule

As the hemoglobin molecule relaxes and unfolds it exposes the other O; binding sites
within its clefts; this facilitates the addition of another molecule of O; to the
hemoglobin, more rapidly than the first.

-

The attachment of the third and fourth O; molecules

The binding of the second molecule of O; results in further relaxation of the coils of
the hemoglobin molecule, accelerating the uptake of the third and the fourth O3
molecules.

N

The co-operativity among its binding sites that results in the
accelerated uptake of O, gives the oxy-hemoglobin dissociation
curve its characteristic sigmoid shape.

Perutz, MF. Molecular anatomy, physiology, and pathology of hemoglo-
bin. In: Stamatoyannopoulos, G, Nienhuis, AW, et al. (Eds). The Mole-
cular Basis of Blood Disorders, WB Saunders, Philadelphia, 1987

Bunn, HF, Forget, BG. Hemoglobin: Molecular, Genetic and Clinical
Aspects. WB Saunders, Philadelphia, 1986
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3.4 The Bohr Effect and the Haldane Effect

Tissue capillaries
The CO, eting the tissues enters the red

blood corpuscles

( CO; transport as bicarbonate 1
€0; binding to globin and its transport as €0; 4 H;0 €3 HyL0; €3 HCOy + H'
carbamino-Hb 80%of CO; is transporied as bicarbonate. At

£0; binds to an amino terminus of globin chain the perigheral tissues oxygen |s already being
forming carbamino=Hb; 10% of all €05 s unloaded from hemoglobin. The decy-Hi
transported in this form. |mi;h!uwwrncw Hb as a proton

acceptor) binds the H* generated in the above
chains

\

Hemaglobin becomes stabilized in T-state: the, Hemoglobin becomes stabilized in T-{state}:
COz-Bohr effect the acid -Bohr effect

r The Bohr effect

The Bohr effect is the CO;-produced rightward
shift of the ODC. This facilitates O; unloading to
the tissues. The effect of CO; on the ODC is
mostly on account of the decrease in pH that CO;
produces,

=
The Haldane effect

0; unloading favors CO; uptake by hemoglobin

by the Haldane effect. The CO; can then be

transported to the lungs.

Bohr, C, Hasselbalch, K, Krogh, A. Ueber einen in biologischer Bezie-
hung wichtigen Einfluss. den die Kohlen- sauerespannung des Blutes auf
dessen Sauerstoffbinding ubt. Skand Arch Physiol 1904; 16:402

Busch, MR, Mace, JE, Ho, NT, Ho, C. Roles of the beta 146 histidyl
residue in the molecular basis of the Bohr effect of hemoglobin: A proton
nuclear magnetic resonance study. Biochemistry 1991; 30:1865

Klocke RA. Mechanism and kinetics of the Haldane effect in human
erythrocytes. J Appl Physiol 1973; 35:673-681
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3.5 Oxygenated and Non-oxygenated Hemoglobin

See Co-oximetry (3.22)
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3.6 The Oxyhemoglobin Dissociation Curve

Pa0, below ~20 mmHg

Below a Pa0, of 20mm
Hg the oxy-hemoglobin
dissociation curve is
almost flat; until the PaO,
reaches 20 mmHg, any
increase in Pa0, that
occurs on this segment
does not translate into an
increase in Sp0,.

Between ~20 to 60 mmHg

Once the Pa0,rises to
about 20 mmHg (at a
Pa0, of between 20

mmHg and 60mmHg), a

relatively small increase in
increase in Pa0; results in

a dramatic rise in Sp0,.

Above ~60 mmHg

Abovea Pa0;of 60
mmHg, the oxy-
hemoglobin dissociation
curveis again flat, and the
Sp0;is in the high 90s;
from here on any further
rise in 5p0; results in
little further rise in SpO;.

The following co-ordination points should be
expected for an ODC that lies in its normal

position:

Pa0,100
mmHg

* Corresponds to
SpO; of 97%

PaO, of 70 mm
Hg

= Corresponds to
SpO, of 92%

Pa0,of 40 mm
Hg (as in mixed
venous blood)

* Corresponds to
Sp0; of 75%

Interpreting Arterial Blood Gases, Canham EM, Beuther DA, PCCU-on

line, Chest.
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3.7 Continuous Invasive O, Monitoring

Although direct measurement of arterial O, tension by arterial blood gas
(ABG) sampling is a very accurate way of assessing oxygenation, it has its
disadvantages.

Intermittent ABG sampling Continuous ABG sampling

‘Obviates the need for

. frequent arterial punctures
‘Inconvenience

; ‘Generally used in unstable
Pain clinical situations
‘Bleeding ‘However, continuous ABG
-Infection sampling is also associated
with significant
complications as with

"Gangrene of an extremity intermittent sampling

-Arterial thrombosis

Pierson, DJ. Pulse oximetry versus arterial blood gas specimens in long-
term oxygen therapy. Lung 1990; 168 Suppl:782

Inman, KJ, Sibbald, WJ, Rutledge, FS. Does implementing pulse oximetry
in a critical care unit result in substantial arterial blood gas savings? Chest
1993; 104: 543
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3.8 Noninvasive Monitoring of Blood Gases

Oxygenation Ventilation
Real-time Real-time
monitoring monitoring

by pulse by
oximetry capnography

Bongard, F, Sue, D. Pulse oximetry and capnography in intensive and
transitional care units. West J Med 1992; 156:57
Greene, GE, Hassel, KT, Mahutte, CK. Comparison of arterial blood gas
with continuous intraarterial and transcutaneous PO, sensor in adult
critically ill parients. Crit Care Med 1987; 15:491
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3.9 SpO, and Pulse Oximetry

Cyanosis is the clinical
hallmark of hemoglobin
desaturation, but is not always
easy to assess at the bedside.
In an anemic patient cyanosis
may be notoriously difficult to
recognize.

Cyanosis requires
deoxygenated hemoglobin to
fall to 5 g/dL. In severe anemia,
not enough hemoglobin may
be available for
deoxyhemoglobin to reach this
level; severe hypoxia can be
present without apparent

cyanosis.

o Pulse oximetry is a convenient way of
= noninvasively monitoring the oxygen status of
the blood. In modern critical care units, pulse
oximetry has been described as the fifth vital
sign.

Comroe, JH Jr, Botelho, S. The unreliability of cyanosis in the recognition
of arterial hpoxemia. Am J Med Sci 1947; 214:1

Martin, L, Khalil, H. How much reduced hemoglobin is necessary to
generate central cyanosis? Chest 1990; 97:182

Neff, TA. Routine oximetry: A fifth vital sign? Chest 1988; 94:227
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3.10 Derived and Measured SpO,

Derived and measured SpO,

L
'

Derived sp0;
Older oximeters calculate the Sp0; from the values of Pa0; and pH.
The calculations are derived from

The Severinghaus
MNomograms S Microprocessors

Interpreting Arterial Blood Gases, Canham EM, Beuther DA, PCCU-on
line, Chest.
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3.11 Principles of Pulse Oximetry

Pulse oximetry is based upon two fundamental principles
-
The principle of spectrophotometry The principle of optical
Used for measuring the percentages plethysmography
of oxyhemoglobin and Used to display the amplitude of
deoxyhemoglobin in the blood pulse and the heart rate
-

Hanning, CD, Alexander-Williams, JM. Pulse oximetry: A practical review.

BMJ 1995
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3.12 Spectrophotometry

The principle of spectrophotometry is based upon on the Beer—
Lambert law which states that the concentration of light-absorbing
species within a sample is a logarithmic function of the amount of
light absorbed by that sample.

In respect of blood, the light-absorbing species are oxyhemo-
globin and deoxyhemoglobin.

Two photodiodes emit light phasically at several hundred times per
second, one at 660 nm (in the red band of the spectrum) and the other
at 940 nm (in the infra-red band of the spectrum).

Oxyhemoglobin Deoxyhemoglobin
Light emitted at 660 nm is better Light emitted at 940 nm is better
absorbed by saturated absorbed by reduced

(oxygenated) hemoglobin (deoxygenated) hemoglobin

The phasic emission of light differentiates the light absorbance
of the arterial blood from that of the light absorbance of
venous blood and the surrounding tissue.

Mendelson, Y. Pulse oximetry: Theory and applications for noninvasive
monitoring. Clin Chem 1992; 38:1601
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3.13 Optical Plethysmography

The principle of optical plethysmography is made use of to
display the amplitude of pulse and the heart rate. Each peak
of the arterial waveform corresponds to one cardiac cycle.
Occasionally a smaller secondary peak due to the venous pres-
sure pulse can be distinguished. The phasic signal presented to
the sensor calculates the pulse amplitude according to the
relative absorbencies during systole and diastole.

Ventricular systole

Ventricular diastole

Phasic increase of blood
volume in perfused organs.

Light has to travel a longer
distance through the distended
subcutaneous tissue (of the
finger or ear lobe).

Light transmission through the
sampling site decreases.

Phasic decrease of blood
volume in perfused organs.

Light has to travel a shorter
distance through the
contracted subcutaneous tissue
(of the finger or ear lobe).

Light transmission through the
sampling site increases.

This difference is made use of to generate a waveform which is

displayed on the monitor.

Mendelson, Y. Pulse oximetry: Theory and applications for noninvasive

monitoring. Clin Chem 1992; 38:1601
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3.14 Types of Pulse Oximeters in Contemporary Use

Two types of pulse oximeters are in contemporary use: transmission
pulse oximeters and reflectance pulse oximeters. Transmission pulse
oximeters are the more extensively used of the two

Transmission pulse oximeters

A pair of light emitting diodes
(LEDs) emit light through
interposed tissue (typically a finger,
toe or an earlobe). The change in
light frequency is read out by a
photodetector placed on the
opposite side of the interposed
tissue.

Reflectance pulse oximeters
Photowaves from LEDs are bounced
off an appropriate surface (e.g. the
skull bone). The reflected beam of
light passes back through the

tissue, (e.g. the skin of the forehead),
to reach a photodetector placed
adjacent to the LEDs.

Tallon, RW. Oximetry: state-of-the-art. Nurs Manage 1996; 27:43
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3.15 Pulse Oximetry and PaO,

Disadvantage of SpO;

79

One of the main disadvantages of oximetry is that it monitors oxygen
saturation (SpO,) and not the Pa0,.

Sp0; can miss a drop

Sp0; is unreliable in

in Pa0,:
Major changes in szvere hypoxemia.
Pa0;on the flat Sp0;can be influenced by a shift of the
upper segment of the Below an Sp0; of ‘oxyhemoglobin dissociation curve,
0ODC can occur 80% oximetry is
without appreciable undependable.
changes inSp0;
- L =/
A
Righ i shift of L shift of the
this oyl globl b globi
dissociation curve dissociation curve
(as in acidemia or (as in alkalemiaor
fever) hypothermia)
\—/' \
F S
Hemoglobinis less Hemoglobin is more
saturated relative to saturated relative to
the Pa0, the Pa0,.
Sp0;can 5p0; can
o : the 5
Pa0;. Pa0;.
-

Stoneham, MD. Uses and limitations of pulse oximetry. Br J Hosp Med

1995; 54:35

Ralston, AC, Webb, RK, Runciman, WB. Potential errors in pulse oximetry.
Anaesthesia 1991; 46:291
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3.16 The Ps,
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Partial prassurs of oxygen, mm Hg

Pso

The position of the oxy-Hb dissociation curve (ODC) can be assessed
from the Psq, which is the PaO; at which the Hb is 50% saturated.

The normal Psg is 26.6 mm Hg

Pso > 26.6 mmHg

A higher than normal Psg
means a rightward shifted
oDC.

Psp< 26.6 mmHg

A lower than normal Psg
means a leftward shifted ODC.
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3.17 Implications of Shifts in the ODC

Implications of a leftward
shifted ODC:

Tighter binding of O,
toHb.

At the tissues

With a left shifted ODC, SpO;is
higher, but less of the O, (which
is tightly bound to the Hb) is

f released to the tissues.

Implications of a
rightward shifted ODC:

Relatively loose binding

L of 0, to Hb.

At the tissues

With a right shifted ODC, although
the Sp0; is lower, more of the O;
(which is relatively loosely bound to
the Hb) is released to the tissues,

81
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3.18 Conditions that Shift the ODC

Leftward shift of the ODC
occurs in the following
conditions:

Alkalemia
Hypothermia
Abnormal hemoglobins,

e.g.:
Carboxy-hemoglobin
Met-hemoglobin
Fetal hemoglobin
Myxedema

Low inorganic phosphates

Rightward shift of the
ODC occurs in the
following conditions:

Acidemia
Fever

Abnormal hemoglobins,
e.g.:
Hb Kansas

Thyrotoxicosis

Raised inorganic
phosphate

Anemia

Steroid therapy
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3.19 The Position of the ODC

ODC shift to left ~ ODC shift to right

I. The Pa0; is high relative to the |
¥ 4 Sp0;
The Pa0; is low relative to the | ) " -
SpO0; The right shifted ODC facilitates
oxygen delivery to the peripheral
L ) '.\ tissues

|' Sp0; overestimates the

| :
oxygenation [i.e. Pa03) Sp0; underestimates the PaOz
| y For a given Sp03, the Pa0;is
\With aleftsnifted DDChie Sp0, higher when the ODC is right-
may be falsely reassuring, and the shifted
Pa0; may be lower than expected ) |
"

The SpO, therefore must be interpreted in the light of the
position of the ODC.
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3.20 SpO, and Anemia

Schnapp, LM, Cohen, NH. Pulse oximetry: Uses and abuses. Chest 1990;
98:1244
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3.21 SpO, and Pigmentation

The color of the interposed tissue that transmits light can influence the
5p0;.

Skin pigmentation

Minor and
inconsistent effect
on Sp0,

Hyperbilirubinemia

Minimal effect on
5p0,

Nail polish
Can lead to errors in the SpO; reading.

However some

studies have shown Other shades of nail
that racial Red nail polish polish
pigmentation may May have a trivial May produce a

cause as much as 4% effect on Sp0;. spurious fall in 5p0;
difference in of as much as 3-6%.

measured 5p0;.

—_— -

Ralston, AC, Webb, RK, Runciman, WB. Potential errors in pulse oxi-
metry. III: Effects of interference, dyes, dyshaemoglobins and other pig-
ments. Anaesthesia 1991; 46:291
Veyckemans, F, Baele, P, Guillaume, JE, et al. Hyperbilirubinemia does
not interfere with hemoglobin saturation measured by pulse oximetry.
Anesthesiology 1989; 70:118
Zeballos, RJ, Weisman, IM. Reliability of noninvasive oximetry in black
subjects during exercise and hypoxia. Am Rev Resp Dis 1991; 144:1240

Brand, TM, Brand, ME, Jay, GD. Enamel nail polish does not interfere
with pulse oximetry. J Clin Monit Comput 2002; 17:93
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3.22 SpO, and Abnormal Forms of Hemoglobin

Abnormal forms hemoglobins can have different absorption spectra and
so lead to erroneous oximetric readings.

<
Carboxyhemoglobin Hemoglobin-S in
Methemoglobin 2 S
(CO-Hb) (Met-Hb) Sickle-cell anemia:
CO-Hb has a similar Canlead to

Met-Hb absorbs light

at two wavelengths. spuriously high or

absorption spectrum
low SpO; values.

to oxyhemoglobin.
LS S

Because of this
property, Met-Hb

Normal saturations
has a complex effect

can be displayed in

the presence of on Sp0;:
severe hypoxia. SpO, tends to drift
towards 85%.

CO-oximetry:
CO-oximetry
independently displays
carbon monoxide
saturations, and helps
reliably monitor CO-Hb.

N~

Eisenkraft, JI, Pulse oximeter desaturation due to methemoglobinemia.
Anesthesiology 1988; 68:279

Ernst, A, Zibrak, JD. Carbon monoxide poisoning. New Engl J Med 1998;
339:1603-1608

Ortiz, FO, Aldrich, TK, Nagel, RL, Benjamin, LJ. Accuracy of pulse
oximetry in sickle cell disease. Am J Respir Crit Care Med 1999; 159:447
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3.23 Methemoglobinemia

Normal hemoglobin carries its iron as ferrous ions

| Hbis capable of binding O; provided the ferrous iron remains in its reduced state.
The special configuration of the hemoglobin chains appears to protect the ferrous
ions from oxidation to the ferric state.

-

87

Pulmonary capillaries

In the pulmonary capillaries each ferrous ion binds an O; atom, in the process briefly

donating an electron to the latter.

L

Tissue capillaries

At the tissue capillary level the O; atom cleaves away from the Hb molecule in the
process reacquiring its electron. The reduction of the iron back to its ferrous form
makes it free to bind and transport O; again.

Met-Hb carries its iron as ferric ions

Met-Hb, as opposed to deoxy Hb carries its iron in the ferric form, in which state it is

unable to bind O3. The amount of Hb that exists as Met-Hb cannot participate in O3
transport.

Wright, RO, Lewander, WJ, Woolf, AD. Methemoglobinemia: etiology,
pharmacology, and clinical management. Ann Emerg Med 1999;

34:646—656
Curry S. Methemoglobinemia. Ann Emerg Med 1982; 11:214-221



88 3 The Noninvasive Monitoring of Blood Gases

3.24 Methemoglobinemia: Mechanisms of Hypoxia

Predisposing conditions for Met-Hb (see 3.25) can lead to
hypoxia by the following mechanisms:

l l

Oxidation of ferrous (Fe3) iron of heme to the ferric (Fe3) state.

l l

The ferrous iron in the adjacent
hemoglobin chains binds more
strongly to O3 than usual.

In the ferric state, heme cannot
bind oxygen. l

The oxygen dissociation curve is
shifted to the left: less O3 is
released to the tissues.

l

Inefficient O; delivery to tissues
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3.25 Methemoglobinemias: Classification

Methemoglobinemias can be classified into the hereditary
methemoglobinemias and the acquired methemoglobinemias.

Increased formation of
Met-Hb
The acquired
methemoglobinemias
are due to extrinsic

Decreased reduction of Met-Hb
The hereditary methemoglobinemias

- o
agents, e.g.: p—— S -
p-Amino salicylic acid Cytochrome by i S
Aniline dyes deficiency ) B

o Normally about 0.5-3% of Asa result of a mutation in
Benzene derivatives Hbis converted to Met-Hb the alpha or beta globin
— 5 R hain, tyrosine replaces one
Clofazimine daily by auto-oxidation. ¢ A
'f of the histidine residues.
Chlorates
A

Chloroguine
Dapsone
Local anesthetic agents f

Someof this Met-Hb is
Metoclopeamide reduced back to Hb (by a Ferric phenolate complex is
Nitrites (e.g. Amyl nitrite, NADH dependent, cytochrome | | (-l L th

trog bsreductase catalysed :ff'mt' 2 1': ed"":;o ";|

L lycerin) reaction. As a result, Met-Hb lerrE;ur:':t\.;:re Ml e il
Nitric oxide comprises about 1% of total £

Hb in the blood.
Phenacetin
Primaquine
Sulfonamides

X ;| Cytochrome b reductase

deficiency can result in Persistent lifelong

increased h lobi h lobi i

levels.

\ A s

Curry, S. Methemoglobinemia. Ann Emerg Med 1982; 11:214-221

Jaffe, ER. Enzymopenic hereditary methemoglobinemia: a clinical/
biochemical classification. Blood Cells 1986; 12:81-90

Prchal, JT. Diagnosis
Uptodate.com

and treatment of methemoglobinemia,
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3.26 Sulfhemoglobinemia

Oxidation of Hb to methemoglobin

First, the oxidation of the ferrous to ferric iron results in the formation of
methemoglobin.

-

Formation of sulfhemoglobin

Next, the exposure to specific agents results in covalent binding of the sulfur atom to
heme, resulting in the formation of sulfhemoglobin.

Similarities with

methemoglobinemia Differences with methemoglobinemia
l\ l k l l
o . ™ -
Right shift of ODC
Unlike Met-Hb, Sulf-Hb
causes a right shift of 0DC
and so relatively more Hb is Sulfhemoglobinemiais
Sulfhemoglobin, like released to the tissues. irreversible
methemoglobin, can /| Unlike
neither transport Oz nor methemoglobinemia,
CO;. sulfhemoglobinemia is
- - | irreversible.
Severity of hypoxia
Hypoxia in

sulfhemoglobinemia is not |
as severe as thatin l\-—./

methemoglobinemia.

Oximeters that measure met-hb can erroneously read sulf-hb as
met-hb

Park, CM, Nagel, RL. Sulfhemoglobinemia. N Engl J Med 1984;
310:1579-1584
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3.27 Carboxyhemoglobin (COHDb)

The incomplete combustion of hydrocarbons leads to the for-
mation of CO, a colorless, odorless gas. Normally, the levels of
COHb are < 3% (of total Hb) in the urban population; smo-
kers have a COHBbD level of 5-10% (of total Hb) in their blood.

Mechanism of hypoxemia in CO poisoning

Compared to O, CO combines 150 CO shifts the oxyhemoglobin
to 550 times as avidly with Hb. dissociation curve to the left.
0, is displaced from the Hb molecule by Whatever remaining O; there is bound
Co. to Hb, is tightly attached to the Hb.
This decreases the O; carrying capacity Less O, is unloaded at the tissues
of the blood. resulting in tissue hypoxia.

At levels above 50%, COHb is capable of causing death.

This results in falsely !

Absorbance spectrum (e high reported 0,
of CO is very similar to fEEOsEd I_Jr ahindad saturations
Hb. p::ts:‘:::'melt:;isnas (overestimation of O,
o8 : saturations).

7

The clue to diagnosing CO poisoning is an elevated saturation
gap (see 3.29). CO-oximetry relibly measures CO levels and can
be used when CO poisoning is suspected.

Weaver, LK. Carbon monoxide poisoning. Crit Care Clin 1999; 15:297.

Caughey, WS. Carbon monoxide bonding in hemeproteins. Ann N Y
Acad Sci 1970; 174:148.

3
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3.28 Acute Pancreatitis

The ODC is left-shifted in 20-70% of acute pancreatitis

Acute Pancreatitis

|

Fatty acids in circulation bind to hemoglobin

Linolenic acid, Linoleic acid, and Oleic acid, the
fatty acids released into the circulation as a result
of pancreatic cell destruction, bind to
hemoglobin and decrease its affinity for O,.

l

0DC is shifted to the left

Greenberg, AG, Terlizzi, L, Peskin, G. Oxyhemoglobin affinity in acute
pancreatitis. J Surg Res 22: 561-565, 1977
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3.29 Saturation Gap

The O, analyses by the pulse oximeter and the ABG are based upon the
premise that only 2 forms of Hb are possible: oxyhemoglobin and
deoxyhemoglobin; and that no abnormal forms of hemoglobin are
present.

SPOz Sao;
The Hb saturation of O; as The Hb saturation of O, as
measured by pulse oximetry caiculated by the ABG machine

The ABG machine first measures the

The pulse oximeter measures light Pa0; and then calculates the expected
absorbance at 2 wavelengths (see Sa0; from this, based on the ODC. (In
3.12). With significant levels of the absence of cardiopulmonary
methemoglobin in the blood, the SpO, disease), even though hemoglobins
drifts towards 85% (see 3.22). maybe present, the Pa0; level is

normal: therefore the Sa0, is normal.

The saturation gap

When the difference in Sa0, and SpO; is > 5%, a saturation gap is said to
exist. Asaturation gap is a clue to significant levels of Met-Hb and Sulf-
Hb in the blood*.

*Other substances associated with a saturation gap: carbon monoxide,
cyanide, and hydrogen sulfide

Eisenkraft, JB. Pulse oximeter desaturation due to methaemoglobinemia.
Anaesthesiology 1988; 68:279-282

Oesenberg, B. Pulse oximetry in methaemoglobinemia. Anaesthesia
1990;45:56

Mokhlesi, B, Leiken, JB, Murray, P, Corbridge, TC. Adult Toxicology in
Critical Care, Part I: General Approach to the Intoxicated Patient. (Chest
2003; 123:577-592
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3.30 Factors Interfering with the Measurement
of SpO,

Sources of error in pulse oximetry
Other sources of
Time lag BTron
Thereis often a Motion artifact:
time lag between a Hypoperfusion of “Shivering,
changein O, the part < s
i i onviilsions.
sataration wndits “Vasoconstriction
detection by the A ‘Movement
oximeter. The “riypotension s
i : Proximity to:
signal averaging by Opticalpiohlana “Inflation of a BF
the oximeter may auff MRl scanners
:::;ﬁ"_"a'. Also edema of an | | “Cell-phones
s This can 2
be extremity  can | | -Electrical
disadvantageous hinder the pickup | | interference
ina rapidly ofthe pulse “Powrer outlets and
changing clinical cords, cardiac
situation. monitors, cautery
devices etc
— N 7 N _
ht interferance
Modern pulie L Noise amplification
eximeters Light nterference g p:ﬂ !
Modern pulse vy oceur by we;““:::"h‘: =
s i -
s | e || S
take less than a .
minute for output photodiode reaches 2;:‘:",',?,::(,:::2'" soitmay amplify the
stabilisation to oce, | | the photadetector is too large ar ::‘:E‘:""‘;‘r:“’s:“:”
quent Sp0; phaced, -
th the current devices wam
::‘::‘i.?n“l:‘::?:(::cf‘ il:::;!::rd|'lr! ‘M;m"r"‘d't- direct | | of weak pulse -
. sunlight, fuorescent, trength may 1
:::‘9“" R infrared. and xenon ;;::Ew;ﬁ! i
toe>finger-eatlobe. ‘I:"r“;z\é;"‘" saturation

Gehring, H, Hornberger, C, Matz, H, et al. The effects of motion artifact
and low perfusion on the performance of a new generation of pulse
oximeters in volunteers undergoing hypoxemia. Respir Care 2002; 47:48
Fluck, RR Jr, Schroeder, C, Frani, G, et al. Does ambient light affect the
accuracy of pulse oximetry? Respir Care 2003; 48:677

Ralston, AC, Webb, RK, Runciman, WB. Potential errors in pulse oximetry.
Anaesthesia 1991; 46:291

Van de, Louw A, Cracco, C, Cerf, C, et al. Accuracy of pulse oximetry in
the intensive care unit. Intensive Care Med 2001; 27:1606
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3.31 Low Signal Strength

Check the amplitude of
the pulse waveform,

Inthe presence of a
satisfactory waveform,
the Sp0; readings are
likelyto be correct

Is the SpO; on the pulse
oximeter display correct?

Compare the pulse rate

on the oximeter display

witha manual count of
the pulse rate.

A close agreameant
batween the two suggests
that the Sp0; reading is
likelyto be corract.

Gehring, H, Hornberger, C, Matz, H, et al. The effects of motion artifact
and low perfusion on the performance of a new generation of pulse
oximeters in volunteers undergoing hypoxemia. Respir Care 2002; 47:48
Lee, WW, Mayberry, K, Crapo, R, Jensen, RL. The accuracy of pulse
oximetry in the emergency department. Am J Emerg Med 2000; 18:427



96 3 The Noninvasive Monitoring of Blood Gases

3.32 Point of Care (POC) Cartridges

Lately, handheld Point of Care (POC) cartridges are being used
for the bedside measurement of the pH, PaCO,, and PaO,.

PaCo,
Measured by direct
potentiometry

Canham, EM. Interpretation of arterial blood gases. In: Parsons, PE,
Weiner-Kronish, JP, eds. Critical care secrets. 3rd ed. Philadelphia, Hanley
and Belfus, Inc, 21-24, 2003
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3.33 Capnography and Capnometry
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3.34 Advantages of Capnography

Capnometry is the non-invasive measurement of exhaled CO,,
which is displayed as an end expiratory (end-tidal) value.
Capnography is the real time monitoring of the exhaled CO,
over time: it is displayed as a waveform.

Capnography has advantages over capnometry since analysis of the
capnographic waveform enables:

The
assessme
nt of the
adequacy
of gas
sampling

Detection
of leaks Diagnosis of specific conditions (see later)
in tubing

i l

A waveform analysis of the capnogram can
provide valuable clinical information

Height of the The shape of
e ! n =
(EtCO;) The frequency | This can .
The ELCO; ofthe waves | provide Heé‘;;:;’]’:‘;he
canbe an represents information ]
invaluable the about specific
I abr liti

monitoring P
tool (see 3.49)| rate.

ory

(3.4310
3.50)
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3.35 The Capnographic Waveform

The capnographic waveform can be divided into six distinct parts. The tracing begins with the
analysls of the expired air.
. v
1 3 N ™
AcB:dand: B-C:the
space
exhalation coptinuance || c-pithe
The first B: the onset exhalation ah“l:
part of ofalveolar || oo platea
exhalation exhalation || - ra;‘ a1, | Mostof the
contains air ¥ gas received
Alveolar air asalveolar
from the atthe
i contains gas mixed
proximal O with dead- sensor is
airway (the 2 e now alveolar
conductive :?Iuess:l gas.
zone of the the sEndor
o 7 N s
1 N T l N l N [F 1 \ (B B
This air is As alveolar air | The gradually
diovoid of €O, begins to arrive | The upsloping 3
and so the atthe sampling | plateau ! Linehy
s flat line: capnograph sh?:;;;slm constant end-tidal 00 ﬁmﬂﬂu
that lies close showsa e emptying of “alveoll from
to the basedine. | | sudden upturm. wiable alveoli, the ambéent
alr.
s LS s 4

Stock, MC. Capnogrophy for adults. Crit Care Clinics 1995; 11:219
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3.36 Main-stream and Side-stream Capnometers

l MAINSTREAM

*The main unitincorporating a CO; sensor is itself
directly attached to a T- adapter interposed
between the ET and the patient-circuit.

sThereis no sampling tube. Sensor windows are
prone to clogging by secretions, asrosols, or
water droplets.

*Difficult to use in patients undergoing prone
ventilation.

P & within the SENS0rS
s maintained at around 39°C to prevent
condensation.

sUnaffected by changes in water vapor pressure,
The

*No time lag.

+Cannotbe used in the absence of an artificial
alrway.
*Bulky —newer models less so

sCanincrease creuit dead-space and so elevate
Paco;

*Sterilization is difficult

[

=Arelatively long sampling tube connected to the
piece draws away the gas sample to a CO;
sensor located in a central unit.

*The sampling flow rate can be as high as 150 mL
fmin. This can result in substantial deformation
of the waveform when low tidal volumes are
used as in neonates and infants.

sSampling tube prone to becoming obstructed as
secretion can be sucked in by the rapid
aspiration rate.

*Relatively easy to connect in prone position

sAffected by changes in water vapor pressure.

«Time lag in display, owing to the relatively long
distance of the sensor from the patient’s
alrway.

*Can be used even in the absence of an artificial
airway.

*Easy to sterilize

*Sice stream capnometers using micro-stream
technology have been developed. Using
sampling flow rates of aslow as S0 mL /min. The
emitted wavelength is within a narrower IR band
(4.2 —4.35hm ) which more closely matches the
absorption spectrum for CO;.

Moon, RE, Camporesi, EM. Respiratory monitoring. In: RD Miller, ed.
Miller’s anesthesia. 6th ed. Philadelphia, PA: Elsevier/Churchill Livingstone,

2005

Kalenda, Z. Mastering infrared Capnography. The Netherlands,

Kerckbosch-Ziest 1989

Carbon dioxide monitors. Health Devices 1986; 15:255-85
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3.37 PetCO,-a Surrogate for PaCO,

CO, diffuses rapidly across all biological membranes including the
alveolo-capillary membrane. Arterial CO; (PaCO, ) equilibrates rapidly
with alveolar CO, (PACO,), and is effectively identical with it.

PetCO, offers a non-invasive way of monitoring PaCO,, especially given

-

l

In health:

1. The value of PetCO; is close to the
value of PACO;; and therefore to that of
PaC0;. PaCO2 and PACO; differ by sucha
small amount {generally <5 mm) such as

l

In disease:

1. In disease, physiological dead-space is
often increased because of patent but
under-perfused alveoli. Due to the lack of
an effective pulmonary circulation CO,
cannot effectively diffuse into alveoli.

Under such circumstances, PaCO; can
substantially exceed PetCO;.

usually makes no clinical difference.

2. The trends in PetCO; closely match the
trends in PaCO;

2. In spite of this, in the absence  of
major changes in dead-space ventilation,
the PetCO, trends still match those of
PaC0,

N J € 4

CO, values cannot be used as an absolute surrogate for PaCO,. However
the EtCO, may be expected to parallel the changes in PaCO, (i.e., the
[A-a] CO, gradient remains constant) provided that the following are stable:

l l |

Stable cardiac Stable pulmonary Stable bod§/
[ condition condition temperature

Nunn, JF, Hill, DW. Respiratory dead space and arterial to end-tidal CO,
tension difference in anesthetized man. J Appl Physiol 1960; 15:383-9
Fletcher, R, Jonson, B. Deadspace and the single breath test for carbon
dioxide during anaesthesia and artificial ventilation. Br J Anaeasth 1984;
56:109-119

Shankar, KB, Moseley, H, Kumar, Y, Vemula, V. Arterial to end-tidal
carbon dioxide tension difference during cesarean section anaesthesia.
Anaesthesia 1986; 41:698-702



102 3 The Noninvasive Monitoring of Blood Gases

3.38 Factors Affecting EtCO,

Factors increasing EtCO5 Factors decreasing EtCO,

Ineresne in €O, produrtion:
Fever mnd hypemresia

Sodum bicarbonste infusion Decraased €0, pradustion:
Felease of nbourniquet Hypotharmia
L0y anbolion
0
Increase in pulmonary parfinion: e :::(“hmm“m
Increace in cording sutpat e T
Incranse inblood prasase ks Fricam
Hypevelaria
Pulmonary embalem
s 4
- == -~ -
Daereasa in abveolar ventilation. Ineraasa in alveolar vantilation
Hypoventistion of any cuise (see 40.00} Hypereantilation
— — -~/

Alrways -relatedproblems
Brenchind inbabation

Fartiad vy obatruction

| Machine-relatedfactars:
00 scrubbier wsed up
Incnaffichent inflow of fre shgas
Leskzincirout
HMafunctioning ventistor valves

'd

Airways - relstedprobler
Accidental e dubation
Pt o corglete mrvmy obatnstion
Apnan

.

Mathing-ralutedfactors:
Circut dizcommedson
Lash im samphagtube
Halfunction of venblator

(Modified from: Bhavani Shankar. Factors influencing PetCO,; March
2007: Welcome to capnography.com)

Bhavani, S. K, Moseley, H, Kumar, AY, Delph, Y. Capnometry and
anaesthesia. Review article. Canadian J Anaesth 1992; 39:6:617-632
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3.39 Causes of Increased PaCO,-PetCO, Difference

Increased PetCO;-PaCO; difference, (A-a)CO,

Increased (A-a)CO; difference implies increased dead-space. Very rarely is a sharp
increasein CO; production responsible for a widened (A-a)CO;.

l ]

Increased CO; production

Fin -
Increased physiological dead-space: ?Jsc“(‘)(;‘?‘ilr::rga;:;r:aascoél Zi?s
Decreased pulmonary perfusion distinctly uncommon. In such
cases, the increase in (A-a)
€0 is usually transient.

Global decrease in pulmonary Regional decrease in
perfusion pulmonary perfusion
Decrease in LV output Pulmonary embolism

Phan, CQ, Tremper, KK, Lee, SE, Barker, SJ. Noninvasive monitoring of
carbon dioxide: A comparison of the partial pressure of transcutaneous
and end-tidal carbon dioxide with the partial pressure of arterial carbon
dioxide. J Clin Monit 1987; 3:149-54
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3.40 Calculating Dead Space by Bohr’s Equation

Itis possible to estimate the dead space, utilizing Bohr’s equation.

ABtha axhaled €O coms fromtlve sboachar oz None of the exhaled €O, comat Tremthe
dead-rpace akr
Tharefore.
VT= VA« VD
" Adveol

Resrangng VA= VT- VO . [Equation 1}

- -y

VT FECO; = VA & FACD; . [Equation 2}
Where
VT =tidal volume
FECO, = Fractional haked
Vin Ahegolar gu vebama
FACD ;= Fractional concentration of €0 in abvaolar gas

| WTxFECE, = VT- V) X FACE,
Tharators
VINVT = [FACO - FECO )/ FACD,

b of agasisp
rawrten as “Bohe's equation™s
VO/T # (PACO- PECO,)f PACO,
3 of abveclar gas (P, e yof artial gas (Facy ),
VOV = (PO PECO, )/ Pacay

Thus by simultaneously measuring the end-expiratory
CO,(EtCO,) and the PaCO,, the dead-space to tidal volume
ratio can be calculated (see next page).

Bhavani, S K, Mosely, H, Kumar, AY, Delph, Y. Capnometry and
anaesthesia. Canadian J Anaesth 1992; 39:6:617-632

Criner, GJ, D’Alonzo, GE. Pulmonary Pathophysiology, Blackwell 1999
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3.41 Application of Bohr’s Equation

Consider the following values in a patient:

Tidal volume (VT) = 500 mL

Respiratory frequency (f) = 12 breaths per minute
Minute ventilation = 5000 mL/min

PaCO; = 40 mmHg

ELCO; = 30 mmHg

VD/VT= (PaC0,-PECO, ) / PaCO;
VD/VT = (40-30)/ 30
VD/NT=10/40=0.25

(The normal VD/VT is 0.20-0.35 at rest)

Witha VD/VT of 0.25 and a tidal volume of 500 mL,
VD=0.25x500= 125 mL

We know that alveolar ventilation = (VT-VD) x f
Alveolar ventilation = (S00-125}x 12 = 4500 mL

Criner, GJ, D’Alonzo, GE. Pulmonary Pathophysiology, Blackwell, 1999
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3.42 Variations in EtCO,

Onrare occasions, when large
tidal volumes are used to inflate
Tungs with low-V/Q ratios, the

PetCO; may actually exceed the
Paco,.
i High concentrations of either
Discrepancy between the PaCo, \ >
and the Petc0; can occur when cxygenornirols oiide may
uwﬂ;:;:"::;‘:gm;:;::gfgd' capnogram as both these gases
: : 2 have similar infrared spectra to
mismatch occurs. The impact of GO 3 Earrectice Bilos
pulmanary disease on PetC0, is Sould be ol e
unpredictable and widening of BRGe te e
the gradient often occurs. 1N braathed.
Since OO, b an easily dffusible

gas withrespect Lo blological

I membranes, the drop inthe end-

| tidal CO; tension relathve to
arterial CO; is onky about 25

| mm Hg. Howaver, thisis at basta

\ rough approximation and in

\ diszasethe and-tidal CO;maybe
prone to substantial variation.

As is apparent in the discussion above, trends in arterial O,
can be matched by the PetCO, when the lungs are healthy. But
in cases of pulmonary disease, especially in a situation where
there is unstable or evolving lung pathology, the end-tidal CO,
may neither reflect nor parallel changes in PaCO,, and this
must be kept in mind.

Moorthy, SS, Losasso, AM, Wilcox, J. End-tidal PCo2 greater than
PaCO,. Chest 1984; 12:534
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3.43 Capnography and Cardiac Output

When alveolar ventilation is constant, the PetCO, reflects pulmon-
ary perfusion, which itself is dependent upon the cardiac output.

Fall in cardiac output

A sudden fall in cordioc output can decrease the PetCO, by the
following mechanisms

i ,_ l

Decreased perfusion of the
lungs

l l

Decrease in venous return

Less CO, is :‘.Ielivered to the Increase in dead-space
ungs
Fall in PetCO; ' Fallin PetCO;
The fall in PetCO; parallels the This is more obvious in relation
fall in cardiac output to the PaCO, which rises

Real-time capnograph showing fall in cardiac output due to cardiac arrest

Isserles, S, Breen, PH. Can changes in end-tidal PCO, measure changes in
cardiac output ? Anest h Anag\lg 1991; 73:808

Shibutani, K, Shirasaki, S, Braaz, T, et al. Changes in cardiac output affect
PetCO,, CO,; transport, and O, uptake during unsteady state in humans.
J Clin Monit 1992; 8:175-176
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3.44 Capnography-Clues to Cause of Cardiac Arrest

Capnography enables the differentiation between asphyxic and primary
cardiac arrest

Primary cardiac arrest
Asphyxic cardiac arrest
pryxccardiacane PetCO; is only moderately

PetCO, is very high increased (its level is lower in
comparision to that seen in
asphyxic cardiac arrest).

Grmec, S, Lah, K, Tusek-Bunc, K. Difference in end-tidal CO, between
asphyxia cardiac arrest and ventricular fibrillation/pulseless ventricular
tachycardia cardiac arrest in the prehospital setting. Crit Care 2003;

7:R139-R144
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3.45 Capnography as a Guide to Successful CPR

EtCO; can prove a valuable guide to the effectiveness and outcome of
| CPR. It can alert the caregiver to the need for the resumption of CPR.

Need for resumption of
CPR Guide of CPR

Successful CPR

. - Conversely, a dropin Ina patient with nnlsolessldu:m activity, the
AltefacO: fsofen PetC Oy in a patient who PetCO; measured at 20 min after the
:::: r:\:':::ltc:llhllf‘l:“m of has just been commencement of CPR can prove a valuable guide of
successfully resuscitated outcome.

hemodynamics. Gt
Y may indicate the need

for resumption of CPR

\_‘17 G l l l 7,
Baseline PetCO; s

transienthy raised with the

return of spontaneous ey PetCO; after 20 min CPR: PetCO; after 20 min CPR:

: o drop in PetCOy insuch a

::‘mzl‘m\ll:‘lllr(-‘mm patient should prompt a <10mm Hg >18mm Hg
| Thi recheck of the pulse Further continuation of CPR. | Hevalds a successhul

is reflects the eyl ety
elimination of the (0, - 8

Bl i tissues
\ A )

No specific number can be used as a cut off value in distin-
guishing survivors from non-survivors, and it is believed that the
chances for survival increase by 16% for every 1 mm Hg the
PetCOosrises (Acad. Em. Med, June 2001)

Falk, JL, Rackow, ED, Weil, MH, “End-tidal carbon dioxide concen-
tration during cardiopulmonary resuscitation.” N Engl J Med 1988;
318(10):607-611

Grmec, S, Klemen, P. Does the end-tidal carbon dioxide (ETCO,) con-
centration have prognostic value during out-of-hospital cardiac arrest? J
Emerg Med 2001; 8:263-269

Callaham, M , Barton, C. Prediction of out come of cardiopulmonary
resuscitation from end-tidal carbon dioxide concentration. Crit Care Med
1990; 18:358

Sanders, AB, Kern, KB, Otto, CW, et al. End-tidal carbon dioxide mon-

itoring during cardiopulmonary resuscitation: a prognostic indicator for
survival. JAMA 1989; 262:1347
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Real-time capnograph showing the return of spontaneous circulation
following successful CPR
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3.46 Differentiating Congestive Heart Failure
from Bronchospasm

It is possible to distinguish CHF from bronchospasm on the basis of
capnography.

CCF Bronchospasm

Uprightwaveform Upsloping plateau gives a ‘shark

fin’ appearance to the waveform

N o

Igliglgh fghngangn

Bhavani Shankar Kodali. 2007. Welcome to Capnography.com
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3.47 Capnography in Esophageal Intubation

Normal capnograph

Ruptured ET cuff showing a gradual descent

Birmingham, PK, Cheney, FW, Ward, RJ. Esophageal intubation: a
review of detection techniques. Anesth Analg 1986; 65:886-891

Linlo, K, Paloheimo, M, Tammisto, T. Capnography for detection of acci-
dental oesophageal intubation. Acta Anaesthesiol Sand 1983; 27:199-202
‘O’ Flaherty, D, Adams, AP. The end-tidal carbon dioxide detector.
Assessment of new method to distinguish oesophageal from tracheal
intubation. Anaesthesia 1990; 45:653-655
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3.48 Capnography in Pneumothorax

Pneumothorax

Simple pneumothorax Tension pneumothorax
Cardiac output unaffected | Fall in cardiac output

l l

Rise in EtCO, Fall in ECO;

113
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3.49 Capnography in Hypoventilation and

Hyperventilation
Hypoventilation: Hyperventilation:
The capnograph shows: The capnograph shows:
Slow respiratory rate (low frequency) High respiratory rate (low frequency)

High CO; levels (tall waves) Low CO; levels (relatively short waves)

SN
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3.50 Biphasic Capnograph

A biphasic pattern on the capnogram

may be obtained under some circumstances.

Severe kyphosioliosis Airleaks in the sampling system

Lung volumes and lung mechanics may
considerably differ on both sides

The phases of lung emptying can
therefore be out of synchrony on the
two sides.

The plateau of the capnogram shows a
late hump.

Bhavani Shankar Kodali 2007.
Welcome to Capnography.com
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118 4 Acids and Bases
4.1 Intracellular and Extracellular pH

Most biological fluids are alkaline.

A2 Extracellular compartment \\_
/ Relatively alkaline N\

Intracellular compartment \ |

Compared to the extracellular | |
milieu, the intracellular milieu is

relatively acidic. 1thas been ]
estimated for skeletal muscle the /
intracellular pH is 7.06 at an /
extracellular pH of 7.40%.
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The pH range found in life: 6.8 to 7.8

This reflects a very large range of the hydrogen ion concentra-
tion: from 160 nanomoles/L (pH of 6.8) to just 16 nanomoles/L
(pH 7.8).

A~
\_/Bile and
s pancreatic
\Arterial juice:
blood: pH alkaline
£ pH7.36to
“eanaliculiof 744
gastric
parietal cells
pH0.87

Concentrated hydrochloric acid has a pH of 1.1.

*Wray S. Smooth muscle intracellular pH: Measurement, regulation, and
function. Am J Physiol 1988; 254:C213

Acid-base pHysiology. Kerry Brandis, www.anaesthesiaMCQ.com
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4.2 The Intracellular Environment

The intracellular microenvironment is complex, and so the pH
is not uniform throughout the cell but varies between the
different intracellular compartments. Since it is the cell that is
the basic unit of any tissue, tissue function can best be assessed
in relation to the activity of its cells.

Extracellular compartment

Fluids within the extracellular compartment
arein equilibrium with the intracellular
compartment. A gradient is maintained
between the components of these two
compartments, and changes in the pH of the
extracellular fluids must necessarily influence
the intracellular pH.

Intracellular compartment

The intracellular compartment has a

very considerable buffering capacity, and even
though changes in the pH of the intracellular
fluid more or less parallel the changes in the
pH of the extracellular compartment, they do
not do so precisely.

Ganapathy, V, Leibach, FH. Protons and regulation of biological func-
tions. Kidney Int Suppl 1991; 33:S4
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4.3 Surrogate Measurement of Intracellular pH

. Extracellular pH

Intracellular pH

Techniques to measure
intracellular pH have not
yet evolved to the point
of reliability.

Since there is of yet no
reliable method of
quantization of
intracellular pH,
measurement of the
extracellular pH is
relied upon as a
surrogate for
intracellular pH; for
practical purposes, this
suffices.

121
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4.4 Preferential Permeability of the Cell Membrane

The intracellular microenvironment is protected by the cell mem-
brane which is preferentially permeable to certain molecules only.
The selective permeability of the cell membrane is one of the
mechanisms that help maintain a concentration gradient
between the intracellular and extracellular compartments.
Other mechanisms exist also.

lonized species
I.'( arerestricted in
their passage
atre

menbrane

Water, dissolved
gases and lipid
soluble
substances freely
move across the
cell membrane

In other words, the cell membrane is freely
permeable to certain substances, selectively
permeable to others and impermeable to the rest.

Davis, 1958
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4.5 lonization and Permeability

. If a change in pH

should then cause that
substance to become
.Thelonization ofa refatively non-
given substance, in ionized, it will then
turn, is influenced by pass more freely
the pH of its acrossthe cell
environment; if a membrane along its
® substance exists in can;gn:r ation
The permeability of an ionized state, its grodient.

the cell membrane to

a given moiety is
critically determined
by the ionization of
that substance,

Davis, 1958

passage across the
cell membrane will
be considerably
hindered.
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4.6 The reason why substances need to be ionised

| / Intracellular sequestration

Onemajor reason therefore why
substances need to beionized is that
the existence of substances within the
cell in an ionized form sequesters
them within the confines of the cell

wall or within the intracellular |
organelles, increasing their
concentration such that
functional advantage is conferred
upon the cell.

\

In fact, at neutral pH (7.0, which is close to the pH of most cells),
barring a few exceptions, all substances exist in highly ionized
states. At neutral pH (again, barring these exceptions), all low-
molecular-weight and water-soluble substances carry ionized
groups (such as phosphate, ammonium, and carboxylate).
Thus ionized, these low-molecular-weight and water-soluble
moieties are prevented from diffusing into the extracellular fluid.

Davis, 1958
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4.7 The Exceptions to the Rule

\
/ N )
Intracellular ..l
\\ / macromolecules do not \ /’
need to be ionizedto | ; 2
i

/
be retained within the | = &
~—_cell: their very size <

| = /
retaing withinthe | —— /
\ cell. So they do not —

\ need to exist in //
\ an ionic form. - /
4 - Similarly lipids are
\ mostly protein bound, /
\ and well anchored
within the cell, and do /
N\ not need to be highly /
\\ ionized to reach high /

\ concentrations
\ intracellularly

On the contrary, the end products of metabolism need
free egress out of the cell so that they may be
excreted, and it would disadvantage the cell were they
to be ionized and therefore trapped inside the cell.

Davis, 1958
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4.8 The Hydrogen Ion (H™", Proton)

The hydrogen ion (proton) is a hydrogen atom that is bereft of
its sole electron. Protons are for convenience represented as H "
Strictly speaking, protons cannot exist as H™ in body fluids but
rather combine with water to form hydronium ions such as
H;0 " and Hs0,. It is for the sake of convenience that protons
are represented as H™ in chemical reactions.

The size of the bare proton, H' is very small (it has a radius 1/10,000 that of the
hydrogen atom).

H" ions are drawn to molecules such as proteins more strongly than are other positive ions,
and can therefore penetrate deeply into cellular structures, into the matrix of the protein
macromolecules themselves, reaching the active sites there.

Their minute size also enables tighter bonding to the negatively charged proteins, producing
configurational changes within the latter. This has considerable bearing upon many vital
enzymatic reactions.

Cellular function can therefore be markedly influenced by the hydrogen ion concentration of
the intracellular milieu.

( By ionizing intracellular protein molecules H' critically influences the function of these:

‘Enzymes

‘Peptide hormones
‘Hormone receptors
‘lon channels
‘Transporters
‘Mediator proteins

-

Itis apparent therefore that the pH needs to be tightly regulated
in-vivo to prevent molecular dysfunction.

The extracellular space is but an extension of the intracellular
space. The extracellular H" is in equilibrium with the intra-
cellular H ", and is sustained within a narrow range.

Ganapathy, V, Leibach, FH. Protons and regulation of biological func-
tions. Kidney Int Suppl 1991; 33:S4
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4.9 Intracellular pH

Intracellular pH determines the degree to which intracellular
molecules are ionized.

Intracellular pH affects the functioning of small and large molecules.

\E
- = £ ™,
[
Large molecules
Small molecules Macromolecules are not as
Being minute, small molecules can susceptible to being lost out of the
easily be lost from the cells cell. Macromolecules are also
polarized, but for a different reason.
lonization of vital small molecules lonization of parts of large
ensures their sequestration within molecules (e.g. The amino acid
cells, since they remain trapped by residues of enzymes) influences
electrical gradients their activity
Q L

Thus, intracellular reactions are critically dependent upon pH;
this is the reason that pH needs to be regulated within narrow
limits.

Ganapathy, V, Leibach, FH. Protons and regulation of biological func-
tions. Kidney Int Suppl 1991; 33:S4
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4.10 pH and the H" Concentration

Protein molecules are components of ion channels and their trans-
porters, and of peptide hormones and their receptors. The function
of all these substances is exquisitely sensitive to changes in pH.

Life is only possible between a pH range of 6.8 to 7.8 (or b 16 and 160 les of H* per liter)
Any change in the hydrogen ion concentration has a profound impact upon biological compounds since the lonic
groups that they possess (e.g., phosph i and carboxylate} function as conj bases.

ApH of 6.8 corresponds to a H' jon concentration of s ;
160 nmol/L ApH of 7.8 corresponds to aH' ion concentration of

16 nmol/L

As is apparent, a narrow pH range does not mean a narrow range
of hydrogen ion concentration: within the apparently narrow range
of 6.8 — 7.8 the H™ ion concentration can (vary) 100-fold.

Equivalent values of pH and H*

H*]

o (nanomoles/I)
6.8 158
6.9 125
7.0 100
7.4 79
7.2 63
7.3 S0
7.4 40
7.5 3
7.6 25
20
7.8 15

Ganapathy, V, Leibach, FH. Protons and regulation of biological func-
tions. Kidney Int Suppl 1991; 33:S4
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4.11 The Earliest Concepts of Acids and Bases

(Latin acidus = sour):
The term acid derives from its Latin root acidus, meaning sour.
The hallmarks of an acid were considered to be:

./I..
,/
/It produced a
/ flammable gas
/' (hydrogen)upon It tasted sour
/ reacting with
certain metals.

It turned litmus red

Relman, AS. What are ‘acids’ and ‘bases’ ? Am J Med 1954; 17:435

Rose, BD, Post, TW Clinical physiology of Acid-Base and Electrolyte
Disorders,5th ed, McGraw-Hill, New York, 2001, pp. 328-347
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4.12 Arrhenius’ Theory

In 1887, Svante August Arrhenius redefined an acid. Although
it was a vast improvement upon the existing definitions of acids
and bases at that time, the theory of Arrhenius could only apply
to aqueous solutions.

Arrhenius’ theory:
Acid: A substance that dissociates in water to produce hydrogen ions

Base: A substance that dissociates in water to produce hydroxyl ions

|8

Disadvantages

Contrary to Arrhenius’s definition of an
acid, certain substances with obvious
acidic properties (e.g-CO;) did not
dissociate into hydroxyl ions.
Advantages ; yaro : .
i : Again, contrary to Arrhenius’s definition
Arrhenius’ theory was the first truly of a base, a few hydroxyl-lacking moieties
modern approach to acid-base physiology A

Within the framework of Arrhenius’
concept acids and bases could only
function in solution

\ 4

Relman, AS. What are “acids” and “bases” 2 Am J Med 1954; 17:435

Severinghaus, JW, Astrup, P. History of blood gas analysis. Int Anesth
Clin 1987; 25: 1-224
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4.13 Bronsted—Lowry Acids

Improving upon Arrhenius’ theory, Bronsted and Lowry in
1923 envisaged an acid as a proton donor and a base as a
hydrogen ion acceptor, thus extending the scope of these
beyond aqueous media

Bronsted-Lowry

According to the Bronsted-Lowry concept, upon losing a proton an acid
becomes a conjugate base (so considered because it is capable of
accepting a H' ion to form an acid).

Acid: a H*ion donor
Conjugate base: a H' ion acceptor (accepts H* fom the acid).

=

Advantages | Disadvantages
The B-L theory overcomes the CO; has distinct acidic properties. Yet
disadvantages of the Arrhenius’ CO; does not fulfill the definition of a
definition inasmuch as: B-L acid: CO; contains no H*ions;
“To function as an acid, an entity does obviously therefore, it cannot donate
not necessarily require an aqueous protons.
solution. (This difficulty can be surmounted by
-The BL theery is now the universally viewing CO, as part of the carbonic
applied clinical approach. acid system: see later).

Relman, AS. What are “acids” and “bases” 2 Am J Med 1954; 17:435
Kerry Brandis. Acid-Base Physiology; www.anaesthesiaMCQ.com
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4.14 Lewis’ Approach

In that same year (1923), Lewis proposed his approach in which
H™ itself was defined an acid.

Acid: a potential acceptor of a pair of electrons (with the Lewis approach,
4 H* itself became identified as an acid).
Base: a potential donor of a pair of electrons.

8

Advantages Disadvantages
Lewis’ definition overcame the
drawback of B-L theory: CO; could
now be encompassed within the

| definition of an acid.

The electron concept is an
uncomfortable one for clinicians!

Relman, AS. What are “acids” and “bases” 2 Am J Med 1954; 17:435
Kerry Brandis. Acid-Base Physiology; www.anaesthesiaMCQ.com
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4.15 The Usanovich Theory

In 1939 Usanovich developed his unified theory

Usanovich's acids and bases:

Acid: Base:
An acid could be either of the A base could be either of the
following: following:
A substance A substance A substance A substance

that donated @ that accepted  thatdonated @ that accepted
a cation. an anion. an anion. a cation.
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4.16 Summary of Definitions of Acids and Bases

Definitions of an acid according to various theories
Fa v )
The
traditional
acid
Sour in taste Arrhenius’ e Usanovich's
TUrnehlta acid Bronsted — Las ‘acir.! acid
litmus red Dissociates to Lowry acid :::gt?:r‘zlf - A donor of
Prodiicess produce H* in | | Adonor of air (':f cations or an
o nable agueous hydrogen ions Elec i acceptor of
gas on solution anions
reacting with
certain
metals
3 &
Definitions of a base according to various theories
LS
P ) P -~ e =
Traditional . .
base Arrhenius £
e base Bronsted — Lewis’ base Eeenoiohs
Bitterin lowiv biia base
taste Dissociates L/ A potential A dororor
Himered to ;:r_cduce An acceptor do_ncr ofa A iheoian
: OH"in of hydrogen pair of
litmus blue 2 acceptor of
agueous ions electrons T ione
Soapy to solution :
touch
L= - A= -
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4.17 Stewart’s Physicochemical Approach

Peter Stewart’s approach is founded upon basic physicochem-
ical laws. Six simultaneous equations determine the relation-
ship of H™ ion to other variables.

The fundamental principle of this approach is that unlike in
the B-L approach, the bicarbonate is not an individual vari-
able: so the pH is not dependent upon the serum bicarbonate
concentration.

The Stewart approach defines an acid as an ion that shifts the
dissociation constant of water towards:

‘ A higher concentration of H* A lower concentration of OH™

S

Stewart, PA. How to Understand Acid-Base. A Quantitative Acid-Base
Primer for Biology and Medicine. Edward Arnold, ISBN 0-7131-4390-
8, 1981

Stewart, PA. Can J Physiol Pharmacol 1983; 61: 1444, Modern quantita-
tive acid-base chemistry

Gilfix BM, Bique M, Magder S. A physical chemical approach to the
analysis of acid-base balance in the clinical setting. J Crit Care 1993;
8:187-197
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4.18 Electrolytes, Non-electrolytes, and Ions

All compounds can be classified into electrolytes and non-electrolytes.

Electrolytes:
Electrolytes are substances that dissociate into ions in
solution
-
z
Strong ions: Weak ions
lons that existin a highly | ons that exist in an only
dissociated state partly dissociated state
L g l
Strong
ctions Strong Volatile
‘Na* anions acids
K el e.g.
Gt ‘Lactate -CO;
\ \ I\

Stewart, PA. How to Understand Acid—Base. A Quantitative Acid—Base
Primer for Biology and Medicine. Edward Arnold, ISBN 0-7131-4390-8, 1981

Stewart, PA. Can J Physiol Pharmacol 1983;61:1444, Modern quantitative
acid-base chemistry
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4.19 Strong Ions

Most strong anions are inorganic, but some such as lactate
and sulfate are organic.

lonization

The dissociation constants of various substances determine the degree of their
ionization in solution.

Strong electrolytes _ W_eak e}e:trfvlytes Non-electrolytes
: i Dissociate partly in Do not dissociate in
Dlssociaiealmost solution. Their dissociation solution. Substances are
completely in solution. constants normally range defined as non-electrolytes
Theli dessociacon, between 10~*Eq/L and when their dissociation
;‘:2:;:2':1"‘55.";:;‘:"’ . 107 Eq/L Ez;itantslie below 104

\

Stewart, PA. How to Understand Acid-Base. A Quantitative Acid—Base
Primer for Biology and Medicine. Edward Arnold, ISBN 0-7131-4390-8,
1981

Stewart, PA. Can J Physiol Pharmacol 1983;61:1444, Modern quantitative
acid-base chemistry

Brandis, K. Acid-Base Physiology; WWW.a naesthesiaMCQ.com
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4.20 Stewart’s Determinants of the Acid—Base Status

Three independent variables determine the acid-base status:

Atot
The concentration of nonvolatile
Paco The strong-ion difference (SID) weeak acids [ buffersin the
The partial rmsur: of COyin the Tha ciferenceheuisen i swes Paa D
1 “lTl a (sul::lio ) & of the strong anions and strong -Mainly albumin — or rather, the

sl ol cations. ionic equivalence of the plasma
albumin concentration, and:
~The phosphates

e \ J

Therefore, six primary acid-base disturbances are possible:

I I N

Non- MNon-
Respiratory | | Respiratory Strong ion Strong ion volatile volatile
acidosis alkalosis acidosis alkalosis buffer buffer
acidosis alkalosis

Note: pH is a dependent variable

Stewart, PA. How to Understand Acid-Base. A Quantitative Acid—Base
Primer for Biology and Medicine. Edward Arnold, ISBN 0-7131-4390-8,
1981

Stewart, PA. Can J Physiol Pharmacol 1983; 61: 1444, Modern quantita-
tive acid-base chemistry

Gilfix, BM, Bique, M, Magder, S. A physical chemical approach to the

analysis of acid-base balance in the clinical setting. J Crit Care 1993;
8:187-197
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4.21 Apparent and Effective SID

Strong lon Difference (SID)

SID is the difference between the sum of the strong (completely
dissociated) cations and the sum of the strong (completely dissociated)

anions.

SID = strong cations minus strong anions

In practice, SID is never precisely quantified because all strong ions are

not measurable

Apparent Strong lon
Difference (SID,,.)

51D, is the difference

between the sum of the

measurable strong cations

and the sum of the

measurable strong anions.

51D, = (INa® [+[K]+ionizey
Ca** |+lionized Mg**]) =

{[CI ]+Lactate)

Effective Strong lon Difference (SID,,)

Based on the law of electroneutrality (10.3), the
difference between the cations and anions should be
balanced by the weak acids and COy; the latter two can
therefore, may equally be used to calculate the 51D. This,
the SID,y, is identical to the Buffer Base of Singer and
Hastings.

Thus,
SID,is a function of:

l

510, is normally 40 MEq/L

A SIDy greater than this is
considered indicative of
metabolic acidosis

l l

“'HII
The 2 major determinants of a
tot are
-Albumin -Phosphates:
pH (Phosphates comprise less
than 5% of A tot and can
usually be ignored)

'S

Normally, (in the absence of unmeasured ions).
SIG = SIDapp = SIDeff

and the difference between the two (namely the strong ion gap)
should be zero. In practice the above situation is exceptional.
The Strong Ion Gap is the difference between the two ways of
measuring the Strong Ion Difference; it is thus a quantification
of unmeasured anions (both strong and weak).

SIG=SIDapp=SIDeff

Gilfix, BM, Bique, M, Magder, S. A physical chemical approach to the
analysis of acid-base balance in the clinical setting. J Crit Care 1993; 8:187-197
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4.22 Major Regulators of Independent Variables

The major regulators of independentvariables are:

\ A
Y- 2
A'UI
Sronelon In vivo, weak acids ("buffers")
The major external regulator exist either in a dissociated
PaCo, is the kidney which through state (A-), or in association
The major external regulator its excretion of ions with a proton (AH).
is the lung The gut also influences the Py = [A-] + [AH]
concentration of ions by The major contributor to the
regulating their absorption. ionic charge of weak acids is
albumin (and to a much
| smaller extent, phosphate).
S A& J
f/ N N
; e The major external regulator
Ch:ggesll:r\;nl::rl‘lon cancoz Renal secretory processes are of albumin is the liver.
roduce €5 In T
fapldl\r. # relatively slow. The production of albumin by
R Strong ions however can the liver is relatively slow.
accori;:sr:tf‘;;:;i?llble rae: Piologlcal embranes Also albumin being a large
riamiBanas: with relative ease. molecule cannot transit
biological membrane rapidly.
e N / /
A
7 r/ i
RAPID RELATIVELY SLOW
SLOWEST
\. k. 7 7
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4.23 Fourth Order Polynomial Equation

From the set of the six simultaneous equations, a 4th order
polynomial equation is derived. Though complex and befuddling
to clinicians, the equation can be quickly solved on computers.

9’54' ‘?
?/%) or er?g
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5.1 The Generation of Acids

As a consequence of metabolic reactions in the body, consider-
able quantities of acid (and somewhat smaller quantities of
base) are constantly being produced.

Acids are generated from the metabolism of sulfur contain-
ing amino acids (e.g. methionine and cystine) and cationic
amino acids (arginine and lysine)

Metabolism Metabolism
of dietary of proteins
carbohydrates
and fats

|

Volatile acid: Carbonic acid Non-carbonic
CO, (carbon acids

dioxide) g

Excretion Regulated by
depends on the excretion
the alveolar of hydrogen
ventilation by ions by the
the lungs kidneys

Halperin, ML, Jungas, RL. The metabolic production and renal disposal
of hydrogen ions: An examination of the biochemical processes. Kidney
Int 1983; 24:709

Kurtz, I, Maher, T, Hulter, HN. Effect of diet on plasma acid-base
composition in normal humans. Kidney Int 1983; 24:670
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5.2 Disposal of Volatile Acids

LS

Basal CO; production
Under basal conditions about 12,000 mmol of CO; are produced per day.
€0; production: about 200 mLper minute
i.e. 200 x 60 x 24 mL= 288 liters per day
Since each gram-molecule of CO: takes up a volume of 22.4 liters at 5TP,

C€0; production = 12 moles/day )

With usual levels of activity €O, production ranges between 15,000 and 20,000 mmol/day

\ /
Changes in alveolar ventilation can rapidly alter intracellular pH.
Being highly lipid-soluble, CO; can easily diffuse across biological membranes.
' v
Large changes in alveolar ventilation can dramatically alter intracellular pH
Co, fl ions can havean i and p ful effect on intracellular pH (and therefore on

2
cellular metabolism) of all body tissues.

Grogono, AW. www.acid-base.com
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5.3 Disposal of Fixed Acids

Although lungs quantitatively excrete more acid, there is no
way to excrete fixed acids except through the kidney.

H,CO; [H+] + [HCO;]

The urinary loss of a single filtered HCO;3 ion is
equivalent to the gain of a proton.

Therefore all the filtered HCO3 (which is about
4300* mEq!) needs to be absorbed before the
excretion of the daily dietary load of H* (50-

| 100 mEq).

90% of the filtered bicarbonate is reabsorbed in
the proximal convoluted tubule; the rest is
absorbed by the distal convoluted tubules and
the collecting ducts.

As mentioned, 50 to 100 mEq (average 70 mEg) of fixed acids are excreted daily
through the urine. In states of increased acid production the kidney is capable
of gradually stepping up the H' excretion to over 300 mEq per day. This is
mainly acheived by NH, excretion. The renal response is slow and takes about
4 days to reach its maximum.

! i l

+ e The H' gradient across
E i ::':i;ec?" E:TETF 5 A urinary pH of as low the tubular
B as 4.5 can be achieved. membranes can
tenfold rise. 2
| increase up to x1000.

#Daily filtered bicarbonate = GFR x plasma bicarbonate concentration
=180 [/day x 24 mmol/I.
=4320 mmol/day (i.c.. 4000 to 5000 mmol per day)

Malnic, G, Giebisch, G. Mechanism of renal hydrogen ion secretion.
Kidney Int 1972; 1:280

Halperin, ML, Jungas, RL. The metabolic production and renal disposal
of hydrogen ions: An examination of the biochemical processes. Kidney
Int 1983; 24:709

Grogono, AW. www.acid-base.com
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5.4 Buffer Systems

Biologic fluids have in-built systems to defend their pH’s
against changes produced by chemical reactions. Since most
enzymes operate effectively only within narrow ranges of the
hydrogen ion concentration, changes in pH may adversely
affect their functioning.

- N

Abuffer solution is one that minimizes the changesin
the hydrogenion concantrationthat are produced by
chemicalreactions. It maintains its pH in the face of
addition of small amounts of acids or bases.

\_ o
o X 2\
Inotherwords, an effective buffer negatesthe
changes produced by either anincrease or a decraase
inthe hydroganion concentration: thusthe buffaring
reactioni.e, the stepthatinvolves protontransfer
needstobe reversible.

- J
X

Inthe chemistry lab, the buffering power of asystem
ismeasuredbyits buffer value.The buffer value of a
systemisthe amount of acid or base that must be
addedto aliter of that systemto change the pH by
one unit. Buffervalue is expressedin Slykes
{mEq/Liter/pH})

\ J
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5.5 Buffers

Enzymatic reactions function within a narrow range of pH: buffers are very important
for immediate neutralization of body acid.

L Buffers can be:

Mixtures of weak acids with their alkali salts: (
2 by e Mixtures of weak bases with

In the body buffer systems are of this nature. their and salts:
Saltsof strong acids (e.g. Na Cl) make poor buffers; at the usual Strong alkalis such as NaOH
body pH, they exhibit a high degree of ionization, and therefore are ngi found in the body.

havea poor affinity for the hydrogen ion.
b

SRR

Intracellular buffers
Important intracellular buffers
llular buffers ise the phosphate buffer
system and the protein bu ffer
The carbonic acid-bicarbonate system (proteins with their alkali
buffer system constitutes the salts). The concentration of
most important buffer of the phosphates within the cell is

extracellular fluid. Carbonic acid nearly a dozen times their
enists in equilibrium with its alkali concentration within

salts — either sodium or extracellular fluid. Consequently
potassium bicarbonate. whereas phosphates do not play
i tant part in .
buffering, they are very effective
asintracellular buffers.

L. a /

Fernandez, PC, Cohen, RM, Feldman, GM. The concept of bicarbonate
distribution space: The crucial role of body buffers. Kidney Int 1989;
36:747
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5.6 Mechanisms for the Homeostasis

of Hydrogen lIons
Mechanism:
Respiratory buffering
Manipulation of Renal buffering
Chemical buffering arterial PCO, by Fixed acid excretion or
increase or decrease conservation.
inventilation.

Extracellular

Intracellular buffering buffering

Hamm, LL, Simon, EE. Roles and mechanisms of urinary buffer excre-
tion. Am J Physiol 1987; 253:F595

Fernandez, PC, Cohen, RM, Feldman, GM. The concept of bicarbonate
distribution space: The crucial role of body buffers. Kidney Int 1989;
36:747
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5.7 Intracellular Buffering

Intracellular buffering
- =4
Metabolic
buffering Organellar
Physico-chemical buffering Metabolic buffering
Of the 3 processes, physico-chemical buffering H*can
buffering provides buffering of the greatest processes either be
magnitude. This is because of a high are only sequestered
intracellular concentration of proteins and about half as | within or
phosphates, and a pK (see 6.6) which efficient as released
very closely approximates the intracellular physico- from
pH. chemical intracellular
buffering organelles.
processes.

I

Bicarbonate Anychange in

buffer intracellular
Proteins* system* pH alters
Important Phosphates* | Intracellularly, intracellular
proteins are it this important enzl\:me
the imidazole Fileiitl extracellular patiways=
groups of phiasp buffer plays a this helps
histidine relatively restore the
minor role in pH towards
buffering. normal.

— — — =~

*Together, these 3 processes are responsible for virtually all the buffering that
oceurs in response to an acute acid load

Madias, NE, Cohen, JJ. Acid—base chemistry and buffering. In: Acid/
Base, Cohen, JJ, Kassirer, JP (Ed), Little, Brown, Boston, 1982
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5.8 Alkali Generation

Oxidationor | Anionicamino
gluconeogensis acids, e.g., Alkali
‘ of citrate and glutamateand generation
lactate aspartate k

Madias, NE, Cohen, JJ. Acid-base chemistry and buffering. In: Acid /
Base, Cohen, JJ, Kassirer, JP (Ed), Little, Brown, Boston, 1982
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5.9 Buffer Systems of the Body

Different buffer systems assume dominant roles in different parts

of the body
Extracellular Blood Intracellular Uri
Fluid Fluid rine
' Major Buffers
Major Buffer .
. ‘Bicarbonate
‘Bicarbonate buffer system
LI ‘Hemoglobin Major Buffers  Major Buffers
Minor Buffers Minor Busffers -Proteins CAMIMONIa
“Intracellular :
Srokeine .p|asr!.,a Phosphate Phosphate
proteins
‘Phosphate
buffer system "Phosphate

buffer system

Brandis, K. Acid-Base Physiology. www.anaesthesiaMCQ.com

Madias, NE, Cohen, JJ. Acid-base chemistry and buffering. In: Acid /
Base, Cohen, JJ, Kassirer, JP (Ed), Little, Brown, Boston, 1982
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5.10 Transcellular Ion Shifts with Acute Acid
Loading

The maintenance of pH in the face of acid loading is on account
of ion fluxes across the cell membrane. The coupled exchange
of ions (H" for HCO;™ and Na™ for CI7) is an electroneutral
process; this means that the membrane potential remains
unaltered.

H HCO; Na* cl-

Cell membrane

H* | HC03] Na* cl
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5.11 Time-frame of Compensatory Responses

Acute acid loading (metabolic acidosis)

Afew
Immediate = minutes to Hours to
About 2 to 4 hours
response several days
hours
Extracellular
buffering
Principally by the
bicarbonate bu ffer
system Respiratory Renal
(thanons compensation compensation
bicarbonatebuffer €0, washed outby Intracellular buffering By increased
systems play a increase in alveolar tubular secretion
greaterrole in ventilaion. (seen7)
buffering the
acidoss resulting
from hicarbonate
depletion).
Bone cells

H’ lons enter hone
cells. Na*, K™ and
AR later Ca™ exit the
The positively bone to matntain

fons enter RBC. They  gain of Na® to the ECF
are accompanded by fs relatively minor

thenegatively ghven the vast

harged chlorid - dhular Ha*

This helps maintain stores, However,
reslt owing to the
K* migration out of
bone cells.

Brandis, K. Acid-Base Physiology. www.anaesthesiaMCQ.com
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5.12 Quantifying Metabolic Buffering

Buffering in metabolic acidosis

Buffering cannot be
estimated by changes in the

H+

Buffering can be estimated
by a decrease in serum
bicarbonate

The increase in
H*is relatively
small

The amount of
acid added cannot
be quantified by
the increase in H"
concentration.

The apparent
increase in H* is
only to the order
of a few
nanomoles.

A-is consumed in
the buffering
process

The decrease in A
can be used to
indirectly
guantitate the H*
added.

Areduction in A"
by 1 mmol
represents the
addition of

1 million nanomol/L

of H to the
buffer system!

l

Whatever the cause of the metabolic
acidosis, the serum bicarbonate falls.

|

Metabolic acidosis
due to acid loading

H*ions react with

Metabolic acidosis
due to bicarbonate

bicarbonate and use it loss.
up.
Fallin serum Fallin serum
bicarbonate bicarbonate

Brandis, K. Acid-Base Physiology. www.anaesthesiaMCQ.com

Schwartz, WB, Orming, KJ, Porter, R. The internal distribution of hydro-
gen ions with varying degrees of metabolic acidosis. J Clin Invest 1957,

36:373
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5.13 Buffering in Respiratory Acidosis

5 Buffer Systems

Compared to that in metabolic acidosis, the buffering
mechanism in response to respiratory acidosis is quite different.

Extracellular
buffering : ineffective
€Oy —H,0—H,C0,

Renal response: slow

Renal compensation
is relatively slow and
takes several days to

buffering capacity *.

Intracellular buffering: important
Since renal compensation is relatively slow and

The dominant get established.

extracellular buffer, Although slow this is the bicarbonate buffer system (the dominant
the bicarbonate an important buffer system of the extracellular space)
buffer system cannot mechanism as once cannot buffer H,CO3 , it is intracellular

buffer H,CO; which fully developed it buffering that becomes vital.

is one of its own considerably

components. enhances the body's

. k. 1 l J
RBC
€0, diffuses into FBC.
Ina reaction catay sed
by the enzyme carbonic Siora
anhydrase it combines
with water forming Ht ions entering the
carbonic acid: bone cells are .
exchanged for Na* and
0, +H,0 — H,C0, il
The carbonic acid reacts
with hemaoglobin:
HyC0y +Hb— [Hb* ] +
[HCO;3 |
- & & =

The bicarbonate moves
back into the ECF.

The Na* and K* jons
| move back into the ECF.

b 4

* Acutely the plasma HCO; ™ increases by 1 mmol/L for every 10 mmHg
rise in PCOy; later, once the renal response is established, it increases by
about 3.5 mmol/L for a 10 mmHg increase in PCO,.

Pitts, RF. Physiology of the Kidney and Body Fluids. Year Book, Chicago,
1974, Chapter 11.

Rose, B, Post, T. 2000, www.utd.com; Buffers-11
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5.14 Buffering in Alkalosis

Generally speaking the
opposite processes (to
those in acidosis) are
operative in alkalosis

However, the proportion of
buffering processes by the
individual intracellular and
extracellular buffers are
different.

Pitts, RF. Physiology of the Kidney and Body Fluids. Year Book, Chicago,
1974, Chapter 11.

Rose, B, Post, T. 2000, www.utd.com; Buffers-11
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5.15 Regeneration of the Buffer

Acid loading

-

Buffer system rapidly neutralizes the excess protons

In the process the buffer is itself consumed

The net excretion of protons by the kidney replenishes the
base stores, regenerating the buffer
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5.16 Site Buffering

Overall buffering

Just under 60% of all buffering occurs intracellularly; over 40% of all buffering
occurs extracellularly
¢

Respiratory acid: intracellular
buffering
CO,is easily diffusible into ICF and is
mostly buffered intracellularly;

€0, cannot be buffered Metabolic acid: extracellular buffering
extracellularly where the Mostly buffered in the extracellular compartment
bicarbonate buffer system is the

el buffer (the bicarbonat

buffer system cannot buffer one
of its own components, CO,)

I R R R

"m",',f,'m Bufferingin
respiratory
Schlosh alkalosis
Most of the
buffering Most of the Buffering in metabolic acidosis Buffering in metabolic alkalosis

{approximately buﬂerin_g

§9%*)occurs in | (2PProximately

the ICF 97%*) occurs in
: the ICF

_ . .J-. - —~
40% of the “60%of the “70%of the “30%of the
buffering occurs | buffering occurs | buffering occurs | buffering occurs
inthe ECF inthe ICF inthe ECF inthe ICF

\ el

Madias, NE, Cohen, JJ. Acid—base chemistry and buffering. In: Acid /
Base, Cohen, JJ, Kassirer, JP (Ed), Little, Brown, Boston, 1982

Brandis, K. Acid-Base Physiology. www.anaesthesiaMCQ.com
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5.17 The Isohydric Principle

According to the isohydric principle all the buffer systems within the body exist in
equilibrium with each other; therefore analysis of any one buffer systems of the body
mirrors the state of all the other buffer systems.
\ .
'S R 4 \
The non-bicarbonate
buffer system
e non bicatbonats The bicarbonate buffer system
buffer system is in The bicarbonate buffer system is the most convenient to measure., Its
reality an measurement effectively p quanti inf ion about the
conglomeration of other buffer systems of the body.
~several different
buffer systems.
\ l ¥ O l l l ¥
' ™ ™
Because of its e Co, s
inhomogeneity, it is :::: ;'::dbv R Measured by the ABG Cojeiatidiron
difficult to measure. : machine Henderson;
Hasselbach equation.
1% A" J / s
—

A
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5.18 Isohydric Principle (cont’d)

Even when the acid that is added to the blood is a non-bicar-
bonic acid, it can be converted into the latter and then elimi-
nated by the lungs as CO,.

Metabolism of
methionine and cysteine
generates H,50,

l_

H,S0, +2 NaHCO;~—
Na,SO, +2H,CO,

l

The resulting
bicarbonate ends up in
the usual way:

Hz C03<_> Hzo + COz

The CO, is excreted by
the lungs
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5.19 Base Buffering by the Bicarbonate Buffer
System

The bicarbonate buffer system is equally efficient at handling
extraneous bases. In respect of added sodium hydroxide,

Or more properly,
NaOH + CO, €~> NaCO3 NaOH + H,C0; € = NaHCO, + o7
H,0 /

%

y

y

Pitts, RF. Physiology of the Kidney and Body Fluids. Year Book, Chicago,
1974, Chapter 11.
Rose, B, Post, T. 2000, www.utd.com; Buffers-I1



5 Buffer Systems 163

5.20 Bone Buffering

Organic substances: Inorganic substances:
Collagen and other Hydroxyapatite
proteins crystals (these make
up 2/3 of the bone
volume)
-~ —

Together these
compose the bone
matrix. Bone hasa
large surface area,

anvd is an efficient
baffes.

Bone is the major reservoir for CO, ; it contains 5/6 of the body's pool of COy, in the
form of:

l l

Bicarbonate (HCOy-)
A hyelration shell retains the bicarbonate i an easily Carbonate [COy)
enchangable form

| l

Bone buffering is relatively slow. However the buffer reserve is vast, and bone is often
underestimated as a buffer.

Chronic metabolis sridant
bonel s R disrobution
4 ks Inend 3
‘e bidrva s ane inafia chent at @ creting ackds

Agmuch a5 4% of 48 b, by ber

l

[Ty
L

Green, J, Kleeman, CR. Role of bone in regulation of systemic acid—base
balance. Kidney Int 1991; 39:9

Chabala, JM, Levi-Setti, R, Bushinsky, DA. Alterations in surface ion
composition of cultured bone during metabolic, but not respiratory,
acidosis. Am J Physiol 1991; 261:F76

Krieger, NS, Sessler, NE, Bushinsky, DA. Acidosis inhibits osteoblastic
and stimulates osteoclastic activity in vitro. Am J Physiol 1992; 262:F442
Burnell, JM. Changes in bone sodium and carbonate in metabolic acidosis
and alkalosis in the dog. J Clin Invest 1971; 50:327

Lemann, J, Jr, Litzow, JR, Lennon, EJ. Studies on the mechanism by
which chronic metabolic acidosis augments urinary calcium excretion in
man. J Clin Invest 1967; 46:1318
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5.21 Role of the Liver in Acid—Base Homeostasis

The liver utilizes a significant proportion of the blood supply of the body.. it accounts

for 20% of the O, consumption of the entire body and contributes to 20% of the total
l CO, production.
-’
-
Substrate . - Metabolism | Production
oxidation Metabolism of organic acids of z of plasma
ammeonium proteins
N . va
| Lactate |
metabolism
About 1500
mmollactate is
produced and
Ketone
consumed each
day with SR Aminoacid
virtually no net Ketoacids {KAs) metabollsm
lactate result from the
Amino ackd
production. Lact | incomplete (AA) ad
ate is utilized axidation of Tietaboksm
forenepy by faksin results in the
some tisses. hepatocyte Fodiiction of:
Complete itiontia, P H
ouidation of Corl's eycle: | Mormally the Ammonivm
fats and Lactateisused | po0 0 inator | from the NHS
carhohydrates | asfuel for . KAsis quite end of the Als
leading to €O, ghicogenesis by -
production the liver and bl Bicarbonate
Kidney, KAsare taken | from the COO-
converted to upby end of the AAs
ghicose and peripheral Fixed ackds
released into tissues {e.g. from the side
theblood The | skeletal chiancor the
glucose is taken | muscle) and Ads
up by oxidized,
peripheral regenerating
tissues (eg. bicarbonate.
exercising
skeletal
muscle) and
converted o
lactate.

Brandis K. Acid-Base Physiology. www.anaesthesiaMCQ.com

Cohen, CD. Roles of the liver and kidney in acid—base regulation and its
disorders. British J Anaes 67, (2) 154-164
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6.1 Hydrogen Ion Activity

A distinction must be made between the actual concentration
and the effective concentration of the hydrogen ion in solution.

Effective concentration '
(Activity)

The number of particles
that appear to be present
in solution.

Concentration
The number of particles
in solution.

b = hS =

The activity (a) of a substance (s) can be represented by the
following equation:
a=qc
where,
a = activity of the substance s in solution
‘ q = the activity coefficient of the substance s

¢ = the concentration of the substance s in solution

l

In an ideal solution, the effective concentration should equal the actual
concentration.

d=C
afc=q=1

Which is a different way of saying that in an ideal solution, the activity
coefficient should be 1.

In practice the activity coefficient of solutes is assumed to be one. The
inaccuracies produced by this assumption are generally not clinically
| significant.

Brandis K. Acid-Base Physiololy. www.anaesthesiaMCQ.com

Cohen, JJ. Acid—base chemistry and buffering. In: Acid / Base, Cohen, JJ,
Kassirer JP (Ed), Little, Brown, Boston, 1982
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6.2 Definitions of Acid-Base Disorders

Acidosis Alkalosis )
An A thxed
abnormal 1 Simple (Acid-Base)
process or abnormal (Acid-Base) Disorders
condition processof Disorders Those
which sonctien Those (acid-base - _
would whicn. (acid-base disorders) Acndae_mna Alkalae'mla
Tower gﬁ:‘gafla';e diorders) in which Arterial Arterial
arterial pH iftr:erg in which woor pH<7.36 pH>7.44
if there m—, thereis a more (ie[H]>44 (iefH]<36
were no s:::eo:ca?y single prirary nMm nM)
secondary e primary et!ologlcal
changes in Sl eti?logical a?lesorgse;; :
poomeie | | ewimary | (EEE B
‘ etiological etiological usly.
5 R factor.

Statement on acid base terminology. Report of the ad hoc committee of
the New York Academy of Sciences Conference. Nov. 23-24, 1964. Ann

Intern Med 1965; 63:885
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6.3 Acidosis and Alkalosis

Acidosis and alkalosis

Acidosis Alkalosis
Alkalosis is the process
responsible for alkalemia.
Acidosis leads to a fall in pH " Alkalosis leads to a rise in pH
(acidemia) unless an opposing (alkalemia) unless an opposing
disturbance (alkalosis) is present disturbance (acidosis) is present

or a compensatory mechanism is

or a compensatory mechanism is
active. active

1 o l f_

Acidemiais therefore the usual (but not

Acidosis is the process
responsible for acidemia.

Alkalemia is therefore the usual (but
invariable) consequence of acidosis. not invariable) consequence of
Acidosis can exist without producing alkalosis. Alkalosis can exist without

acidemia, but academia cannot exist in producing alkalemia, but alkalemia
the absence of acidosis. cannot exist in the absence of alkalosis.
"

| o |

Acidemia (as measured in the arterial

Alkalemia (as measured in the arterial
blood) is the surrogate for acidosis. blood] is the surrogate for alkalosis.,
there being no practical way to there being no practical way to
measure tissue pH.

measure tissue pH.

Winters, RW. Terminology of acid—base disorders. Ann Intern Med 1965;
63:873
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6.4 The Law of Mass Action

According to the law of mass action, the velocity of a reaction is
proportional to the product of the concentration of its
reactants.

For water, the law of mass action can be written as:

H,0 €= [H'] [OH]

J
Y
Vyrepresents the velocity of the Vy represents the velocity of the
movement of this reaction to the right movement of this reaction to the left
Vi = ky[H,0] Vo= ky[H'] [OH7]
ky being the rate constant of the reaction K; being the rate constant of the reaction
- y >

At equilibrium,
Vi= Vs,
Or,
ki[H;0] = ky[H'] [OHT]

A third constant can now be derived for H,0 when it is 50%
dissociated into its component ions:

K=ky/ka=[H'] [OH]/[H,0]

Rose, BD, Post, TW. Clinical Physiology of Acid—Base and Electrolyte
Disorders, 5th ed, McGraw-Hill, New York, 2001

Cohen, JJ, Kassirer, JP. Measurement of acid—base status. In: Acid / Base,
Cohen, JJ, Kassirer, JP (Ed), Little, Brown, Boston, 1982
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6.5 Dissociation Constants

Inrespect of an acid, the law of mass action may be written as:

HA €= [H'] [A7)
Or,
[H*1[A7]
@ [HA]

Where Ka is the dissociation constant for that acid.

Ka, the dissociation constant

Ka, the dissociation constant is different for each acid system. For all practical purposes, the value of
Kais always the same for a particular acid in a system (though it does change a little with
, the conc ion of the solute and H*).

The dissociation constant determines just how much of the acid dissociates in a system; it is a measure
of the strength of an acid.

The dissociation constant of an acid is represented by the letter
kappa (k).

Kruse, JA, Hukku, P, Carlson, RW. Relationship between apparent dis-
sociation constant of blood carbonic acid and disease severity. J Lab Clin
Med 1989; 114:568

Gennari, FJ, Cohen, JJ, Kassirer, JP. Measurement of acid-base status. In:
Acid / Base, Cohen, JJ, Kassirer, JP (Ed), Little, Brown, Boston, 1982
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6.6 pK

pK is the pH of The closer the pK
pK is the the solution Olfhaebul-flff); lt';';o
negative log of when an acid " sterl?a Wbk
the dissociation within that i:o erates. the
constant. solution is 50% P ’rf |

dissociated mars powert
3 will its effect be.

A buffer solution (see 5.4) is one that minimizes the changes in
the hydrogen ion concentration that are produced by chemical
reactions.
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6.7 The Buffering Capacity of Acids

Buffering power

A buffer is a mixture of an undissociated weak acid (HA) and its buffer

base (A).

A weak acid is a better buffer than a strong acid.

l

Strong acid (e.g. NaCl)

A strong acid has a higher
dissociation constant and a lower

l

Weak acid (e.g. Phosphate)

A weak acid has a lower
dissociation constant and a lower

l

A strong acid dissociates to a
greater degree

Within the usual range of pH in the
body, a strong acid exists in an
nearly fully dissociated state.

l

Being dissociated to a greater degree, a
strong acid has a poor affinity for the
hydrogenion.

Strong acids are therefore poor at buffering
hydrogen ions.

STRONG ACIDS MAKE POOR BUFFERS

l

A weak acid dissociates to a lesser
degree

Within the usual range of pH in the
body, a weak acid exists in an only

partly dissociated state.

l

Being poorly dissociated, a weak acid has a
relatively strong affinity for the hydrogen ion.
Weak acids are therefore better at
"absorbing" any surplus of hydrogen ions.

{HPO, 1+ [H*] «—H,PO,
Since the reaction is strongly driven to the right a
surplus of H* is well "absorbed".

A surplus of H* drives the reaction to the right; a
loss of H* drives it to the left.

WEAK ACIDS MAKE GOOD BUFFERS



6 THE pH 173

6.8 The Modified Henderson—Hasselbach Equation

The law of mass action as applied to the carbonic acid system:

\& =
™,

| The following equation represents
the dissociation of carbonic acid

H,C05 €= [H'] + [HCO;]
Applying the law of mass action,

[H,CO5] Ka €= [H'] [HCO;] The following equation represents
the reaction between H,0 and
or, €O, ta reversibly form H,CO;
Ka = [H'] [HCO3]/[H,CO;] H,C0; €= H,0+ €O,

Where Ka is the dissociation
constant of carbonic acid

Rearranging, .
Ka _[HCO3]
[H'] FyC0;
.-” -.-\'\‘
Ka=2.72x10"
H'concentration = 40 x 102
Inserting the above valuesinto the For the above reaction it can be
equation, shown that the dissociation constant
HCO3 . is far to the right.
[H,€0;]=2:72x 10 /40x 340 molecules of CO;, are present for
ie., 10°=6800 every molecule of H,CO;.
6800 molecules of HCO; are present
for every molecule of H,CO;.
\ )

Hills, AG. pH and the Henderson—Hasselbalch equation. Am J Med 1973;
55:131

*Narins RG, Emmet M. Simple and mixed acid—base disorders: a practical
approach. Medicine (Baltimore) 59:161-187, 1980
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. Putting the two equations together,
(+'] [HCOHES OIS (H.0](co,) k,
DRSO o 3:0 molccules of O,

H;0 is being "constant"” can also be disregarded.
< >

I'he equation now becomes:
|H7] [HCO5) €= [CO,|K'a (where K'a is a new constant)
Rearranging,

Ka=[H'] [HCO,]/[CO,]

K'a[CO;]

Or i
l )= Tcos)

At 37°C inormal body temperature),
K'a=800x 10 (9) nmol/L
pKa=6.10 Since[H'] = ‘Kl—:c['%l
€00 [CO,]
[HCO;]
l Mu'tiplying CO, by 0.03 (its solubility constant in the plasma)

[H'] = 800x 0,03 / [HCO:]

[H']=

The equation now becomes:
24 x[C0y|
[H'] ="Hco;]
This is Kassirer and Bleich modification® of the Hend I Ibach eq

*Narins RG, Emmet M. Simple and mixed acid-base disorders: a practical approach.
Medicine (Baltimore) 59:161-187,1980

Brandis, K. Acid—Base Physiology. www.anaesthesiaMCQ.com

Kassirer, JP, Bleich, HL. Rapid estimation of plasma CO, from pH and
total CO, content. N Engl J Med 1965; 272:1067

Kassirer, JP Serious Acid—Base Disorders. N Engl J Med 291, 773; 1974
Brandis, K. Acid—Base Physiology. www.anaesthesiaMCQ.com

Kassirer, JP, Bleich, HL. Rapid estimation of plasma CO, from pH and
total CO; content. N Engl J Med 1965; 272:1067

Kassirer, JP Serious Acid—Base Disorders. N Engl J Med 291, 773; 1974



6 THE pH 175

6.9 The Difficulty in Handling Small Numbers

Relative to other ions in the body, the hydrogen ion exists in
miniscule concentrations.

J
B b
Concentration of some Concentration of hydrogen ion:
serum electrolytes: 0.00004 mmol/L
Sodium: 140 mmol/L To overcome the difficulty in handling such small
Porassium: 4 mmol/L numbers certain methods were introduced:
./ 4

R

| Campbell, 1862
The nanomole (nm}

Sorersen, 1909 ;
The pH(6.10) 1 nanomole = 10 (9] mcle
1 nanomole =
1/1,000,000,000 mole
\ o & /

Severinghaus, JW, Astrup, P. History of blood as analysis. Int Anestn Clin
1987; 25: 1-224
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6.10 The Puissance Hydrogen

In 1909 a Danish biochemist published a landmark paper in
French. Soren Peter Sorensen observed that enzymatic activity
produced tiny but measurable changes in the H™ concentration.

| Mathematically,
10 can be expressed as 10 (1)
100 can be expressed as 10 (2)
1000 can be expressed as 10(3)

\ And so lorth.'
| Similarly,
1/10 can be expressed as 10(-1)
1/100 can be expressed as 10(-2)
1/1000 can be expressed as10(-3)
And so forth,

Sorensen ‘used’ these negative exponents to the base 10 to simplify handling of these numbers. He then
discarded the negative sign from the power to which 10 was expressed, and called the number “pH”, a short
form for what he called the “Puissance hydrogen” or “Wasserstoffionenexponent” or simply the "Potenz” je
“Potential” of hydrogen.

When the concentration of a substance is expressed as a negative power, the greater its negative power the
lowver the concentration is of that substance

Sorensenused this method o exyess the concentration of the hydrogen ion.
Thaes, a hydrogen lon concentration of:
O=pH1
0.01=pH2
0.001=pH 3
And so forth,

In Sorenson'snew eominology, a molar sohition of a strong acdd having a hydrogenion concentration of 0.01
:.l::[}.:‘hadapHui 2. Similarly, and a hydrogenion concentration of 0.0000001 (107) was expressed as having a
Thus pH is the negative logarithm of the H' ion concentration in moles per liter of solution, It has no units: it has
been described as the " dimensionless representation of the [H*]" (Kellum, 2000)

The lower the concentration of the hydrogenion in solution, the greater is the pH of thal solution.

The lower the concentration of the hydrogen ion in solution,
the greater is the pH of that solution.

Severinghaus, JW, Astrup, P. History of blood gas analysis. Int Anesth.
Clin 1987; 25: 1-224
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6.11 Why pH?

As mentioned above, the intent behind the use of the pH scale is
to make the handling of very small numbers more convenient.

The hydrogen ion

: his with
concentration of the Compare this with, say,

the plasma

blood under concentration of sodium
pl;x::;z?saééggggam which at 0.135-0.145

mol/Lis some 3 million
mol/L M}Ef o indles times greater.

e T ——
Viewing things on a logarithmic scale, large changes in the H*
concentration translate into only small changes in the pH. A

doubling of the H*concentration, (for instance, from 40 n
mol/L to 80 n mol/L) causes a numeric fallin the pH only to

the order of 0.3 (i.e.from 7.40 to 7.10). In actual fact, a
change in pH from 7.40 to 7.10 represents the addition of a
huge amount (clinically speaking) of acid to the body.

The pH range 6.8 to 7.8 (corresponding toa H™ ion concentra-
tion of 160—16 n mol/L) is generally considered to be the range
of pH within which life can exist.
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6.12 Relationship between pH and the Hydrogen Ion

Concentration
Analog scales have been developed to show the relationship
between pH and H ion concentration. A rule of the thumb
proposed by Kassirer and Bleich enables approximate conver-
sion from one to the other.
A pH of 7.40 corresponds to a H" ion concentration of 40 n
Eq/L. Using Kassirer and Bleich’s rule, change in pH by every
0.01 unit represents a change in H™ ion concentration by 1 n
Eq/L. Since pH and H" ion concentration are inversely
related, a fall in pH from, for example, 7.40 to 7.38, represents
a rise in the H™ ion concentration from 40 to 42 n Eq/L.
A similar calculation can also be used for checking if the data
are reliable (see the first example in chapter 13)

Equivalent values of pH and H*
[H']

PH (nanomoles/I)
6.8 158
6.9 125
7.0 100
7.1 79
7.2 63
7.3 50
7.4 40
7.5 31
7.6 25
77 20
7.8 15

Kassirer JP, Bleich HL. Rapid estimation of plasma CO, from pH and
total CO, content. N Engl J Med 1965; 272:1067
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6.13 Disadvantages of a Logarithmic Scale

A logarithmic scale

A relatively small change in pH
may reflect a large change in

Because the scale is compressed at one end, changes of similar
itude at different ends represent vastly different changes in

the H'ion conc

the H' ion concentration.

o

Afall in pH of the same magnitude

Afallin pH from 7.0 to 7.1 from 7.6 to 7.5 represents a much
represents an increase in the H* smaller decrease in the H'ion
ion concentration by 20 n Eq/L. concentration (by less than 10n
Eq/L)
y = J

In other words, as the blood becomes increasingly acidic, much
smaller changes of pH are produced by the addition of relatively
large quantities of H " ions. Intuitively relying on pH to gauge the
H ™ ion concentration therefore could result in gross inaccuracies.

100 —— 7.0
90 ——7.05
80—f—17.1
0y
~e

60

H

(nEq/L) 50 —4-73 pH
40—4-74
80 — :7.5
i J—T.ﬁ
20 =77

6
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6.14 The pH in relation to pK

The capacity of a buffer to defend changes in the pH depends
not only on its concentration in the system but also on the
relationship between the pK of the system to the prevailing pH.

In respect of the bicarbonate buffer system which is the primary buffer
system of the extracellular space:

When the conc ion of bic
equals the concentration of carbonic acid

2 Bicarbonate 1
m——— I e 0 ],
Ratio of e

In vivo, the concentration of bicarb
substantially exceeds the concentration of
carbonic acid

Bicarbonate= 27 meq/L
Caroonic acid=1.35 mEq/L
Ratio of Bicarbonate: Carbonic acid = 20

Bicarbonate

H=pK+ |
Bt Dgc:monicaeid

Sincelog 1=0
The pKaf the systam is 6.1,

pH=6.1+0
pH=6.1

H=6.1+Log 2L
s 5 031.35
pH=6.1+log 20
Sincelog 20=1.3

pH=6.1+1.3
pH=7.4

The pH of the system equals its pK

‘When the pHof the system equals its pK, the buffer
system is functioning at its maximum effidency.

The pH of this system does not equal its pK
The pH of this systam is very different from the pK
of the bicarbonate buffer system. This wounld make
for apoor buffer system were it not for the
cotinuousremoval of CO, by the lungs see (00.00),
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6.15 Is the Carbonic Acid System an Ideal Buffer
System?

Normal blood levels of HCO5™ and CO,

| CO, : 40 mmHg
i.e.,
HCOj3 : 22-26(24) mEq/L 0.03x40=1.2mEq/L

(0.083 being the solubility coefficient
| of CO,)

At the normal body pH of 7.4, the ratio of HCO,: CO,=24:1.2
=20
An ideal buffer system should have a ratio of 1:1.
A HCOg3; : CO, ratio of 20:1 would normally make for a poor buffer system if it were not
possible to regulate HCO3 or CO, concentrations. In fact both HCO5 and CO,
concentrations can be independently regulated: the former by the kidneys and latter
by the lungs.
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6.16 The Bicarbonate Buffer System is Open Ended

The bicarbonate buffer system is open-ended inasmuch as both
its components (HCO; and CO,) can be independently
regulated by organ systems.

CO, € HCO;

CO;: regulated by the lungs

Central chemoreceptors are
exquisitely sensitive to small
changes in CO; (and therefore to
the pH)

HCOj3 : regulated by the kidneys

Generation of protons occurs in the
renal tubular cells:
H,0 + CO, € H,C05 €= H
| HCOs

Whenever the CO; increases for
any reason,

this is accompanied by a prompt
increase in alveolar ventilation

-

The protons [H'] are secreted into
the tubular lumen

In the tubular lumen the protons
combine with NH,, HPO, etc.

G

€O, washout occurs

Assmall as a 3 mmHg increase in
PaCO; can result in a doubling of
alveolar ventilation.

The bicarbonate generated by this
reaction is absorbed into the
circulation, effectively resulting in
the excretion of one proton for
every molecule of bicarbonate
absorbed.

. ... X
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6.17 Importance of Alveolar Ventilation
to the Bicarbonate Buffer System

[H*] + [HCO5] € H,CO3

:

H,C03€ 2> H 01 €O,
Within the physiological range of pH, the dissociation constant for the latter reaction ensures

that the reaction is driven to the right. This means that there is always a large amount of CO;
present in the plasma (for every molecule of H;C0;5, 340 molecules of CO; ars prasent).

'

CO; (aqueous phase): PaCO;= 1.2 mmol/L
The CO; present isin z dissolved state; the extent to which CO; remans dissolved in the
plasme is proportional to its partial pressure, normally 40 mmHg.

Dissolved CO;= 40 x 0.03 = 1.2 mmol/L (where 0.03 is the solubility constant for COj.

'

CO; (gas phase): PaC0; = 40 mm Hg
The CC; in the blood is in equilibriam with alveolar CO;.

'

CO; diffuses out of the capillary blood, through the 0.3 micron thick alveolo-capillary
membrane, into the alveoli. Since CO; is highly diffusible across all biological membranes,
the partial pressure of CO; in the alveolar air (PACO,) approximates that in the pulmonary
capillary blood (PaCO;).

COzalveolar air: PACO;= 40 mmHg

The disposal of CO; to the exterior by the lungs is the functional basis of the bicarbonate
bufter system, which (in spite of pK that differs substantially from the pH), is highly effectve
in disposing of the continually produced protons.

L =
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6.18 Difference between the Bicarbonate
and Non-bicarbonate Buffer Systems

Non-bicarbonate buffer
systems

Alveolar ventilation plays no
direct buffering role in the non-
bicerbonate buffer systams.

Mon-bicarbonate buffer
systems princisally buffer
changes in CO; since the extra-
cellular bicarbonate is
incapable of buffering a
carbonic acid load.

The carbonic acid buffer
system

Cannot buffer any of its own
constituents:

C0,+ H,0€3H,C0;
H,CO3€&HCO; + H'
H'+ HCO3 € H,C0;4

Acarbonic acid excess has to be
buffered by Intracellular buffers

(see also isohydric principle 5.17)
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6.19 Non-bicarbonate Buffers as a Measure of the pH

As mentioned, the non-bicarbonate systems principally buffer changes
in carbon-dioxide. It is possible to arrive at the H " concentration or the
pH of the blood by measuring the status of the non-bicarbonate buffer
system. However, since the non-bicarbonate buffer system is in reality a
conglomeration of several buffer systems, measurement is complex. It
is far less complicated to rather measure the constituents of the bicar-
bonate buffer system in order to calculate the pH.
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6.20 Measuring Bicarbonate

The measured HCOj5 is not the same as the calculated HCO5 ™.

The bicarbonate level of the blood can be estimated in different ways:

! - o !

Calculated bicarbonate: Measured bicarbonate:

Chemically estimated from the
venous blood sample (e.g., from a
serum electrolyte readout).

'

Itis an estimate of not only the venous
HCO;~ but all the acid-labile forms of CO,.
For this reason the measured HCO, is

always 2—3 M eq/L greater than the
calculated HCO, (See total CO;10.22).

From the blood gas sample
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6.21 When the Measured Bicarbonate is at Variance
with the Calculated Bicarbonate

When there is a discrepancy between the measured and calculated bicarbonate:

7
The venous HCO S is
actually the total CO,
content whichis a
measure of all the & Usually, venous HCO 3.
Blood drawing by
acid-abile forms of The pK of the bicarbanate i mme:“n samples are processed
l:arlxzn ﬁon}de (plasma Ibuffer system may nothe et later than arterial blood
HCOS constitutes about cgilu:nr:l!m"::w.: the Sadcaz thiewilJawer sas;_arnp!e& 1!;1‘1;:
messuredvenouiiic0; | “ercorebeerunenn | | thebicarbonateleading | onu %L ony
(total €O, content) esoafatselylow | itsbicarhonate content
normally exceads the may become altered.
calculated arterial HCO;
by 2 to 3 mEq/L.
- b
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7.1 Compensation

The body attempts to maintain its pH when confronted with
acid—base disturbances. The compensatory processes are differ-
ent for respiratory and renal disturbances.

Primary Primary
respiratory metabolic
disorder disorder
Compensation
Compensation Chemjcc:l is re;pircfory
is renal (slow) buffering (rapid)
(immediate)

Lennon, Ej, Lemann, J, Jr. pH- is it defensible? Ann Intern Med 1966;
65:1151
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7.2 Coexistence of Acid—Base Disorders

Frequently, two (sometimes three) acid—base disorders occur
simultaneously.

Coexistence of multiple acid—base disorders

Two respiratory
disorders cannot
coexist Other binations of the four (simple) acid—base disorders are possible.
The lungs cannot eg.:

simultaneously retain
and excrete CO;.

One metabolic Two metabol ¢
Two metaoolic disorder can cccur disorders can occur
disorcers can occur together with a together with a single
together. respiratory respiratory
disturbance. disturbance.

.

Narins, RG, Emmet, M. Simple and mixed acid—base disorders: a prac-
tical approach. Medicine (Baltimore) 1980; 59:161

McCurdy, DK. Mixed metabolic and respiratory acid—base disturbances:
diagnosis and treatment. Chest 1972; 63:355S
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7.3 Conditions in which the pH can be normal

Normal pH is possible under three circumstances:
No acid- At least two acid-base disorders
base - . co-exist:
A single acid-base disturbance is being fully % 7 s
disturba compensated A primary acidemia is being
nce balanced out by a primary
exists alkalemia
AL l l J\ J
[ P N T N
Cco; 2 o
and CO; and HCO3 €O, and Hl;O; co, co, cOo;
HCo, are both low: are both high: and and and
are Either of the two | Eitherof thetwo | HCO3 | HCO3; | HCO3
bothin | following following are are are
the disturbances is disturbances is both both both
normal | present: present: high low | normal:
range.
L T T '
T T T
A primary
metabolic
Ao Apri acidosisis
RIMATY PERALY balancing
respiratory || respiratory Sota
( o [ ol o ) ” acidosis alkalosis primary
respiratory metabodic respiratory metabalic + + metabalic
alkalosis ackbosh acidosis alkalosis . alkalosis.
a primary a primary
metabolic | metabolic | Because
alkalosis acidosis || the HCOsis
normal,
CO;zis
normal
\ |
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7.4 The Acid—Base Map

The acid-base map shows the relationship between pH (or
H™), PaCO, and HCO5 . Shown on the map are 95% con-
fidence bands for the various acid—base disorders. When blood
gas values are plotted on the map it becomes easy to rapidly
diagnose single or mixed acid—base disturbances.

100 — 7.0
90 6 9 12 15 18 21 24 —

27
80 —

N\

) 19 pH
s 2
= s5—"113
= 48
& 51 ;_
57 — 74
63 =
609 ==115
75 =1
7.6
7.7
L 78
— 8.0
— g5

10 20 30 40 50 60 70 80 90 100
PCO, (mm Hg)

Goldberg, M, Green, SB, Moss, ML, et al. Computer based instruction
and diagnosis of acid-base disorders: a systematic approach. JAMA
1973; 223: 269-275
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7.5 Normal Values

Normal Arterial and Venous Values for pH, H" concentration, PCO»,
and HCO5; Concentration

Arterial Venous
pH 7.37-7.43 7.32-7.38
H™, nanoeq/L 37-43 42-48
PCO,, mmHg 36-44 42-50

HCOs ", meq/L 22-26 23-27
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8.1 Respiratory Failure

8 Respiratory Acidosis

Although four types of respiratory failure have been described,
itis usual to classify respiratory failure into Type-1 and Type-2:
the latter is associated with hypoventilation and respiratory
acidosis (see 8.2).

Respiratory failure

Type 1 (Hypoxemic
respiratory failure)

Pa0; is low (Pa0;<
50 mmHg)

CO; is not elevated
(PaC0;< 60 mmHg)

Type 2 (Hypercapnic
respiratory failure)

Pa0; is low (Pa0;<
50 mmHg)

CO; is elevated
(PaCOz> 60 mmHg)

Type 3 (Per-
operative

respiratory failure)
FRC falls below
closing volume as a
result of atelectasis.
Contributing
factors:

Supine posture
General anesthesia

Depressed cough
reflex

Splinting due to pain

Type 4 (shock with
hypoperfusion)

The proportion of
the cardiac output
to the respiratory
muscles rises by as
much as 10-fold
when the work of
breathing is high;
this can seriously
impair coronary
perfusion during
shock.
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8.2 Respiratory Acidosis: Causes
In terms of CO, production and excretion, alveolar hypoventila-

tion is the major mechanism for hypercarbia (See 2.29). Quite
often however, increase in dead space is an important mechanism

Ve Causes of acute hypercapnia

Central depression of respiratory drive
Drugs

sedatives, opiates, anesthetic agents
CNS lesions

CNS trauma, strokes, encephalitis
Neuromuscular

Spinal cord lesions or trauma [at or above
level of C4)

High central neural blockade
Tetanus

Poliomyelitis

Amyotrophiclateral sclerosis
Myasthenia gravis

Organophosphate poisoning
Botulism

Muscular relaxants
Dyselectreolytemias

Chest wall

Flail hiest

Diaphragmatic dysfunction: paralysis,
splinting or rupture

Pleura

Pneumothorax

Rapid accumulation of alarge pleural effusi

Lung parenchyma

Pul y edema, cardiogeni
ARDS

Pneumonia

Airways

Upper airway obstruction
Aspiration

Asthmaor COPD

Other

Circulatory shock

Sepsis

Malignant hyperthermia

€0, insufflation into the body

Causes of chronic hypercapnia

Central depression of respiratory drive
Primary alveolar hypoventilation

Neuromuscular

Chronic neuromyopathies
Poliomyelitis
Dyselectreolytemias
Malnutrition

Chest wall
Kyphoscoliosis
Obesity

Iheracoplasty

Pleura

Chronic large effusions

Lung parenchyma
Long standing and severz ILD

Airways
Mersistent asthma
Severe COPD
Bronchiectasis
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8.3 Acute Respiratory Acidosis: Clinical Effects

A rapid decrease in alveolar ventilation is poorly tolerated by
the body.

Both acute hypercapnia and acute hypoxemia can be extremely
damaging. On the other hand, surprising degrees of hypercapnia

and hypoxemia can be tolerated by the body when chronic.

-

Alveolar hypoventilation: hypercapnia

Respiratory acidosis

of the body

p =

Acute

Poorly tolerated: can result in
dangerous fluxes in the acid base status

Relatively well tolerated: due to

compensatory mechanisms; patients
may remain asymptomatic with very

high PaCcO; s (eg, over 100 mm Hg)

vasoconstriction

hypercapnia is
severe).

T N e Cerebral
Sympathetic | o vasodilatation:
stimulation ;“m'::a;m" Central increased
Tachycardia directeffect of depression Decreased intracranial
Arrythmias hypercapnia. | Occurs at very diaphragmatic pIEE
: Headaches high €O levels. contractility & | Confusion,
Sweating hypotension (if | Drowsiness, endurance headache, loss of
Reflex peripheral Ypo flaps, coma. consciousness (if

severe),
hyperventilation
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8.4 The ODC in Acute Respiratory Acidosis

Acute hypercapnia can transiently shift the oxy-hemoglobin
dissociation curve to the right.

N7 \ / g
¥ \ y
The oxy- The oxy-

hemaoglobin Fallin the 2,3 hemoglobin

Acute acidosis dissociation DPG level within dissociation
curve shifts RBC curve shifts back
rightwards towards the left

- _/ / A

Bellingham, AJ, Detter, JC, Lenfant, C. Regulatory mechanisms of hae-
moglobin affinity in acidosis and alkalosis. J Clin Invest 1971;
50(3):700-706

Brandis, K. Acid-Base Physiology. www.anaesthesiaMCQ.com
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8.5 Buffers in Acute Respiratory Acidosis

The bicarbonate buffer system, quantitatively the most impor-
tant buffer system in the body, cannot buffer changes produced
by alterations in CO, levels: a buffer system cannot buffer its
own components.

Non-bicarbonate buffer systems

Non-bicarbonate buffer systems in the body play an important role in
buffering changes in CO,.

Intracellular proteins

and phosphates

Almost all (about 99%)
of the buffering occurs
intracellularly, where
the concentration of
proteins is high.

Hemoglobin

Intracellular proteins

A minor component of
buffering is carried out
by intracellular
proteins.




8 Respiratory Acidosis 201

8.6 Respiratory Acidosis: Mechanisms for
Compensation

Hypercapnia

|

Increased PaCO,

: | l

Increased PaCO, CO,+ Hy,0 <= H,CO3¢—> H*+ HCO3
stimulates alveolar

ventilation ‘ ‘
through peripheral | ——— —
chemoreceptors Intracellular buffering (rapid) Renal comp ion (delayed)

H,CO, + Hb < H+Hb + HCOF H*is excreted by the kidney

o

Brackett, NC, Jr, Wingo, CF, Mureb, O, et al. Acid-base response to
chronic hypercapnia in man. New Eng J Med 1969; 280:124-130
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8.7 Renal Response to Acute Respiratory Acidosis

Respiratory acidosis
Elevated CO,

!

Proximal convoluted tubule

CO;being easily diffusible across all biologic membranes, the
intracellular CO; within the PCT rises

: : N

Bicarbonate gain .

Increased amounts of
bicarbonate are produced There is increased H* secretion into the tubular fluid
intracellularly within the PCT |

| !

' ! __ !

H* secretion

Increased synthesis of NH; within Na~H* exchange
the PCT Inexchange for every H" ion
H* in the tubular fluid combines secreted into tubular fluid, a
with NH forming NH, sodium fon enters the PCT

The bicarbonate diffuses across L
the basolateral membrane into
the systemic circulation

H*excretion
H* is excreted from the body as Fallin plasma chloride

For every hydrogen ion excreted from the body there is a net gain of one
bicarbonate ion

Eventually a steady state is reached as the kidney reaches a state of maximal
compensation. The pH is restored in large part, but never completely, to normal.

Brackett, NC, Jr, Wingo, CF, Mureb, O, et al. Acid-base response to
chronic hypercapnia in man. New Eng J Med 1969; 280:124-130
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8.8 Compensation for Acute Respiratory Acidosis

Acute respiratory I Chronic respiratory
acidosis (<24 hours) | acidosis (>24 hours)
* Al*pH=0.008 x * AlpH=0.003 x
A1PaCo, A1PaCO;
* AH+=0.8 x APaCO;, « AH* =0.3 x APaCO,
¢ HCOzincreases by up * HCO3z increases by up
to 0.1 mEqg/L for every to 0.4 mEq/L for every
mmHg rise in CO; mmHg rise in CO,
e H"=(0.8x PaC0O;) + 8 e H"= (0.3 x PaCO,) + 27

203

Limits of compensation for respiratory acidosis

* The process of compensation is generally complete
within 2 to 4 days

* The bicarbonate can increase to a maximum of 45
mmol/L; a bicarbonate level in excess of this may
imply a coexistent primary metabolic alkalosis.

*» *A=Changein; A] =Fallin; Af=Risein

Smith, RM. In: Manual of Clinical Problems in Pulmonary Medicine.
(Ed) Bordow, RA, Ries, AL, Morris, TA. Lippincott Williams and Wilk-

ins. 6th ed, 2005
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8.9 Post-Hypercapnic Metabolic Alkalosis

Although the immediate event is hyperventilation with CO,
washout, the blood gas reflects metabolic alkalosis.

* CO; is raised.
* Renal compensation occurs by H+ secretion
(bicarbonate retention*)
Chronicrespiratory acidosis | ® This restores the pH towards normality

* Acute washout of CO;
When inappropriately high | ® Acute drop in pH (alkalosis)
minute volumes are applied by

mechanical ventilation,
mietabolis alkalosis occurs

* Bicarbonate remains elevated (metabolic alkalosis)
since the renal response to the acute CO; rise is slow

* Hypochloremia ensures the perpetuation of the
Decreased pH (alkalosis) metabolic alkalosis

*The chronic elevation of bicarbonate results in chloride loss

Schwartz, WB, Hays, RM, Polak, A, Haynie, G. Effects of chronic hyper-
capnia on electrolyte and acid—base equilibrium. I1. Recovery with special
reference to the influence of chloride intake. J Clin Invest 1961; 40:1238
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8.10 Acute on Chronic Respiratory Acidosis

Chronic respiratory acidosis
In chronic respiratory acidosis a near normal-pH is expected

l l

A near-normal pH
Due to compensatory pH acidemic

Mmecianiams, the phlle If the blood is significantly acidemic (low pH), then either of

restored to near-normal : i
e e, thoudh I ekt two following conditions can be expected:

normalizes completely.

Acute on chronic

respiratory acidosis:
S Associated metabolic
Part of the PaCO; rise is acidosis

due to recent (acute)
hypoventilation
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8.11 Respiratory Acidosis: Acute or Chronic?

Using the modified Henderson -Hasselbach equation,
H*= 24 (PaCO3/HCO;)
H* = normally 40 nmol/L
The ratio AH"/ ACO; differs in each of the following conditions:

8 Respiratory Acidosis

S i /
Acute respiratory Acute-on-chronic Chronic respiratory
acidosis: respiratory acidosis acidosis:
AHY/ACO2=>0.7 AHY/ACO,=03-0.7 AH*/ACO-=<0.3
-~ -\J
Case example:
Case example: Case example: PaCO; = 90 mmHg;
PaCO; = 80 mmHg; PaCO, = 90 mmHg; HCO3= 45 mEq/L
HCO3= 20 mEq/L HCO3 = 30 mEq/L H*= 24 (PaCO,/HCO;)
H*= 24 (PaCO,/ HCO3) H*= 24 (PaCO;/HCO;) Substituting,
Substituting, Substituting, H*= 24 (90/45)
H*=24 (80/20) H*=24(90/30) H*=24%x2 =48
H*=24x4=96 H*=24x3 =72 Normal H* = 40; normal
MNormal H* = 40; normal Normal H* = 40; normal PaCO; =40
PaC0O; = 40 PaCO, =40 AHY/ ACO, = (48-40) /
AHY/ ACO;, = (96-40)/ AH*/ ACO2=(72-40)/ (90-40)
(80=40) (90-40) AHY/ ACO,=8/50=
AHY/ACO, =14 AH*/ ACO =0.44 0.16,
1.2, the value falls above 1.2.. the value falls Le., the value falls below
7 between 0.3 and 0.7 03
o Q & 4

Demer RR, Irwin RS. Management of hypercapnic respiratory failure: a

systematic approach. R Resp Care Vol 24, p328: 1979
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9.1 Respiratory Alkalosis

Unlike a metabolic alkalosis (where an additional mechanism
is responsible for the maintenance of the acid—base disturbance),
a respiratory alkalosis persists only as long as the inciting pathol-
ogy is active.

Respiratory alkalosis :
decrease in CO,

Compensation :
decrease in bicarbonate

Rose, BD, Post, TW, Clinical Physiology of Acid—Base and Electrolyte
Disorders, 5th ed, McGraw-Hill, New York, 2001, 615-619
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9.2 Electrolyte Shifts in Acute Respiratory Alkalosis

)
Increased binding
of calcium to
albumin

The fall in serum
calcium accounts
for the usual clinical
manifestations of
hypocapnia

Wiseman, AC, Linas, S. Disorders of potassium and acid—base balance.
Am J Kidney Dis 2005; 45(5): 941-9
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9.3 Causes of Respiratory Alkalosis

sIncreased intracranial pressure
*Stroke

sIntracranial hemorrhage

*CNS infection

Centrally mediated oHeadl Ly
: ) *Pontine tumors
(stimulation of the *Pain

respiratory center) =Anxiety hyperventilation

| sVoluntary hyperventilation
—_ = *Sepsis (cytokine mediated)
*Chronic Liver disease (toxin mediated)
*Drugs (Salicylates,progesterones etc)

Hypoxemic
(stimulation of the *All causes of hypoxemia
peripheral chemoreceptors) |

*Pneumonia

*Asthma

*Pulmonary thromboembolism
*Pulmonary edema

Pulmonary interstitial

(stimulation of the
intrapulmonary receptors)

Extrinsic *Excessive minute ventilation during mechanical
(Deliberate or iatrogenic) ventilation

g )
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9.4 Clinical Features of Acute Respiratory Alkalosis

Acute respiratory alkalosis

Central Cardiovascular Hemoriobn Other
nervous system system B
: ( [ Decreased
Decreased Artytinigs , alveolar fluid
cerebral blood Decreased lnl:rgased Hb | Increasein RBC resorption
flow cardiac affinity for O, 2,3,DPG levels :
contractility Electrolytes
(see9.2)

Asretexis
Leftward shift Rightward shift
Loss of inthe ODC* inopc*
consciousness

Seizures

*The overall effects are therefore unpredictable, but the position of the
ODC may remain roughly unaltered

Kazmaier, S, Weyland, A, Buhre, W, et al. Effect of respiratory alkalosis
and acidosis on myocardial blood flow and metabolism in patients with
coronary artery disease. Anesthesiology 1998; 89(4):831-837

Kirsch, DB, Josefowicz, RF. Neurologic complications of respiratory
disease. Neurol Clin 2002; 20(1): 24764

Mpyrianthefs, PM, Briva, A, Lecuona, E, et al. Hypocapnic but not meta-
bolic alkalosis impairs alveolar fluid resorption. Am J Respir Crit Care
Med 2005; 171(11): 1267-1271
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9.5 Compensation for Respiratory Alkalosis
The magnitude of the fall in the serum bicarbonate as a com-

pensatory process is different in acute and chronic respiratory
alkalosis.

Acute respiratory alkalosis (<12 Chronic respiratory alkalosis
hours) (>12 hours)
* A1pII=0.01 x A|PaCO,* * A*pII=0.003 x A|PaCO,
* A|H"=0.75x A|PaCO, * A_H'=0.3x A|PaCO;,
* HCO5-falls by up to 0.2mEq/L * HCO;- falls by up to 0.5mEq/L
for every mmHg fall in CO, for every mmHg fall in CO,
e H'=(0.75 x PaCO,) + 10 *H™= (0.3 x PaCO,) + 28

Limits of compensation for respiratory alkalosis

* The process of compensation is generally complete within 7 to 10 days

* The serum bicarbonate can fall to as low as 12 mmol/L; a lower
bicarbonate level may imply a coexistent primary metabolic acidosis.

*This relationship holds good for a PaCO; between 40 to 80 mmHg.

Smith, RM. In: Manual of Clinical Problems in Pulmonary Medicine.
Bordow, RA, Ries, AL, Morris, TA (eds.). Lippincott Williams and
Wilkins. 6th ed, 2005

Arbus, GS, Hebert, LA, Levesque, PR, et al. Characterization and clinical
application of “the significance band” for acute respiratory alkalosis.
N Engl J Med 1969; 280:117

Krapf, R, Beeler, I, Hertner, D, Hulter, HN. Chronic respiratory alkalosis —
The effect of sustained hyperventilation on renal regulation of acid-base
equilibrium. N Engl J Med 1991; 324:1394

Gennari, FJ, Goldstein, MB, Schwartz, WB. The nature of the renal
adaptation to chronic hypocapnia. J Clin Invest 1972; 51:1722
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10.1 The Pathogenesis of Metabolic Acidosis
Mechanisms of metabolic acidosis
- l l A
Decreased
acid
excretion Loss of base (usually
bykidneys A qdition of strong acids bicarbonate), from the
-Renal to the body: body:
failure
.Type 1
(distal) RTA
Bicarbonate I
loss from the
A kidney:
genlrafii?ffg.: Exogenous Type 2 RTA Bicarbonate
i administration, | | oo o o loss from the
Ketoacids in e.g: b bowel
diabetic keto- ) inhibitor use iareh
acidosis 1“f“5'°n_ of Urinary I.')I|arr £a
Lactatein lactic ::'ll::g;um ketoacid lossin || Fistula of the

acidosis

bicarbonate)

DKA (ketoacids || Smallintestine
are the
precursors of

10
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10.2 Relationships

The approximate relationship b the pH, CO; and base excess can be
summarized by the equation below:
PCO; 12mmHg €<% pH 0.1 €= Baseexcess 6 mEq/L
According to this relationship, to produce a change in pH of 0.1 units, either the PCO;
must change by 12 mmJ-!s or the BE by 6 mqu L
Consider the following hypotheti
4
PCO, 40 mmHg <> pH 7.4 <--> BE -0 Changes in the BE will likewise alter the pH
Ifnow the PCO, were to rise to 52 and the BE PO, 40 mmHg <> pH 7.4 <> BE 0
AT In metabolic acidasis, If the BE were to fall to -6
The rise of PCO; by 12 would cause the pH to and the PCO, to remain 40 mmHg,
bIby L Thepriwonil nobelea A fallin BE would cause a fallin pH of the order
PCO; 52 mmHg <> pH 7.3 <> BE -0 of 0.1 unit; the new ph would fall to 7.3
PCO,40 mmHg <> pH 7.3 <> BE -6
\ l v y
™,
Consider the following baseline again:
PCO; 40 mmHg <—> pH 7.4 <> BE -0 Likewise, if the BE were to rise to +6 and the
If now the PCO, were to fall to 28 and the BE to PCO; to remain at 40 mmHg, a rise in BE by 6
remain -0, mEq/l would produce a rise in pH by 0.1 unit.
The fall of PCO; by 12 would cause the pH to Ihenmypwonldbe s
rise by 0.1. The pH would now be 7.5 PCO, 40 mmhg <> pH 7.5 <> BE +6
PCO; 28 mmHg <—> pH 7.5 <~ BE -0
oy 7

The impact on pH due to changes in both the PCO; and BE can also be predicted by
the same equation:

PCO; 40 mmHg <--> pH 7.4 <> BE -0

( What would be the pH with a PCO, of 28

What would be the pH with a PCO; 0f 52
and a BE of +67 o andast;::u:?
- Afall in PCO; by 12 401028
Arise in PCO, by 12 {from 40 to 52) mmHg S t::?:ise l'he I:H b\rl:.l, lTﬂ
would tend to lower the pH by 0.1. A rise BE by 12 (from - 0 to +6 ) mEq/L would
. mfobr‘;g’:g‘: "ub": (‘f;] :‘f:f:s‘:ﬁ"‘m 2 tend to raise the pH by 0.2. As a result, the
p".i in net change in pH would be an increase by
pH would remain unchanged at 7.4 0.1
FEAR MM s 7S SRSt PCO; 28 mmHg <> pH 7.5 <--> BE +12

Grogono, AW. www.acid-base.com
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10.3 The Law of Electroneutrality

The Law of Electroneutrality states that the sum of all the
anions should equal the sum of all the cations.

In practice the measured ions are:

Anions, e.g.: Cations, e.g.:
Sodium (Na*) and Potassium (K*) Bicarbonate (HCO3) and Chloride (CI7)

10
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10.4 The Anion Gap

The anion gap is the difference between the unmeasured anions and the
unmeasured cations

The usual measured ions are:
([Na*] + [K*]) - ([HCOZ] + [CI7])

Unmeasured ions
:haf;f::;\“&r;lg el:nlsslfan aﬂl.li?:cme MEONSare In wide anion gap metabolic acidoses (see
I-‘md ot a phsiological reality® 10.8), there is a relative excess in the
i concentration of unmeasured anions.
{Martin)

l \ l
Although these anions are not directly

measured, the increased H' in acidosis leads to
consumption in the HCOZ.

In other words, if all ions were measured, there
would simply be no anion gap!

Wide anion gap

The anion gap is widened
because the sum of measured
cations ([Na*] + [K*])
significantly exceeds the sum
of the measured anions
([HCOZ ] + [CI7]). Thisis
because of the presence of an
excess of unmeasured anions
in the blood.

10

* Martin, L, All you Really Need to Know to Interpret Arterial Blood Gases.
Lippincott, Williams and Wilkins, 1999

Rose, BD, Post, TW. Clinical Physiology of Acid—Base and Electrolyte
Disorders, 5th ed, McGraw-Hill, New York, 2001, pp. 583-588
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The anion gap widens when unmeasured anions
are increased or unmeasured cations are decreased

By the Law of electroneutrality,
Total cations - total anions = &
[Mat]+ [E*] + [unmeasured cations] = [CT] + [HCOG ] + lunmeasured anjons]

Rearranging,
[Na' ]+ [K*] - (1] - [HCD3 | =] anions] - [L cations]

Anion gap = unmeasured anions - unmeosured cations

By looking at the above equation it will be obvious that:

Increase in Decrease in
unmeasured unmeasured
anions cations
Widening
of anion
. gap
\‘\R ‘/J"

Gabow, PA. Disorders associated with an altered anion gap. Kidney Int
1985; 27:472

Rose, BD, Post, TW. Clinical Physiology of Acid-Base and Electrolyte
Disorders, 5th ed, McGraw-Hill, New York, 2001, pp. 583-588

10
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10.5 Derivation of the Anion Gap

The Law of Electroneutrality can also be written as follows:
Total cations (minus) total anions =0
[Na*] + [k*] -[CI"] - [HCO3] -[A"] - [unmeasured anions]
=0

In the above equation,

[H']is not taken into consideration since its concentration realtive to other
cations is miniscule

The concentration of the unmeasured anions (eg PO and SO,) is only to
the order of 1 to 3 mEq/L (average 2) mEq/L.

The symbol [A"] signifies the collective base pairs of the other weak acids:

mostly the charged amino acid residues of plasma proteins.
- 4
[A"]

These weak acids are 90% dissociated at the body pH of 7.4 (since their pk ranges from 6.6 to 6.8).
A(tot) or the total concentration of these weak acids is 2.4 times (in mEq/L) the concentration of

plasma proteins (in g/dL).

[AT]= Aftot) X 0.9
[A] = Plasma protein concentration in gm/dL x 2.4x 0.9
[A"] now becomes quantifiable, and based on the normal range of plasma proteins, its normal range is

seen to be 11-16

Substituting the normal values of the ions in the equation
[Na']+ k"] ~[c| ] -[HCO;] - [A"] - [unmeasured anions = 0

We have:

140+4-102-25-15-2=0
The normal range for the anion gap is 10-15

10

Smith, RM. Evaluation of arterial blood gases and acid—base homeostasis.
In: Manual of Clinical Problems in Pulmonary Medicine. Lippincott

Williams and Wilkins, 2005
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10.6 Electrolytes and the Anion Gap

Based on the Law of Electroneutrality:

[Na®] + [K*] + [unmeasured cations] = [CI] + [HCO5] +
[unmeasured anions], it can be predicted that certain electro-
Iytes can widen or narrow the anion gap.

Anion gap
AG = ([Na*]+[K*]) - ([CIT]+[HCO4])
Or as just discussed,
AG = [unmeasured anions] — [unmeasured cations]
o

£ WY
f

Increase in anion gap (>20 mEq/L) | Decrease in anion gap (<7 mEq/L)
Can be due to: Can be due to:

“ o
Rise in unmeasured Rise in unmeasured

Fallin unmeasured Sione cotions Fallin unmeasured
cations Hyperalbuminemia Hyperkalemia® anions
Hypocalcemia (eg., dug toyolume Hypermagnesemia | i i
contraction) Hypoalbuminemia
Hypomagnesemia Increase in organic Lithium intoxication (see next section)
anions Paraproteinemias
b N L >

* I the usual formula—the one that doesn’t incorporate K*~ is used, K* is in that sense
an unmeasured cation

Gabow, PA. Disorders associated with an altered anion gap. Kidney Int
1985; 27:472

10
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10.7 Calculation of the Anion Gap

Calculation of anion gap
For the calculation of anion gap either of the two following formulae can
be used:
N S
+) - + 7
L [C'-:d feorl) (INa*4{K']) - ([CI]+ [HCOsT)
is is the generally used formula. K+ is e
excluded from the formula on the grounds E.'"; E;h:ci:rdn::l:alisesdi ‘:;i:;:"le v::'f': of
that the value of K* is generally small e Y HEOL Vo
: renal patients.
enough to be disregarded.
Normal range: 12+/-4 mEqg/L Normal range: 16 +/- mEq/L

h P ~
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10.8 Laboratory Variation

Newer autoanalysers (which use ion-specific electrodes) report
the normal serum Cl- at a higher value than did the “older”
machines, (which measured electrodes with flame spectropho-
tometry); the normal range for the anion gap with the newer
machines is lower, usually ranging between 3 and 11 mEq/L.

Either venous CO; or the arterial HCO; can be used in the
formula:

AG= [Na*]- ([CI"]+[venous CO,]) AGs{Na] = (ICITHHC03)
; However, since venous CO; roughly
Asfar as possible the venous CO, approximates the calculated arterial

Sh,{"".'id be used In the cakulation; HCO3, the latter is often used in its
this is the preferred approach. place

10

Martin, L. All you Really Need to Know to Interpret Arterial Blood
Gases. Lippincott, Williams and Wilkins, 1999
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10.9 Causes of a Wide Anion Gap

Renal failure alt-:?;toi;s ] Ketoacidosis ‘ in;-::l?on ‘
e | Hums, | H v
Type 2 (see ’ -' A::&I:::::c -' Ethylene
10.33) L ketoacidosis Glyeol
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10.10 Limitations of the Anion Gap: The Corrected
Anion Gap

Factors leading to inaccuracies in the interpretation of the anion gap

Errorsof

Sincethe measurement of
three to four ions is required

[ bility in lactic acidosis

In lactic acidosis the AG may
sometimes remain normal in

Underestimation in
hypoalbuminemia
The albumin molecule carries
alarge number of negative
charges on its surface;
therefore albumin accounts

inits computation, there are
greater chances of errors in
its measurement.

spite of the presence of a

significant acidosis. fosmast obthengiessin

anfons, Albumin is normally
responsible for virtually all of
the value of the AG.

A

hypoalbuminemia (such as in the
nephrotic syrdrome and cirrosis),
aviide anion gap metabolic
acidosdis may exist even if the
calculated anion gap s within the
normal range.

e

Corrected Anion Gap (AG,)
The AG, is an anion gap adjusted for the albumin and phosphate:
AG. = [[Na + K] - [C1 + HCO4]}-2 [Albumin in g/dL} + 0.5 [Phosphate in mg/dL] - Lactate

or,
i/L] - Lactate

AG¢= ([Na + K] - [C] + HCO4])-2 | in g/dL) + 1.5 P

10

Gabow, PA. Disorders associated with an altered anion gap. Kidney Int
1985; 27:472

Kellum, JA, Kramer, DJ, Pinsky, MR. Closing the GAP: A simple method
of improving the accuracy of the anion gap. Chest 1996; 110:18S
Kellum, JA. Disorders of acid-base balance. Crit Care Med 2007; 35
(11):2630-2636



226 10 Metabolic Acidosis

10.11 Actual Bicarbonate and Standard bicarbonate

Respiratory acidosis Respiratory alkalosis
Plasma sample from a patient Plasmasample from a patient
in respiratory acidosis in respiratory alkalosis

The excess CO; is blown off The deficient CO; is replaced

— -

The sample is analysed for HCO3 when CO; has been restored to 40 mmHg

|3

The bicarbonate in the sample now reflects the metabolic component only. This
“"adjusted" bicarbonate is called the standard bicarbonate.

4

In health the actual bicarbonate equals the standard bicarbonate.

RE pketory deciser Metabolic disorders affect both:

affect:
a : 4 4
SBC (standard bicarbonate)
1 O ABC (actual bicarbonate) ABC (actual bicarbonate) The SBC is unaffected by

respiratory disturbances

Standard bicarbonate is therefore more specific for meta-
bolic disturbances.
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10.12 Wide Anion Gap in Metabolic alkalosis

Occasionally metabolic alkalosis can result in a small increase in the anion
gap

Contraction of

Increase in the
extracellular

net negative Increase in lactate
volume i
L ) charges on the production in
surface of the response to the
N albumin alkalosis
Increase in molecules
concentration of / >

plasma albumin

Widening of the anion gap.

The magnitude of this widening is generally small.

Emmett, M. Anion-gap interpretation: The old and the new. Nat Clin Prac
2006; 2:4
Madias, NE, Ayus, JC, Adrogué, HJ. Increased anion gap in metabolic
alkalosis: The role of plasma-protein equivalency. N Engl J Med 1979;
300:1421

10
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10.13 Normal Anion-Gap Metabolic Acidosis

Lost bicarbonate is replaced by chloride; as a result the anion gap
remains unaltered, i.e, it remains within normal limits. Because there is a
rise in serum chloride, normal anion gap metabolic acidosis is also
referred to as hyperchloremic acidosis.

e .
Decreased
renal
Loss of bicarbonate or its precursors = excretion
of fixed
acids
>
Gastrointestinal loss of
bicarbonate
« Renal loss of The kidney conserves
bicarbonate Na* inan attermpt to
The kidney conserves prosec r.hgﬂ“ i uofume;
Loss of bicarbonate Na* in an attempt to agoin, the Not (s Typel RTA
precursors protect the fluid volume; retained s NaCl,
Recovery phase of the Na* is retained as uw{mﬂc:}:r;?gamo‘r Type 4 RTA
v rib NaCl: this results in a net Chronic renal failure
diabetic ketoacidosis ‘2ain of chloride Diar
Type and RTA Loss or drainage of
Carbonic anhydrase pancreatic secretions
inhibitor use Ureterosigmoidostomy
smallbowel fistula
A \ 7 N

10

Rose, BD, Post, TW. Clinical Physiology of Acid—Base and Electrolyte
Disorders, 5th ed, McGraw-Hill, New York, 2001

Winter, SD, Pearson, JR, Gabow, PA, et al. The fall of the serum anion
gap. Arch Intern Med 1990; 150:311
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10.14 Negative Anion Gap

Rarely the anion gap may have a negative value if the sum of the
measured anions exceeds the sum of the measured cations.
. Underestimation of se! um- ) ( )
resti r
sodium Overestimation of serum High “""I“ b":'“idn faets
In severe hypernatremia the chioridle ﬂx&eﬁﬁzsﬁzme
Na concentration may be [Desyere yRoHitOeiaIme myasthenia gravis results in
underestimated and may caloric method grossly hI:hserum :romide levels
actually be much higher than overestimates the serum Most laboratories report tl:le
the measured Na* chioride bromide as chloride
concentration
\ J &
i di High serum chlorine High serum “chlorine” (as
ow serum sodium perceived by analysers)
- ~

Looking at the following equation, it is easy to understand why each
of the above derangements can result in a low or negative anion gap:

Anion gap = [Na*] -{ [CI"] + [HCO3] }

Kelleher, SP, Raciti, A, Arbeit, LA. Reduced or absent serum anion gap as
amarker for severe lithium carbonate intoxication. Arch Intern Med 1986;
146:1839

Graber, ML, Quigg, RJ, Stempsey, WE, Weis, S. Spurious hyperchloremia
and decreased anion gap in hyperlipidemia. Ann Intern Med 1983; 98:607
Faradji-Hazan, V, Oster, JR, Fedeman, DG, et al. Effect of pyridostig-
mine bromide on serum bicarbonate concentration and the anion gap. J
Am Soc Nephrol 1991; 1:1123

10
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10.15 Cardiovascular Effects of Metabolic Acidosis

Circulatory effects of metabolic Cardiac effects of metabolic
acidosis acidosis
] ] I
> ¢ s B, @
Direct
effect of Mild to moderate
the tEﬁECtls of metabolic acidosis: 5‘:’“":;5'_
e catecholamine . metabolic
actdohs . release either of the acidosis
on the following is possible
arteries
A 4

T

| Venoconstrict

= Diract myocardial
fon ERpruas stimulation
Arterioconstri | The increased There is (c
ction venous return release accurs as siéprisslon
Arteriodilation results in cardiac i This I
Tachycardia i contractility, and the acidosis.) whies e acldos
pulmonary a
Arrythmias congestion response to Jheteian h_\g:’!d lessdare
and d lating arrythmias.
PA pressures SHehelatiic
L - AN

Orchard, CH, Kentish, JC. Effects of changes of pH on the contractile
function of cardiac muscle. Am J Physiol 1990; 258:C967

Shapiro, JI. Functional and metabolic responses of isolated hearts to acidosis:
Effect of sodium bicarbonate and Carbicarb. Am J Physiol 1990; 258:H1835
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10.16 Compensation for Metabolic Acidosis

PCO,

Winter's
APCO, and pH

formula

The degree of
compensation can be
predicted by Winter's

formula:

Predicted PCO; = (1.5x
HCO3 )+ 8 +/-2.

———— {_Ihpég‘f‘]"ffl' 4 ﬁfg’} } PCO, = the last 2 digits
—_— :\HC'O; of the pH
Lower PCO; values than :
predicted indicate the
presence of a coexisting
respiratory alkalosis.
Higher CO; values than
predicted indicate a
coexisting respiratory

acidosis.
~ . / A% —

Limits of compensation for metabolic acidosis

* Although respiratory response to metabolic acidosis starts immediately,
the overall compensatory response takes 12-24 hours to develop fully.

* The lungs are capable of maximising ventilation such that the PCO;
drops to a lower limit of about 10 mmHg.

Smith RM. In: Bordow, RA, Ries, AL, Morris TA (Ed.) Manual of
Clinical Problems in Pulmonary Medicine. Lippincott Williams and
Wikins, 6th ed., 2005

Albert, MS, Dell, RB, Winters, RW. Quantitative displacement of acid-
base equilibrium in metabolic acidosis. Ann Intern Med 1967; 66:312-322
Schlichtig, R, Grogono, AW, Severinghaus, JW. Human PaCo, and standard
base excess compensation for acid-base imbalance. Crit Care Med 1998;
28:1173-1179

10



232 10 Metabolic Acidosis

10.17 Other consequences of Metabolic Acidosis

Other effects of metabolic acidosis

L
R iarshraisas Metabolic Cerebral
P i effects effects
/S
[ Reduced D\;:ﬁ!.llamdd
di Tatic metabolism an
. - Increased a:ﬂn_\::znma = regulation of cell
Hyper P ary vasculas predisposes to Insulin resistance volume.
resistance
respiratory muscle Altered sensorium
! fatigue and drowsiness.
- b ~ \ LS /

10
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10.18 Potassium Shifts in Metabolic Acidosis

Acidosis can result in variable potassium levels. Hyperkalemia or
hypokalemia can occur as a result of the acidosis or during the
course of its treatment

Diabetic ketoacidosis
Therapy for DKA:
Renal tubular K* shifts out
conservation of the
of H'in intracellular ; ¥ v
uremia compartment
Osmotic
diuresis Fluid resuscitation -
therapy
Correction of K S':;gi::“
metabolic

Hemodilution i
Sridoss intracellular
— ! o _._ﬂ_ — compartment

Hyperkalemia )

______________ { J

“Hyperkaleniia can occur .
"inspiteof depleted | Hypokalemia
body stores of

Clinical effects of
hyperkalemia Clinical effects of hypokalemia

:

Wallia, R, Greenberg, AS, Piraino, B, et al. Serum electrolyte patterns in
end-stage renal disease. Am J Kidney Dis 1986; 8:98

Wiederseiner, JM, Muser, J, Lutz, T, et al. Acute metabolic acidosis:
Characterization and diagnosis of the disorder and the plasma potassium
response. J Am Soc Nephrol 2004; 15:1589
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10.19 Compensatory Response to Metabolic Acidosis

Rarely does a metabolic acidosis remain uncompensated
(examples: presence of associated respiratory disease: a paral-
ysed patient on ventilator who is being given inappropria-
tely low minute volumes). In contrast to respiratory disorders
which are well compensated by the kidney, compensation for
metabolic disorders is rarely as perfect.

The lungs being much the quicker to respond, respiratory compensation
for metabolic disorders begins faster than does the renal compensation
for respiratory disorders.

Increase in alveolar
ventilation: "Respiratory
compensation of
metabolic acidosis"
Hyperventilation occurs
as a result of stimulation
of central and peripheral

chemoreceptors.

Renal excretion of acid: “Metabolic comp ion of
metabolic acidosis”

When the kidney is not the primary cause for the
metabolic acidosis, it will help in the compensatory
processes.

| Hyperventilation is a rapid
response that starts within

Hydrogen ions combine with 5
minutes.

MH; toform NH;
There is increased synthesis of ATl ofitarDa byl 2 mintle s
NH, (from glutamine} in the face Hydrogen lons combine with peat=torsienl byl b in
of an acid load. HPO4™ to form H;POL Sieconaimncataeh ite
NH; + H' = NHy H,POJ isexcreted in the urine threatening if the lungs are
NHy is excreted in the urine Dr_werlted from resno_ndn:lg in

this manner to the acidosis, as by

This is the principal renal the dispensation of
compensatory mechanism, inappropriately low minute

volumes on a controlled mode of
k 4/ I\L \ mechanical ventilation.
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10.20 When to Suspect Metabolic Acidosis

o
Metabolic acidosis should be suspected if:
\. J
1 / ™,
HCO; or .
TCO, (see p. 238 Sei's”;‘l‘;';'t‘;ude Anion gap is high
is low)
\ 7 = K =
Anion gap :
20-30mEq Sinlon g2p
; >30 mEq
A metabolic

acidosis is likely to
be present. Within
this range of anion
gap, a metabolic
acidosis is in fact

Within this range of
anion gap, a
metabolic acidosis

p;esent inhtwo out is almost invariably
DTSYEryitERe present.

patients.
\ 4% J

10



236 10 Metabolic Acidosis

10.21 Total CO, (TCO,)

TCO,
TCO, is the sum of all the species that can potentially generate
€O,

-

Bicarbonate
(HCO3)

.

HOOE LU= ol Carbamino- :

one of the CO; H,CO; co, DISétg)l:ed
producing species

thatis present in
the body in
significant
amounts.

TCO;
TCO; usually
corresponds to the

venous bicarbonate | '\ J
level, which itself

parallels the

arterial

bicarbonate.

~

The concentration of these three species is generally
Therefore the insignificant and can be disregarded
arterial HCO3 can
be guessed with
reasonable
accuracy from the
TCO; without
having to resort to
arterial puncture,
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10.22 Clinical Utility of TCO,

237

TC O, is mostly governed by metabolic
changes

Most of the
contribution to TCO;
comes from the
bicarbonate

A relatively miniscule contribution to TCO,
comes from the dissolved CO;

Metabolic disturbances

Itis the metabolic
disturbances that primarily
alter the bicarbonate.

Acute respiratory
disturbances

In acute respiratory
disturbances, the bicarbonate

remains relatively unchanged.

Chronic respiratory
disturbances

Chronic respiratory
disturbances do result ina
significant alteration in
bicarbonate levels as a result
of renal compensatory

processes.
\ o
I.' V.
Metabolic disturbances Acute respiratory Chronic respiratory
produce the greatest changes disturbances produce only disturbances produce
inTCO; minor changes in TCO; appreciable changes in TCO;
|8

As mentioned earlier, at the usual body pH, the ratio of

bicarbonate to carbonic acid is 20:1. This means that the
TCO, is about 5% (or 2-3 mEq) higher than the serum bicar-
bonate. When the difference between the two is greater than
this, a metabolic acidosis is usually present.

10
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10.23 HCOj; in Metabolic & Respiratory Disorders

An altered HCOs is not specific for metabolic derangements.

R?ﬁﬂgf}:,?{" Metabolic function
d ae determines:
etermines:
CcO, HCO3 HCO3

;N\

=

Although plasma bicarbonate is the most commonly used index of the
metabolic status, it can also be altered in respiratory disturbances as well

Since HCO3is determined by both metabolic and respiratory
phenomena, an altered HCO3 does not reflect an exclusive
metabolic process. To negate the effect of respiratory disturbances
on the diagnostic utility of HCO3, two other indices are employed

l l

Standard bicarbonate Base excess
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10.24 Relationship between ABC and SBC
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10.25 Buffer Base

“Whole buffer base” (Singer and Hastings, 1948).

Buffer base

The buffer base is the sum of all the base anions contained within the
blood. It includes the important buffering systems within the body:

S By o8 -,

Plasma Intracellular

Plasma HCO3 proteins phosphates

Hemoglobin

It may be that the buffer base mirrors electrolyte derangements
the understanding of which may hold the key to this elusive
concept.

10

“Bluffer base”. In: Acid-Base Balance: Common Ground? www.
anaesthetist.com
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10.26 Preservation of the Buffer Base in Respiratory
Disturbances

In respiratory disturbances the buffer base reserve is preserved

b h]
Buffer base is only altered in metabolic Buifer base is unaffected by respiratory
disturbances disturbances (see below)
7 ~ A
(F Eg: Respiratory alkalosis )

In respiratory alkalosis, CO3is elevated
CO; + H,0 € = H;C04
(see 00.00: CO; cannot be huffered by the bicarbonate buffer system)

H,C0, + [ B B o

B f

Hb HCOy

One buffer is consumed Another buffer is regenerated

Overall, the buffer reserve of the body remains intact:
in respiratory disturbances the buffer base reserve is preserved

10



10

242 10 Metabolic Acidosis
10.27 Base Excess

In 1958 Astrup and Siggard-Andersen described Base Excess as
an improved indicator of metabolic acid—base disorders.

Under standard conditions...

L
"Positive" base excess: metabolic alkalosis "Negative" base excess: metabolic acidosis
The amount of acid that returns the pH of The amount of alkali that returns the pH of
the blood sample to normal. a blood sample to normal,

-

Standard base excess
Calculated as for blood with a hemoglobin of 5 gm/dL.

The buffering capacity of hemoglobin is averaged out for the whole body including the |
extracellular fluid |

Schlichtig, R, Grogono, AW, Severinghaus, JW. Human PaCO, and
standard base excess compensation for acid—base imbalance. Crit Care
Med 1998; 26(7):1173-9

Barry, A. Utility of standard base excess in acid—base analysis (editorial).
Crit Care Med 1998; 26(7):1146-1147
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10.28 Mechanisms of Normal-Anion Gap Metabolic

Acidosis
- e K A
Diarrhea Type 2 Compromised RTA IV and
RTA renal tubular hyperaldo-
function steronism
N\ J
v
Defective
e N . ammonium
Loss of H* Impaired secretion
bicarbonate retention tubular into
absorption tubular
of sulfate Jumen:
\ J alkaline
- i l urine
ldney Acidosis J
attempts to Since sulfate is an
conserve anion, the loss of
volume sulfate, to an extent,
prevents the AG

NaCl retention

Amount of chloride retained is equal to
the amount of bicarbonate lost, mEq

for mEq. The substitution of CI~

for HCO;™ prevents the AG from widening

l

from widening

NAGMA

10
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10.29 Wide Anion Gap Metabolic Acidosis in DKA

Diabetic ketoacidosis

=

Ome H* jon is from the
M (g, Diebainyidrony batyrieassl,
aceloacetic

Widened anlon gap:
Acidosis: The H' is buffered, consuming HCO y and widening
the anion gap.
High anion gap metabolic acidosis
However other acid-base di can enter into the eq

Adrogué, HJ, Wilson, H, Boyd, AE 111, et al. Plasma acid-base patterns in
diabetic ketoacidosis. N Engl J Med 1982; 307:1603

Rose, BD, Post, TW. Clinical Physiology of Acid-Base and Electrolyte
Disorders, S5th ed, McGraw-Hill, New York, 2001, pp. 809-815
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10.30 Normal Anion Gap Metabolic Acidosis During
Treatment of DKA

Treatment of DKA can convert a high anion gap metabolic
acidosis into a normal anion gap metabolic acidosis.

Treatment of DKA N

/

Volume expansion and increased N
renal excretion of ketones
Ketones (anions) are excreted through the
kidneys as salts of sodium and potassium

(cations).
I 1
Acidosis Narrow anion gap
Since ketones are precursors of bicarbonate, The lost bicarbonate is replaced by chloride
the loss of ketones, is effectively, loss of derived from:
bicarbonate. The loss of bicarbonate would Saline resuscitation
normally be expected to widen the anion gap. Gl absorption

Renal absorption
This narrows the anion gap

Normal anion gap metabolic acidosis
In fact, both wide and normal anion gap
metabolic acidosis may be present even
before treatment is commenced; a clue to the
existence of the latter may be found in the
delta ratio (see 10.36).

10

Oh, MS, Carroll, HJ, Goldstein, DA, Fein, IA. Hyperchloremic acidosis
during the recovery phase of diabetic ketosis. Ann Intern Med 1978;
89:925
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10

10.31 Renal Mechanisms of Acidosis

Metabolic Acidosis

5
The anatomic site of the pathology determines the type of acidosis
that develops.
.
P
WAGMA: NAGMA:
Results mostly from glomerular Results mostly from renal tubular
pathology pathology
N
I Glomerular
function is
mostly
Decrease in GFR ?reseweq; mﬁ
increase in His
Since glomerular function is out of
deranged, the increase in H'is proportion to the || Hyperchloremia
proportional to the decrease in GFR. decreasein GFR. || chioride ions
On accasion, in replace the lost
chronic renal bicarbonate: this
failure, tubular hasa
function is :
moderatin
affected; thus an || offact on t:a
increased anion gap.
tubular
( ( | | excretion of
Wide anion gap sulfate (as Na*
: +
Acidosis Impaired or!( ) keeps the
Impaired excretion of pipon e
excretion of anions normal.
fixed acids (sulfates, b- 4
urates).

[

Normal anion gap metabolic acidosis

‘Wide anion gap metabolic acidosis

Wallia, R, Greenberg, AS, Piraino, B, et al. Serum electrolyte patterns in
end-stage renal disease. Am J Kidney Dis 1986; 8:98

Rose, BD, Post, TW. Clinical Physiology of Acid-Base and Electrolyte

Disorders, 5th ed, McGraw-Hill, New York, 2001, pp. 583-588
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10.32 Lactic Acidosis

Lactic acidosis is probably the commonest cause of metabolic
acidosis in the hospitalized patient: tissue hypoxia is the usual
cause. To define the disorder, the serum lactate should be at
least 5mEq/L with associated metabolic acidosis.

About 1 mEq/kg/hr lactate normally produced during glucose metabolism; it is
utilized for gluconeogenesis by the liver.

Normal serum lactate is generally < 2 mEq/L. This can rise to about 4 mEq/L during
exercise.

J
)

D-Lactic acidosis

D-lactate overproduction by
intestinal bacteria.
Occursin the setting of:

Intestinal obstruction
Jejunoileal bypass
A D-lactic acidosis must be
suspected in the setting of
unexplained metabolic
acidosis especially if diarrhea
is also present.

The usual lab technigue for
the detection of blood lactate
measures L-lactic acid, and
special a test for o-lactic acid
needs to be separately
ordered.

L - 4

Stolberg, L, Rolfe, R, Gitlin, N, et al. D-Lactic acidosis due to abnormal
gut flora. N Engl J Med 1982; 306:1344
Uribarri, J, Oh, MS, Carroll, HJ. D-lactic acidosis. Medicine 1998; 77:73;
Coronado, BE, Opal, SM, Yoburn, DC. Antibiotic-induced D-lactic
acidosis. Ann Intern Med 1995; 122:839
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10.33 The Diagnosis of Lactic Acidosis

Lactic acidosis

pe

- 4 T I
Increased lactate
Unlike in DKA, an anion (lactate) replaces Increased H' retention
bicarbonate
1l ; 1L %
Widened anion gap Acidosis

¢ ¢

Wide anion gap metabolic acidosis

Lactic acidosis usually results in a significant widening of the anion gap: if the anion gap is >
30, an additional lactic acidosis should be suspected even if an obvious cause for wide-anion
metabolic acidosis (e.g., renal failure), is obvious.

On occasion, lactic acidosis may be present without significant widening of the anion gap.

The source of the blood sample obtained may also influence the serum lactate

L. l J
e B & ™y ™y
Vanous blood
Represents local lactate production: Arterial blood mdm'm"‘”ﬂmd“'
| may be elevated if a tormigquet has been Reflects production of lactate as well
| applied; it so, will not reflect systemic the ability of the liver to clear the Itis possible that mixed venous blaod
| lactate bevels. Tackatefrom the pravides the most sccurate status of

A S 7 Q J

Weil, MH, Michaels, S, Rackow, EC. Comparison of blood lactate con-
centrations in central venous, pulmonary artery and arterial blood. Crit
Care Med, 1987; 15:489-490
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10.34 Distal RTA

Syn: Type I RTA, Classic RTA

A urinary acidifying defect results in an alkaline urine remains (pH
<5.5) in the face of severe acidemia. Distal RTA is generally more
severe than proximal RTA.

Mechanisms:
1. An ineffective proton pump
2. A leaky tubular membrane that cannot prevent back-diffusion of H*

Renal wasting of sodium

Ahigh Na*load delivered

to the distal tubule results
inurinary loss of Na*; this
results in contraction of the
ECF volume.

Urinary bicarbonate loss

Systemic acidemia Excretion of a high pH urine hvpef:fcdmefr;nism

Diagnostic test;

The serum bicarbonate is
made to fall (by acid loading)
to about 15 mEg/L. If the Potassium loss in the urine
urinary pH remains >5.5, this is
diagnosticof RTA.

Rodriguez Soriano, J. Renal tubular acidosis: the clinical entity. J] Am Soc
Nephrol 2002; 13:2160

Caruana, RJ, Buckalew, VM, Jr. The syndrome of distal (type 1) renal
tubular acidosis. Medicine (Baltimore) 1988; 67:84
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10.35 Toxin Ingestion

Toxins
—
1 1
Methanol Ethylene glycol A Aspirin
4
Alcohol
dehydrogenase*
Formate (anion) Oxalate (anion) Lactate (anion)
Glycolate (anion) Ketones (anions)

l l l

Wide anion gap

The anion gapis widened due to the increase in anions

*The enzyme alcohol dehydrogenase helps in the catalysis of the reactions that lead to
formation of the toxic metabolites. Co-ingested ethanol competes for the active sites on
the enzyme alcohol dehydrogenase and so decreases the rate of formation of the
methanol and ethylene glycol-induced toxic metabolites

The first clue to the Methanol or Ethylene glycol poisoning is
often the discovery of an osmolar gap (See Osmolar gap 10.41).

Post, TW, Rose, BD. Approach to the adult with metabolic acidosis.
www.uptodate.com
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10.36 Bicarbonate Gap (the Delta Ratio)

Syn: Delta gap, deviation from the 1:1 correlation

In wide anion gap metabolic acidosis, it is principally the
decrease in the bicarbonate that accounts for the increase in the
anion gap. If the decrease in the bicarbonate is less or more
relative to the decrease in the anion gap, this implies the pre-
sence of an additional acid-base disorder. The difference
between the increase in the anion gap (AAG) and the decrease

in the bicarbonate (AHCO3) is termed the bicarbonate gap.

Normally, increase in anion gap = decrease in the serum bicarbonate
Note that the venous CO, is the measure of serum bicarbonate

For example if the anion gap has increased by 8 mEq/L the serum bicarbonate is also
expected to fall by 8 mEq/L. Two exceptions are possible:

The increase in the anion gap significantly
exceeds decrease in the bicarbonate
If the bicarbonate (which is an indicator of
metabolic events), has not fallen
proportionately, a process that is contributing
to a relative increase in the bicarbonate is
anticipated

3

l

The decrease in the bicarbonate significantly

exceeds the increase in the anion gap

Positive bicarbonate gap
BAG-AHCO; > +6 mEq/L
An associated bolic alkalosis is pi

MNegative bicarbonate gap
AAG-AHCO; < -6 mEg/L

An associated narrow anion gap metabolic
acidosis is present

10
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In a pure wide anion gap metabolic acidosis, the fall in the
bicarbonate need not always exactly parallel the rise in the AG:
although the bicarbonate is the principal extracellular buffer, it
is not the only buffer; there are other buffer systems that are
also participating in the buffering process.

Wren K. The delta (A)gap: an approach to mixed acid-base disorders.
Ann Emerg Med 1990; 19:1310

Martin, L. All you Really Need to Know to Interpret Arterial Blood
Gases. Lippincott, Williams and Wilkins, 1999
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10.37 Urinary Anion Gap

A useful tool in narrowing down the cause of a hyperchloremic
acidosis is the urinary anion gap.

Urinary anion gap
/
S @ =)
Anions in the urine Cations in the urine
HCO3 Na*
= K
PO; Ma'
S0 cav
Organic anions | NHS
o € = v
s N 5 By o By ™
|
o S L o P
Measured anions ik | ..
HCO3 Of the cations, only Mg
Of these anions, only Es 4 4 -
CI" is measured PO, Dsinc - arg =]
50 I measured NH
\ AS > J J
[C] + [UA]* = [Na*] + [K"] + [UC]**
i.e., the total no of anions equal the total no of cations, as per the law of
electroneutrality
Or,
UA - UC = [Na*] + [K*] = [CI]
The urinary anion gap = [Na*] + [K*]-[CI']
* Unmeasured Anions 1 0

**Unmeasured Cations

Battle, DC, Hizon, M, Cohen, E, Gutterman, C, Gupta, R. The use of the
urinary anion gap in the diagnosis of hyperchloremic metabolic acidosis.
New Eng J Med 1988; 318: 594-599
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10.38 Ultility of the Urinary Anion Gap

The UAG helps distinguish between the principal causes of
e diagnosis is clinlally

HCO3 loss from the kidney
e.g.in RTA
\ 7
Y
' ™
The kidneys cannot increase H*
excretion
L - J
Y
' hY

A
4 ™

Noincrease in UC: Positive UAG
The value of UA-UC remains unchanged.
UAG does not fall and retains its usual
positive value

\ J

A

A positive UAG in a hyperchloremic
metabolic acidosis suggests renal loss of
bicarbonate

Battle, DC, Hizon, M, Cohen, E, Gutterman, C, Gupta, R. The use of the
urinary anion gap in the diagnosis of hyperchloremic metabolic acidosis.
New Eng J Med 1988; 18:594-599
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10.39 Osmoles

Osmole:
The amount of substance that in an ideal solution, that would yield the number of
particles (Avogadro's number) that would depress the freezing point of solvent by
1.86 K.
A oy
The usual circulating solutes in the body are:
Sodium (as chloride and bicarbonate salts)
Glucose
Urea
- /
Under normal circumstances Under abnormal circumstances K
(when no circulating solutes other than (in the presence of other measurable
sodium bicarbonate and urea are solutes in the circulation):
present): The measured value of the solutes will
Using a formula that takes into account exceed the calculated value, because
the concentration of the above solutes, the calculation does not take into
the calculated value of these solutes will account entities other than sodium,
\equa.' their measured value. ) urea, and glucose J

10
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10.40 Osmolarity and Osmolality

A
Osmolality » Osmolality is expressed in mOsm/kg of
Osmolality is the number of solute
osmoles of solute per kilogram s |t is measured in the lab by osmometers.
of solvent. It is the osmotic
activity in relation to the weight
\ol‘the solvent.

>4

Osmolarity
The number of osmoles of |» Omolarity is expressed in mOsm/L.
solute per fiter of solventitis  * Itis a calculated value.
the osmotic activity in relation
to the volume of the solvent.

Sevral formulae for the calculation of plasma osmolarity are available
(2x Na) + glucose/18 + BUN/ 2.8

(2x Na) + glucose/18 + BUN/ 2.8 +9
(2x Na) + glucose/18 + BUN/ 2.8 + Ethanol/4.6

2.8in the conversion factor || 18in the conversion factor

; Thet fafr.:zr a:llz is :nth X for glucose (for the for blood urea nitrogen (for
| accountof the ¢ ﬂ:}" NE A conversionof mg/dLto | the conversion of mg/dL to
accompanies the Na mmol/L) mmol/L)

10

Rose, BD. Clinical Physiology of Acid—Base and Electrolyte Disorders,
4th ed, McGraw-Hill, New York, 1994, 567-568

Warhol, RM, Eichenholz, A, Mulhausen, RO. Osmolality. Arch Intern
Med 1965; 116:743
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10.41 The Osmolar Gap

* The extent by which the measured value of solutes
{osmolality) exceeds the calculated value of solutes
{osmolarity} is termed the osmolar gap.

* Synonyms: Osmolal gap, osmolarity gap, osmole gap

* Osmolar gap = measured osmolality - calculated osmolarlity

* Since the values of osmolality (mOsm/L) and osmolarity
(mOsm/L} are different (see 10.40), ideally they should not be
combined in the same equation.

* However, in clinical practice, this difference can usually be
ignored, since in biological fluids the amount of solvent (water}
is far in excess of the electrolyte particles.

Gennari, FJ. Serum Osmolality. Uses and Limitations. N Engl J Med
1984; 301:102
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10.42 Detection of Abnormal Solutes

With normal levels of solutes, e.g.,
Na* 140 mEq/L, Glucose 90 mg/dL
and Blood urea nitrogen 14 mg/dL,
the [calculated) plasma osmolality:
(2x140) + 90/18 + 14/2.8= 290 In the absence of additional solutes, the
mOsm/L. expected (measured) Osmolality will
approximate this figure (290 mOsm/Kg).

In the presence of abnonmal low
molecular weight circulahng solutes:

Under nommal cucumstances:

Na™. glucose. and urea are the only Solutes such as methanol, ethylene
solutes present in any significant glycol, ethanol. and isopropyl alcohol
concentration can be encounterad as exogenous toxins

Osmolality will exceed osmolanty,
since as mentionead, the caleulated value
does not factor in solutes other than
Na*, glucose. and urea

Osmolality will equal osmolarity

10

DiNubile, MJ. Serum osmolality (letter). N Engl J Med 1984; 310:1609

Walker, JA, Schwartzbard, A, Krauss, EA, et al. The missing gap: A pitfall
in the diagnosis of alcohol intoxication by osmometry. Arch Intern Med
1986; 146:1843

Sweeney, TE, Beuchat, CA. Limitations of methods of osmometry: Mea-
suring the osmolality of body fluids. Am J Physiol 1993; 264:R469
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10.43 Factors influencing the Osmolar Gap

Ina cluueal situation where there is an increase in particles (other than sodium glucose
and urea)

Osmolarity remains the same

This 15 because the calenlation for
osmolanty takes into account only
glucose wrea and sodium all of which
remain unchanged.

l | l

Osmolality increases Osmolanty remains the same

Osmolality increases

This 15 because osmolality 1s a measure
of particles in addition to sodinum
glucose and urea.

Osmolar gap increases

The main diagnostic value of osmolar gap lies in raising the
possibility of poisoning by toxins as a cause of a wide-anion
gap metabolic acidosis. It is important to remember that the
osmolar gap is not infallible in its applications™.

Walker, JA, Schwartzbard, A, Krauss, EA, et al. The missing gap: A
pitfall in the diagnosis of alcohol intoxication by osmometry. Arch Intern
Med 1986; 146:1843

*Sweeney, TE, Beuchat, CA. Limitations of methods of osmometry: Mea-
suring the osmolality of body fluids. Am J Physiol 1993; 264:R469
Jacobsen D, et al. Anion and osmolal gaps in the diagnosis of methanol
and ethylene glycol poisoning. Acta Med Scandinav 1982; 212:17

10
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10.44 Conditions that can Create an Osmolar Gap

Although several conditions can widen the osmolar gap, the
mechanism by which they do so remains uncertain. The prob-
able mechanisms are given below:

% < Methanol &
Ke?‘;gL:(lI:'ab Lactic acidosis Kﬁc:.::;l'::i‘lt}':m ethylene glycol
JUNTETT TS
When DEA,
lactic acidosis
and alcoholic
_\ 3 KA are mled
L ~1es i Acetone and its oul, polsoI
Lipolysis Glyogenolysis metabolites h_\‘nll-:thanol]\%;
ethylene glycol
becomes a
strong
l Jossibility
Small (non
lactate)
breakdown
products

All these conditions will result in a widenad osmolar gap. Therefore a widened 0G
only becomes of diagnostic importance when there conditions are ruled out.

Sklar, AH, Linas, SL. The osmolal gap in renal failure. Ann Intern Med
1983; 98:481

Glasser, L, Sternglanz, PD, Combie, J, Robinson, A. Serum osmolality
and its applicability to drug overdose. Am J Clin Pathol 1973; 60:695

Gabow, PA. Ethylene glycol intoxication. Am J Kidney Dis 1988; 11:277

Robinson, AG, Loeb, JN. Ethanol ingestion: Commonest cause of ele-
vated plasma osmolality? N Engl J Med 1971; 284:1253
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10.45 Less common Causes of a Widened Osmolar

Gap
IV immune
Mannitol Isopropyl alcohol globulin given in
maltose

|

Patients in renal
failure cannot
properly
metabolize
maltose

Hyperlipidemia

l

Pseudohyponatr
emia
The measured
plasma sodium
concentration is
spuriously low

|

Apparent
increasein
osmolar gap

Aviram, A, Pfau, A, Czackes, JW, Ullman, TD. Hyperosmolality with
hyponatremia caused by inappropriate administration of mannitol. Am J
Med 1967; 42:648

Weinberg, LS. Pseudohyponatremia: A reappraisal. Am J Med 1989;
86:315

10
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11.1 The Pathogenesis of Metabolic Alkalosis

The genesis of a metabolic alkalosis needs the presence of both
initiating and maintenance factors.

| Metabolic alkalosis

Maintenance factors

Initiating factors Maintenance factors impede the

Of itself, an initating factor cannot excretion of the surplus bicarbonate
sustain a metabolic acidosis and result in perpetuation of the
alkalosis

11

Galla, JH. Metabolic alkalosis. J Am Soc Nephrol 2000; 11:369
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11.2 Metabolic Alkalosis: Etiology

| Metabolic alkalosis can be caused by:

Increased Decreased
extracellular extracellular
icarbonate hydrogen ions
|
ﬁ— -
[ | g l—-lﬁ
[ P Renal loss of o
i tnal loss
b"!l;alnd Ml"hl_. '\::m - of hydrogen ions,
extracellular Diuretic use e
Bt Vomiting
l:_l' 1 state Continuous
: nasogastric tube
Primary
A mineralocorticoid S
"“““ n[ excess states
Netgein of |bicarbanate from an
froman en
endogenous source
- Sodium bi Vol
o8 infusion inthe presence of a
- fhetoe jsm by liver v
anions results in the ot organic anions 1o extra cellular
fs i hicark content
bicarbonate. e
Citrate in massive
blood transfusion.
Lactate.
Acetate.

Galla, JH. Metabolic alkalosis. ] Am Soc Nephrol 2000; 11:369

Palmer, BF, Alpern, RJ. Metabolic alkalosis. J] Am Soc Nephrol 1997;
8:1462

Perez, GO, Oster, JR, Rogers, A. Acid-base disturbances in gastrointest-
inal disease. Dig Dis Sci 1987; 32:1033

Garella, S, Chang, BS, Kahn, SI. Dilution acidosis and contraction alka-
losis: review of a concept. Kidney Int 1975; 8:279

11
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11.3 Metabolic Alkalosis in Gastrointestinal

Dysfunction

Gastrointestinal function
in health

Vomiting or continuous
Rye's tube drainage

Hydrogen ions are
secreted into stomach as
HCI

The acidic gastric juice
enters the duodenum

Removal of acid gastric
content from the body

—_—

The gastric juice that
now enters the

|" Pancreatic juice

o iR
acid

1

Diarrhea

Loss of alkaline
intestinal secretion from
the body

secretion is stimulated — SSTALORC G luosst
The secretion of the There is less stimulation
pancreatic bicarbonate of the pancreas to
is matched to the H'ion excrete an alkaline
output of the stomach L secretion
-
Note: however
~ factitious diarrhea may
Therefore there is . lead to metabolic
normally no systemic Bicarbonate s retained alkalosis through
alkalinization when H* within the body unknown mechanisms
ions are extruded into
"

the gastric lumen

Normal pH

e

1

Metabolic alkalosis

[

Kassirer, JP, Schwartz, WB. The response of normal man to selective

depletion of hydrochloric acid. Factors in the genesis of persistent gastric
alkalosis. Am J Med 1966; 40:10

Perez, GO, Oster, JR, Rogers, A. Acid-base disturbances in gastrointest-
inal disease. Dig Dis Sci 1987; 32:1033



11 Metabolic Alkalosis 267

11.4 Metabolic Alkalosis due to Cation Exchange
Resins

Cation exchange resins are used in the treatement of hyperka-
lemia.

In the intestine the cation components of antacids
exist bound to bicarbonate

Cations bind to the ingested resin ("cation-exchange
resin"), freeing the bicarbonate.

The freed bicarbonate is absorbed through the
{ intestinal mucosa.

The absorbed bicarbonate cannot be easily excreted
from the body in the setting of renal failure

This results in the perpetuation of the metabolic
alkalosis

Stemmer, CL, Oster, JR, Vaamonde, CA, et al. Effect of routine doses of
antacid on renal acidification. Lancet 1986; 2:3
Madias, NE, Levey, AS. Metabolic alkalosis due to absorption of “non-
absorbable” antacids. Am J Med 1983; 74:155

11
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11.5 Metabolic Alkalosis: Maintenance Factors 1

Volume depletion
Potassium
Y depletion
Chloride (Needs to be
depletion severe to cause
metabolic
/ l alkalosis of itself)
Maintenance
{ of metabolic
alkalosis
.‘.\_/ /;I
e Maintenance factors -
are necessary for the LN
perpetuation of b 7
metabolic alkalosis N ¢
evenwhentheinciting | 3
process has resolved’ N e factors act
¢ T =
\\\ﬂ_ﬂ__,.a\ Decreasing HCO3
b / == filtration at the =
R | glomerulus
\ | Decreasing HCO, _
_ absorption at renal L
tubule ‘;
\\_/\ iy

Sabatini, S, Kurtzman, NA. The maintenance of metabolic alkalosis:
Factors which decrease bicarbonate excretion. Kidney Int 1984; 25:357
Berger, BE, Cogan, MG, Sebastian, A. Reduced glomerular filtration rate
and enhanced bicarbonate reabsorption maintain metabolic alkalosis in
humans. Kidney Int 1984; 26:205

11
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11.6 Metabolic Alkalosis: Maintenance Factors 2

Bicarbonate absorption is increased by the following factors:

1. Volume contraction

2. Hypochloremia (this is the most common mechanism)
3. Hypokalemia

4. Low GFR

Volume contranction (this is also true of conditions such as CCF and hepatic cirrhosis, where
the patient may be in apparent fluid overload, but in reality has tissue hypoperfusion)

l l

Fallin GFR The kidneys attempt to conserve sodium,
especially if the dietary sodium is also low

Secondary hypoaldosteroism: this is the principal mechanism

l l

Principal cell of the collecting tubule:

Increased sodium absorption. As a result the
terminal tubular fluid becomes
electronegative.

Increased secretion of hydrogen ion into the tubular lumen

l

Increased bicarbonate absorption from the tubular fluid

d cells of the collecting tubules:
Increased stimulation of the H*ATPase
pump.

Sabatini, S, Kurtzman, NA. The maintenance of metabolic alkalosis:
Factors which decrease bicarbonate excretion. Kidney Int 1984; 25:357
Berger, BE, Cogan, MG, Sebastian, A. Reduced glomerular filtration rate
and enhanced bicarbonate reabsorption maintain metabolic alkalosis in
humans. Kidney Int 1984; 26:205

11
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11.7 Metabolic Alkalosis: Maintenance Factors 3

Hypokalemia
Hypochloremia
Usually secondary to chloride
depletion as in vomiting,
continuous NGT suction and
diuretic use.
Chloride depletion has a
powerful effect in maintaining K* migrates Increased
metabolic alkalosis. out of the activity of
intracellular H*K"ATPase
compartment pump
l l H* migrates
into the
intracellular
compartment
to maintain
Type A Type B electro
intercalated intercalated neutrality
cells of the cells of the
collecting collecting
tubule: tubule: increased H*
Increased Decreased Intracellular secretion
bicarbonate bicarbonate acidosis
reabsorption secretion results
H* secretion
and HCOy
absorption

|

Maintenance of metabolic alkalosis

Galla, JH, Bonduris, DN, Luke, RG. Effects of chloride and extracellular
fluid volume on bicarbonate reabsorption along the nephron in metabolic
alkalosis in the rat. Reassessment of the classic hypothesis on the patho-
genesis of metabolic alkalosis. J Clin Invest 1987; 80:41

Capasso, G, Jaeger, P, Giebisch, G, et al. Renal bicarbonate reabsorption
in the rat. I1. Distal tubule load dependence and effect of hypokalemia. J
Clin Invest 1987; 80:409

Wingo, CS, Smulka, AJ. Function and structure of H-K-ATPase in the
kidney. Am J Physiol 1995; 269:F1
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11.8 Compensation for Metabolic Alkalosis

Predicted
PCO, APCO,

| Predicted PCO, = (0.9 x HCO3) +9
2.

+-

Alternatively,
Predicted PCO; = (0.7 x HCO3) +
21

The change in PCO,.
(APCO2)=(0.6-0.8)x AHCOy

| Lower PCO; values than predicted
indicate the presence of a
coexisting respiratory alkalosis.

Higher CO; values than predicted
indicate a coexisting respiratory

L acidosis. ) L v/

‘ Limits of compensation for metabolic alkalosis

* The lungs are capable of hypoventilating such that the PCO»
rises to a maximum of about 60 mmHg.

* PCO; levels in excess of this in primary respiratory acidosis
may imply a coexistent primary metabolic alkalosis.

Smith RM. In: Bordow, RA, Ries, AL, Morris, TA. (Eds.) Manual of

Clinical Problems in Pulmonary Medicine. Lippincott Williams and

Wilkins, 6th ed, 2005 1 1
Miller, PD, Berns, AS. Acute metabolic alkalosis perpetuating hypercap-

nia: A role for acetazolamide in chronic obstructive pulmonary disease.

JAMA 1977; 238:2400
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11.9 Metabolic Alkalosis due to Diuretics

Diuretics can produce metabolic alkalosis through multiple
mechanisms:

Volume depletion results in:
Hyperaldosteronism Potassium depletion
Chloride depletion (see below)

F

J Metabolic alkalosis due |
i to diuretics

‘\___,__/I
Chloride depletion:
Vomiting, continuous NGT aspiration

Patients taking diuretics are also likely to Loss of fixed acids (anions)
be on a salt restricted (low chloride) diet

Kidney absorbs HCO3 to maintain
electroneutrality /

Garella, S, Chazan, JA, Cohen, JJ. Saline-resistant metabolic alkalosis or
“chloride-wasting nephropathy”. Ann Intern Med 1970; 73:31

Hropot, M, Fowler, N, Karlmark, B, Giebisch, G. Tubular action of
diuretics: Distal effects on electrolyte transport and acidification. Kidney
Int 1985; 28:477

Cannon, PJ, Heinemann, HO, Albert, MS, et al. “Contraction” alkalosis
after diuresis of edematous patients with ethacrynic acid. Ann Intern Med
1965; 62:979
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11.10 Urinary Sodium

Most of the time, the etiology of metabolic alkalosis is self-
evident from the history. In more obscure cases, the analysis of
urinary electrolytes may provide a clue.

Urinary sodium levels can differentiate hypovolemic from hypervolemic states

7
Urinary sodium < 25 mEq/L Urinary sodium > 40 mEq/L
Implies sodium conservation i.e., Implies absence of sodium conservation
hypovolemia i.e., euvolemia
The urinary sodium may point to the broad etiology of the metabolic alkalosis
~

Unexplained metabolis alkalosis

Euvolemia or mild

Hypovolemia (low urinary sodium) hypervolemia (normal
urinary sodium)

Surreptitious vomiting as in i e hae Mineralocorticoid excess
¢ rr it I n
iee Surreptitious diureticintake Siatds

Rose, BD. Clinical Physiology of Acid—Base and Electrolyte Disorders, 1 1
4th ed, McGraw-Hill, New York, 1994, pp. 522-530

Sherman, RA, Eisinger, RP. The use (and misuse) of urinary sodium and

chloride measurements. JAMA 1982; 247:3121
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11.11 Urinary Chloride

Sometimes, for several reasons, urinary sodium may prove to be
unreliable as an indicator of the subject’s volume status especially
when there is significant bicarbonaturia (pH > 7.0). Urinary chloride
estimation may more accurately reflect the patient’s volume status.

Low urinary chloride

Miscellanasus
Vomiting ) Post-
Loss of Cystic Villous. treatment fat
: = fibrosi adenoma of Poit- w
| Volume | chloride- Prior OSI5 | theintestine: | hypercapnic acidosi
contraction rich diuretic Loss of Diarthea ".'::‘::T Treatment
gastric || theregy | chioride || LSt || eeat  |inamcunmatie
SEeCretions insweat gut resorbed (hgh
doses of
| peniciflin}
Conserva Thngnt
tbt:ﬂ Dfd Hypochlo | syerie Renal Renad
Na®an remia levels gudualy chlaride chloride
wihe
Cl by the e | meay | | tomieny
kidney stopped : :

The chloride level is usually less than 25mEq/L

Alow urinary chloride indicates hypovolemia.

Sherman, RA, Eisinger, RP. The use (and misuse) of urinary sodium and
chloride measurements. JAMA 1982; 247:3121

Garella, S, Chazan, JA, Cohen, JJ. Saline-resistant metabolic alkalosis or
“chloride-wasting nephropathy”. Ann Intern Med 1970; 73:31
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11.12 The Diagnostic Utility of Urinary Chloride

Sodium
conservation
by the kidney

Chloride retention

Severe
hypokalemia l
Diuretic is
being used or
has been Diuretic has
recently been stopped:
Increase in chloride excretion stopped: its its effect has
effect is still worn off
active
Chloride loss i
) Hypovolemia
(loss of gastric
ions) and renal
secretions, it
Decreased conservation
chloride of sodium
absorption by
the renal
tubules
UrineI chloride > 40 mEq/L Low urinary
chloride

Low urinary chloride <25 mEq/L ‘

11
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11.13 High Urinary Chloride

A high urinary chloride may indicate the presence of the following conditions:

J
Severe
i P
; Bartter's syndrome g mans {=2mEq/L)
Decreased chloride syndromes Increased chloride
absorption et J
excretion

Rose, BD. Clinical Physiology of Acid—Base and Electrolyte Disorders,
4th ed, McGraw-Hill, New York, 1994, pp. 527-530

Sherman, RA, Eisinger, RP. The use (and misuse) of urinary sodium and
chloride measurements. JAMA 1982; 247:3121
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11.14 Metabolic Alkalosis and Hypoxemia

Hypoventilation

Hyper-
capni
a

The combination of
hypoxemia and
hypercapnia can be
misinterpreted as
type 2 respiratory
failure

Hypoxemia

Metabolic alkalosis
Metabolic alkalosis can result in hypoxemia

Reflex
suppression of
pulmonary
hypoxic
vasoconstriction

1

Basal Low
atele V/Q
= = mis-
tasis matc

Compromised O, delivery to the fissu

Decreased
myocardial
confractility
(in severe
alkalosis)

Less O,
released
fo tissues

2717

Associated
hypovolemia

Decreased
tissue
perfusion

es (the need for

supplemental O, in this setting is often under-recognized)

11
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11.15 Metabolic Alkalosis and the Respiratory Drive

‘ Metabolic alkalosis

l (Compensatory) hypoventilation

l

Hypoventilation results in hypoxemia

Because of the hypoxic stimulation of the respiratory drive, respiration cannot be
depressed beyond a point. This limits the degree of comy ion for the alkalosi

l

‘ When the Pa0; falls to about 55 mm Hg, the stimulus to breathe usually overcomes

the respiratory depressant effect of the alkalosis

Therefore the PaCO; cannot fall beyond a point.
‘ When the PaCO; rises to above 60 mmHg, the following are possible;

l l

’ Coexistent respiratory acidosis Very severe metabolic alkalosis

Javaheri, S. Compensatory hypoventilation in metabolic alkalosis. Chest
1982; 81:296

Javaheri, S, Kazemi, H. Metaboloc alkalosis and hypoventilation in
humans. Am Rev Respir Dis 1987; 136:1011

Pierce, NF, Fedson, DS, Brigham, KL, et al. The ventilatory response to
acute acid—base deficit in humans. Ann Intern Med 1970; 72:633
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12.1 Step One: History and Physical Examination

As in all other aspects of clinical medicine, the importance of
the history and physical examination cannot be overempha-
sized; any interpretation of blood gases must be made in the
appropriate clinical context. However for the purpose of brev-
ity, clinical information has been truncated in the case histories;
instead, an attempt at clinical correlation has been made at the
end of each worked example.

Clinical conditions associated with specific acid—base disorders:

Vomiting Metabolic alkalosis
Diarrhea Metabolic alkalosis
Metabolic acidosis (normal anion gap)
Severe diarrhea Metabolic acidosis
Diuretic therapy Metabolic alkalosis
Sepsis Respiratory alkalosis

Metabolic acidosis

Hypotension, low cardiac output Metabolic (lactic) acidosis
states, severe anemia.

Cirrhosis Respiratory alkalosis
Renal failure Metabolic acidosis
Diabetic ketoacidosis Metabolic acidosis (wide anion

gap) at presentation. A normal
anion gap metabolic acidosis
often develops during therapy.

Severe COPD; see also conditions | Respiratory acidosis
listed under ‘causes of
hypoventilation” (00.00)

Morganroth, ML. An analytic approach to diagnosing acid—base disor-
ders. J Crit 111 1990; 5(2):138—-150

Morganroth, ML. Six steps to acid—base analysis: clinical applications. J
Crit I1l 1990; 5(5): 460-469

Narins, RG. Simple and mixed acid—base disorders: a practical approach.
Medicine 1980; 59:161-187
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(continued)

Pregnancy Respiratory alkalosis

Hypoxemia Respiratory alkalosis or acidosis

depending on whether there is
type 1 or type 2 respiratory failure
respectively.

Metabolic (lactic) acidosis if
hypoxemia severe.

Pneumonia (reflex
hyperventilation)

Respiratory alkalosis

ALI/ARDS (reflex
hyperventilation)

Respiratory alkalosis

Asthma exacerbation

Respiratory alkalosis (respiratory
acidosis when respiratory muscle
fatigue occurs)

Pulmonary thromboembolism

Respiratory alkalosis

Seizures

Metabolic acidosis (lactic acidosis)

Cyanide, CO poisoning

Metabolic acidosis (lactic acidosis
due to histotoxic hypoxia)

Biguanide, INH therapy

Metabolic acidosis (lactic acidosis)

Antibiotic therapy

Metabolic acidosis (p-lactic
acidosis)

Renal tubular acidosis

Metabolic acidosis (normal anion

gap)

12
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12.2 Step Two: Authentication of Data

Kassirer and Bleich's rule and the Henderson—Hasselbach
equation (see pH and H ™" equivalence) can be used to ascertain
if the lab values obtained are reliable. A pH of 7.40 corresponds
toa H' ion concentration of 40 nEq/L. Using Kassirer and
Bleich’s rule, change in pH by every 0.01 unit represents a
change in H” ion concentration by 1 nEq/L.

Is the following lab report authentic?
pH 7.32, PCO;32, HCO3 16.

The modified Henderson-Hasselbach equation:
H*=[24x CO,] / HCO;

Inserting the values of CO; and HCO3,
H*=[24x32]/16

H*=48.

H*=48.

This value represents an excess of 8 nEq/L over the
normal (Normal H* level = 40 nEq/L).

Expected fallinpH = 7.4-[8x 0.01] = 7.32
The data are authentic.
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12.3 Step Three: Characterization of the Primary
Acid-Base Disturbance

The normal pH is 7.40 (7.36-7.44)

Acidosis or alkalosis?

pH < 7.36: Acidosis pH > 7.44: Alkalosis
What is the type of acidosis? What is the type of alkalosis?
Ifthe HCO;low, | If the CO,is high, If the PCO; low, If the HCO3 is
the disorder is the disorder is the disorder is high, the disorder
metabolic respiratory respiratory is metabolic
acidosis acidosis alkalosis alkalosis
N . 7 & A

12
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12.4 Step Four: Calculation of the Expected
Compensation

The compensation for respiratory disorders is by renal processes
and vice versa. It is worth re-emphasising that interpretation of
acid—base disorders should always be made in the clinical context.

If the compensation is less or more than expected, an independent
second disorder exists.

=
Metabolic Metabolic Acute Chronic Acute Chronic
SRET A respiratory | | respiratory | respiratory | respiratory
acidosis alkalosis S SR : :
acidosis acidosis alkalosis alkalosis
LS s Q =4 7\
Compensation : e
" | predicted PCO, Fallin pH = Fallin pH = Ri He= Risein pH=
Expected =(0.7x HCO3) 0.008"*x 0003 o0lxfllin | 0.003xMpllin
PLO=[1.5 21 increazein incrensein PAC0r b PaCO,
HED3) 18 4/o Alternatively, facOs hechy Al i Al .N ;
i . . s termatively, ternatively,
Alternatively, Changein Alternatively, Alternatively, Change ﬁ? Chﬂnqe::'
Changein PCO,=0.6* x Changein Changein HCO,=0.2 HCO5= 0.5 x
PCO,=1.2x changein HCO3=0.1x HO03=0.4% || (opeinC0; | changein CO,
changein HCO5 changein €O, changein COy
HCO,
7
*0.6t00.8

**0.008 is virtually 0.01
***This relationship holds good for a PaCO, between 40 and 80 mmHg
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12.5 Step Four: The Alpha-Numeric Mnemonic

The alpha-numeric mnemonic

r Metabolicacidosis: a Respiratory disorders:
The A-B-C approach The 1-2-(3)-4-5 approach
|,/'-_ _--‘\\ L/ -\

f

The following formulae have been used to
assess the compensation for respiratory
disorders, and to uncover any associated
B = If the anion gap is wide, check the primary metbolic disorder.

Bicarbonate gap. This helps uncover the
presence of another coexisting metabolic
disorder.

C = If the anion gap is unaccountably wide
(DKA, lactic acidosis, uremia and salicylate
poisoning have been ruled out), in the

A = Check the Anion gap. This helps narrow
down the differential diagnosis.

Acute respiratory acidosis = The HCO3
increases by 0.1 mEq/l for every 1 mmHg rise
inCO;

Acute respiratory alkalosis =The HCO;
decreases by 0.2 mEq/| for every 1 mmHg fall

appropriate setting a widened osmole gap Int0;
provides a clue to toxin ingestion. For want of (0.3%)
a better term | have colled it a Colloid gap Chronic respiratory acidosis =The HCO
(-= AH). increases by 0.4 mEq/| for every 1 mmHg rise
Compensation for metabolic acidosis can be inCO;
assessed and the coexistence of a primary Chronic respiratory alkalosis =The HCO; falls
respiratory disorder uncovered by using by 0.5 mEqg/| for every 1 mmHg fall in €O,
Winter's formula:
Predicted PCO, = (1.5 x HCO3 ) + 8 +/-2

2 py -

*The “0.3” in the mnemonic, for me, doesn’t serve any obvious
purpose—unless you can find one for it—(AH)!
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12.6 Acid-Base Maps

Acid-base maps offer an alternative (and quick!) way of inter-
preting compensatory responses to simple acid-base disorders.
They are also useful in confirming that the “compensatory”
changes are physiologically possible. It is not possible to diag-
nose “triple disorders” (two metabolic disturbances with one of
the respiratory disorders) by acid base mapping.

10

LR

H* inM/L)
w
1

0=

PCO, (mew Hg)

Onthe ordinate, the blood H concentration (in nanomoles/L) is given on the left; the pH is given on
the right. On the abscissa is represented the PCO; (in millimetres of mercury).

The diagonal lines running across the map are the isopleths for blood HCO; concentration (in mEg/L).

Within the box in the centre of the map falls the range of normal values. Six bands diverge from this
box, each rep ing the 95% confidence limits for a simple acid-base disorder.

| When agiven patient’s values fall upon any such band, |
agmple acid-base disorder corresponding to thatband | | When the values fall outside any of the bands a mixed
may be presumed: it is however not mandatory that a acid-base disturbance is very likely.

simple acid base disorder exists in such a patient.

Golberg, M, Green, SB, Moss, ML, et al. Computer-based instruction and
diagnosis of acid-base disorders: a systemtic approach. JAMA

12



12 The Analysis of Blood Gases 287

12.7 Accuracy of Blood Gas Values

With improvements in technology, the confidence limits for all
values are very narrow.

pH PO, PCO;
+/-0.001 +/-4 +/-3
units mmHg mmHg

Glauser, FL, Morris, JF. Accuracy of routine arterial puncture for the
determination of oxygen and carbon dioxide tensions. Am Rev Respir Dis

1972; 106:776
12
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12.8 The Effect of Metabolizing Blood Cells within
the ABG Sample

Metabolizing cells consume O3

!

Fallin Pa0;

If the syringe is not iced immediately, the PaO3 is consumed by the blood cells in the sample
(if a sample can be analyzed within 15 min of drawing it, icing may not be required*)

l

Falsely low Pa0;

*Hansen JE. Arterial blood gases. In: Mahler, DA (ed). Pulmonary func-
tion testing. Clin Chest Med 1989; 5:227-237

12
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12.9 Leucocyte Larceny

L I Is leads to 3?
consumption

When the leukocyte or thrombocyte count is abnormally high (as in
leukemia or thrombocytosis), these blood cells can consume a large
amount of O within the sample. resulting in a drop in the Pa0,.

This can occur in spite of icing the sample. |
U i icing I ]

Falsely low PaD,

Because the pseudohypoxemia often persists despite prompt icing and
analysis of the sample, another mechanism may be operative.

The leucocytes and thrombocytes may coat the surface of the
electrode.

This possibly physically impedes the O, from gaining access to the |
electrode.
L J

| Prompt, centrifugation of the blood upon drawing the sample and
[ ysisof the plasma p this p

Hess, CE, Nichols, AS, Hunt, WB, et al. Pseudohypoxemia secondary to
leukemia and thrombocytosis. N Engl J Med 1979; 301:361-363

Charan, NB, Marks, M, Carvalho, P. Use of plasma for arterial blood gas
analysis in leukemia. Chest 1994; 105:954-955 1 2
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12.10 The Effect of an Air Bubble in the Syringe

The effect of an air bubble on the arterial blood in a syringe can have a variable effect
on the Pa0;, and a predictable effect on the pH and the PaCO;. The gases in the
blood sample and in the trapped air bubble will, by the process of diffusion, tend to

equilibriate with each other over time.

-
- ™
Pa0; PaCo; pH
'S ) l Y
- .
€Oy is present in
The Pa0; of ambient air at sea level is m'”";,”'i'*?’*-": in tThE Ef‘:e?l gf ELT
approximately 160 mmHg, so this is the :t:er'f;‘or:';'l;e o:’&?p :Iirs r:Iate:.i
Pa0; of an air bub!:le trapped within a PACO; in a trapped Sl e
SR air bubble is Paco;
virtually zero.
- l l Y N l | _J
L= ez B Y
As the PaCO; of the
Ifthe PaDyofthe | Ifthe Pa0; of the The P,‘Icgi of ”‘,Tl :'Wf‘: falls ;‘Uhe o
arterial blood is < arterial blood is > arterial blood wi the effect of the air
160mmHg, itwill | 160mmHg, itwil | | rendtowardszero, | | bubble, pH will rise,
rise& faxllg ' no matter what its i.e, the blood will
' i initial value become more
alkalemic
L~ - L

Mueller, RG, Lang, GE, Beam, JM. Bubbles in samples for blood gas
determinations: A potential source of error. Am J Clin Pathol 1976; 65:242
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12.11 Effect of Over-heparization of the Syringe

Heparin is a sulfated mucopolysaccharide with acidic properties. An excess of heparin
in the ABG syringe can have the following effects:

Effect on pH

Dilutional effect

l

Ifthe pH is normal or

alkaline to begin with:

l

Acidemia increases
pH will fall on contact

with the acidic heparin.

Ifthe pH is very acidic to
begin with:

l

Acidemia decreases

pH will rise as the mildly
acidic heparin reduces
the greater acidity of the
blood.

The Pa0; and PaCO; can

also be spuriously
lowered by dilution.

12



12

292 12 The Analysis of Blood Gases

12.12 The Effect of Temperature on the Inhaled Gas
Mixture

Due to the humidifying effect of the upper airways, inhaled gas is
completely saturated with water vapor: the partial pressure of water
vapor in the inhaled air is 47 mmHg.

L -
r ™ ™
Pyrexia Hypothermia
L J | J
The partial pressure of water The partial pressure of water
vapor rises to slightly above 47 vapor falls to slightly below 47
mmHg mmHg
s \ s
i As a result, the partial pressure of the | Asa result, the partial pressure of the
remaining gases, cumulatively, falls to remaining gases, cumulatively, rises to
slightly below 713 mmHg (760 minus [>47]) | slightly above 713 mmHg (760 minus [<47])
J A /

-~

However, the actual change in the above figures is too small to make a clinical
difference.

Shapiro, BA. Temperature correction of blood gas values. Respir Care
Clin N Am 1995; 1:69

Bacher, A. Effects of body temperature on blood gases. Intensive Care
Med 2005; 31:24
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12.13 Effect of Temperature on Blood Gases

In clinical practice, the contribution of temperature to the
measurement of blood gases is not considered important*.
There is usually little change in the SpO, and CaO, with a
change in temperature™**

( With warming, gases are less soluble in the plasma. The levels of O, and CO; are liable to

underestimation.
With cooling, gases are more soluble in the plasma. The levels of O, and CO; are liable to
\ overestimation. J/
Pyrexia (esp »39°C) Hypothermia
—_— . ~, -
Oyina CO;M_‘:a pHina 0zina COzina pHin a
o tr‘ee?nrilti o | oa tfeelj‘rtl [ee o febrile hypothermic | hypothermic || hypothermic
1 ([ ¥ i
tient patient: patient: patient:
>39°C): >39°C): L
S\ J\ ~ s 4
B = ~ ~ ~ ~\
e Rhed & bliesd ot ; ; '
S otz || Selodiiien || Ouphobestam || cooniiooditiy | Srbed e
L FAN AT ~ / - 4
s ) \ N
g wdosis i e || pedermonsto
| AR AR o S ~ - 4
( N For everydegreec | i N i
ForeverydegreeCover | Forevery degree Cover m;;‘"[‘-t.
37" rige inthe patiant’s For hd in
the PO the PCO; 7 th b b
‘,.;.‘.h'“h L.;;‘;mw‘: o the pH decrancedby .35 Pac; :?:G:M cormction || thos invive: cormction
shown sbout S mmHg shewn about 2 mmHg & 045 units i thigher than it
lowar mctudly i3 |
\ AW I N AN A" 4

*Hansen, JE, Sue, DY. Should blood gas measurements be corrected for
the patient’s temperature? N Engl J Med 1980; 303:341

Rahn, H, Reeves, RB, Howell, BJ. Hydrogen ion regulation, temperature,
and evolution. Am Rev Respir Dis 1975; 112:165-172

***Severinghaus, JW. Oxyhemoglobin dissociation curve correction for
temperature and pH variation in human blood. J Appl Physiol 1958;
12:485-486
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12.14 Plastic and Glass Syringes

/ Plastic
\ syringes

-’

0 can diffuse out of plastic
syringes, especially at high
Pa0y's(e.g., >221 mmHg).
This can spuriuosly lower the
measured Pa0;,

Also, excessive suction force
is often required with plastic
syringes, especially if the
patient's blood pressure is
fowe (<70 mmHg). This can
pull gas out of solution,
lowering the Pa0; by as
much as 12 mmHg.

b

Glass

syringes |

—

295

Glass syringes are less
perviousto Oy,

Pail; willbe more or less
unaltered forup to 3 hours®
inan iced sample of blood
contained within a glass
syringe.

Ansel, GM, Douce, FH. Effect of needle syringe material and needle size
on the minimum plunger-displacement pressure of arterial blood gas

syringes. Respir Care 1982; 27:127

Winkler, JB, Huntington, CG, Wells, DE, Befeler, B. Influence of syringe
material on arterial blood gas determinations. Chest 1974; 66:518

*Canham, EM. Interpretation of arterial blood gases. In: Parsons, PE,
Weiner-Kronish, JP, (Eds). Critical care secrets, 3rd ed, Philadelphia,

Hanley and Belfus, Inc, 2003; 21-24
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The first critical step in the evaluation of a blood gas sample is
the bringing fourth of a detailed history. The importance of a
reliable history cannot be overemphasized. From the history, a
shortlist of the differential diagnoses is constructed, and the
ABG sample is interpreted against this background.

However, in the examples to follow, the history has been
deliberately abbreviated, and a clinical correiation has been
attempted at the end of the analysis. In these examples, the
algorithmic approach presented throughout this volume has
been adhered to. Acid base maps (12.6) are presented on the
facing page to enable familiarity with both methods.

13
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Patient A: A 34 year old man with metabolic
encephalopathy

A 34-year-old man presents to ER and is worked up for a possible metabolic encephalopathy.
His blood gases are as follows:
PH: 7.31, PaC0,: 26mmHg, Pa0,: 84mmHg,
Na'; 138mEq/L, k': 4.0 mEq/L, CI; 103mEq/L,
HCO,: 18mEqg/L

The object of this example is the importance of verification of data. Regardless of the history, the
ABG sample must be analyzed for internal consistency; if there is lack of internal consistency, the
Lauthentkity of the reported values becomes questionable.

Weknow that:
[H*] = 24 x PaC0, /HCO3
The equivalent values for [H* ] and pH are as follows {see 00.00):

pH L]
76 15
75 32
74 a0
13 50
7.2 63
71 79
70 100

[H"] =24 x 26/18
[H7]=347
However the pH is about 7.2, and for that pH the H” should be 50. The data are
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Patient B: A 40 year old breathless man

A 40-year-old breathless man is found to have a PaOz at 65 mg
on room air. Supplemental oxygen is administered by nasal
prongs, and a blood gas sample half an hour later reveals a

Pa0; of 100 mmHg. How much increase in the oxygen content

of the blood has been produced by increasing the FIO; ?

Answer: virtually none. At a PaOzof 65 mm Hg, the SpOz approaches
100%. By increasing the FIOz, the hemoglobin, fully saturated as it is, is
not capable of being saturated any further. The Ca0O2z therefore remains

unaltered on this account. The increase in FIO2 does result in a small
increment in the dissolved Oz, but since the amount of dissolved Oz is

relatively tiny, the enhancement in the Ca0z is negligible.

13
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Patient C: A 50 year old woman with hypoxemia

A 50-year-old woman is found to have a PaOz at 50 mg on room air.
Supplemental oxygen is administered, and her PaO; rises to 100 mmHg.
What is the change in the oxygen content of the blood given that her
hemoglobin is 15 gm/dL?

' Assuming no shift in the position of the oxy-hemoglobin dissociation curve, a
Pa0:z of 50 mmHg corresponds approximately to a SpO; of 85%, and a Pa0; of
100 mmHg to 98%.

Ca0; = 1.34 x 5p02 x Hb (see 00.00)

Ca0, on room air €a0; on supplemental oxygen

Ca0; =1.34x0.85x15 Ca0; =1.34x0.98x15
Ca0: =17 mL O, fdL Ca0; =19.7mLO; /dL

The Ca0y has increased by about 14%.

The effect that a fall in Hb has on the CaO, can be profound.
Looking at the equation:

Ca0, = 1.34 x SpO>x Hb

It can be appreciated that a fall in the Hb produces a fall in
CaO, of the same order of magnitude. For example if the Hb
were to drop to half of its original value (to 7.5gm/dL from
15 gm/dL), the drop in CaO, would also be by 50%.
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Patient D: A 20 year old breathless woman

A 20- year-old woman with no previous medical problems was
brought to the hospital complaining of breathlessness. She had a
Pa0; of 118 mmHg and a PaCO; of 20 mmHg on room air.

Arule of the thumb is that on room air, the sum of the PaO; and the
PaCO; should add up to about 140, which it does in this case (118 + 20 =
138). This makes an underlying mechanism of hypoxemia unlikely.

A more sensitive test for a defect in oxygenation is the A-aDO,, which is of course
the partial pressure of 0, in the alveolus (PAO;) minus the partial pressure of
oxygen in the arterial blood (PaO,).

A-aDO; = PAO;-Pa0;.
PAO, = FIO, (Pb-Pw) - PaCO, /R

Assuming a barometric pressure of 760 mmHg (sea level), and a respiratory
quotient of 0.8:

PAO2=[0.21(760-47)]-(20/0.8)

PAD,;=149-25

PAO,=124

A-aD0; =PAD,-Pa0,=124-118

A-aD0; =6 (normal <14 on room air)
| The A-aDO;is normal.

N i

The patient gave a history of emotional turmoil. Subsequent evaluation did not turn
up pulmonary thromboembolism or any other problem.

13
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Patient E: A 35 year old smoker in the bronchoscopy
suite

Diagnostic bronchoscopy for a non-resolving pneumonia has just been
completed in a 35-year-old non-smoker, when his Sp0; is seen to fall to 88% in
spite of administration of 2 liters of oxygen per minute by nasal prongs. The
patient had tolerated the bronchoscopy with a satisfactory SpO; on the same
(liter-flow) of O,. An ABG reveals a Pa02 of 110 mmHg

The Pa0; seems slightly low for the FIO; being given. 2 litres per minute on nasal
prongs are the equivalent of an FIO; of about 0.28. This would result in a Pa0; of
about 140 mmHg in a normal individual (28 x 5). In the clinical context, a mild V/Q
mismatch post-bronchoscopy, and possibly the pneumonia itself, could account for a
Pa0; which is slightly lower than expected from the calculation.

A Pa0; of 110 mmHg, however, certainly does not agree with a 5p0; of 88%.

The clinical setting is compatible with local-anesthetic induced
methemoglobi ia, and CO-oximetry should be used to confirm the diagnosis.
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Patient F: A 30 year old man with acute coronary
syndrome

The SpO; of a 60-year-old man recovering in the ICU from an acute coronary
syndrome, has fallen to 86% on supplemental oxygen. The chest X-ray shows
possible mild interstitial pulmonary edema.

PH:7.43, HCO;: 24mEq/L, PaCO,: 37mmHg, Pa0,126 mmHg
on 35% oxygen by ventimask.

The PaO, seems slightly low for the FIO, being given, but can be accounted for
by the recumbency and possible mild cardiogenic pulmonary edema. What is
interesting is the disparity between the PaO; and SpO,. The ABG shows no
obvious acid-base disorder.

The clinical setting is that of an acute coronary artery syndrome, and it is safe
to assume that the patient is on nitrates; the latter are commonly implicated in
the genesis of methemoglobinemia.

Methemoglobinemia was later confirmed on co-oximetry.

13
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100 7.0

90 6 9 12 15 18 21 24

/—7.1

— 112
pH
73

H™ (nM/L)

7.4

— 7.5
7.6
=77
—178
= 8.0

-85

(=]
—_
(=3

0

PCO, (mm Hg)

Patient G

This patients values fall on a point midway between the “95%
confidence bands” of acute respiratory acidosis and metabolic
acidosis. Both acute respiratory acidosis and metabolic acido-
sis are likely to be present.
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Patient G: A 30-year-old man with an epileptic seizure

A 30-year-old epileptic man is brought to the ER with a recent seizure.

pH: 7.21, HCO4: 18 mEg/L, PaCO,: 48 mmHg
pH 7.21: acidemic

Is it a metabolic acidosis that is the

Is it a respiratory acidosis that is dominant disorder, i.e., is the
dominant, i.e., is the CO;high? bicarbonate low?
Yes Yes. A dominant metabolic acidosis is

also present

l

Itis evident that there is a mixed
acidosis: both metabolic and
respiratory acidoses coexist. In this
example the anion gap has not been
mentioned; it should be calculated.

l

Clinical correlation

The hypoventilation (respiratory acidosis) is
consistent with a recent seizure. So is the
metabolic acidosis which can be expected to
be a wide-anion gap one, due to
hyperlactatemia,

13
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100 7.0

90 6 9 12 15 18 21 24

/—7.1

— 112
pH
73

H™ (nM/L)

7.4

— 7.5
7.6
=177
—178
= 8.0

-85

(=]
—_
(=3

0

PCO, (mm Hg)

Patient H

As in the previous example, the patient’s values fall on a point
midway between the bands of acute respiratory acidosis and
metabolic acidosis. Both acute respiratory acidosis and meta-
bolic acidosis are therefore likely to be present.
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Patient H: An elderly male with sedative overdose

An elderly male presents to the ER with opiate induced
respiratory depression.

pH: 7.19, HCO4: 20mEq/L, PaCO,: 56mmHg, PaO,: 115mmHg
on supplementary oxygen

pH 7.19: acidemic

Is it a metabolic acidosis that is
the dominant disorder, i.e., is
the bicarbonate low?

Is it a respiratory acidosis that
isdominant, i.e., is the CO;
high?

Yes Yes. A primary metabolic

acidosis is also present

l

In this example data to calculate the
anion gap has not been provided, but
the anion gap and the delta ratio needs
to be calculated to further characterize
the metabolic acidosis.

Clinical correlation

The respiratory acidosis is clearly due to respiratory
depression by the sedative. A cause for the metabolic
acidosis needs to be sought

13
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100 7.0

90 — 6 9 12 15 18 21 24

7.1

7.2
pH
73

H™ (nM/L)

— 7.4

— 7.5

7.6
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— 7.8
= 8.0

8.5

10 20 30 40 50 60 70 80 90 100
PCO, (mm Hg)

Patient I

This patients values fall on a point between the bands of acute
respiratory alkalosis and metabolic alkalosis. Acute respira-
tory alkalosis and metabolic alkalosis are both likely to be
present.
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Patient I: A 73 year old man with congestive cardiac

failure

A 73-year-old man on diuretic therapy presented to the ER in congestive cardiac failure.
pH: 7.62,PaC0,:35mmHg, P, 0,:70mmHg, HCO,! 32mEg/L, K':2.3mEg/L, Normal anion gap,
Urinary spot chloride 72 mEg/L, pH 7.64: alkalotic

Isit a respiratory
alkalosis that is
dominant, i.e., is the
CO; low?

Yes. Arespiratory
alkalosisis present

Isita bolic alkalosis that is the d lisorder, i.e., is the
bicarbonate elevated?
Yes. A primary metabolic alkalosis is also present
Characterize the

metabolic alkalosis: is
it chloride-resistant
or chloride-
responsive?

Check the urinary spot
chloride

Is an associated acid-base disorder present?

The urinary spot chloride
(72)is elevated, whichis
consistent with a
chloride-resistant
metabolic alkalosis

Does it correlate
clinically?

The patient has been
using diuretics which are
acommon cause of
chloride-resistant
metabolic alkalosis

l

Is an associated

l

Is another metabolic
disorder (viz, metabolic

prna'nt?

Yes there is. The COj as
noted, is low when it
shouldbe high, soa
primary respiratory

alkalosis is also present.

Calculate the anion gap
(AG):

AG=Na-{CI-HCO3)

The anion gap has been
mentioned as normal.
There is no metabolic

acidosis.
X

l

l

Clinical correlation

Does it correlate Hypoxemiaand a
clinically? reduced organ perfusion
; ; due to CCF could
The respiratory alkalosis — yroduce a lactic acidosis
fsdtelo;the whichis a HAGMA.
hyperventilation due to However, i this Gase,
GLLS there is no metabolic
acidosis.
A PAL v
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100 7.0
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Patient J

The patient’s values fall on the band of

s

75 e
o =7
=5 77
7.8
— 8.0
=85

I \ | |

40 50 60 70 80 90 100

acute respiratory alka-

losis. As mentioned in (00.00), when a patient’s values fall on
any of the “95% confidence bands”, a simple acid-base disorder
is likely to be present, in this case, acute respiratory alkalosis.
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Patient J: A 20 year old woman with acuteshortness of

breath

Isit a metabolic alkalosis
that is the dominant
disorder, i.e., is the
bicarbonate elevated?

No.

gap is normal
pH is alkalotic

Isit a respiratory alkalosis

that is dominant, i.e., is the
€O, low?

Yes. A dominant respiratory
alkalosis is present.

313

A 20-year-old woman is under evaluation in the ER for acute shortness of
breath. Her chest X-ray is interpreted as normal:

pH: 7.55, HCO;: 22mEq;‘L,Pc02:2? mmHg, PO;: 93 mmHg on room air. The anion

Assess the oxygenation:

The Pa0; is 93 mmHg on
FiO; of 0.21(0.21x5=105),
which is virtually normal.
However it is slightly low for
aPCO, of 27 (PCO,+ PO, on
room air should e about 140;
in this case it is 120). This
can be better appreciated
with the calculation of the A-
aD0,, which is appreciably
widened.

'

Is an associated metabolic
disorder present ?

Apply the formula for acute
resp alkalosis
Expected HCO; = 24- [{40-C04)
0.2]
Expected HCO, =24- [(40-27)x
02]

Expected HCOy= 214

'

PAO, = FIO, (Pb-Pw) - PaCO, /R

Assuming a barometric pressure
of 760 mmHg (sea level), and a
respiratory quotient of 0.8:

PAD;=[0.21(760-47))-{27/0.8)
PAD;=149-33
PAD;=116
PAD;-Pa0; =116-93
A-aD0,=24 (normal 7-14 on
room air)

The A-aDO;is widened.,

Actual HCOy (22) is almost the
same as the predicted HCO,
{21.4). The anion gap is also
stated to be normal.

No oy +

Clinical correlation:

This points to a potential
problem. In the absence of
gross clinical and radiclogical
abnormalities, pulmonary

ism should be consid

disorder is present.

even though the Pa0, (93
mmHg) is roughly normal.

13
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70 80 90 100

As in the preceding example, this patient’s values fall squarely
on the band that represents acute respiratory alkalosis. A
simple acid-base disorder, acute respiratory alkalosis, is

present.
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Patient K: A 22 year old man with a head injury

A 22-year-old man was brought to the ER after suffering a head injury

Ph 7.58, PaC0,:27 mmHg, HCO;: 22mEq/L. The anion gap is normal.

Fa0;: 490 mmHgon FIO; 1.0
pH 7.58; alkalemic
b
. . Is it a respiratory alkalosis
Is it a metabolic alkafosis thatis dominant, i.e., is Assess the oxygenation:

that s the dominant
disorder, i.e., is the
bicarbonate elevated?

No.

the CO; low?
Yes. A dominant
| respiratory alkalosis is
present.

y &

The Pa0, is 490 mmHg on
Fi0, of 0.1, which is
virtually normal

present 7
Apply the formula for acute resp
alkalosis

Is an

Therefore, normal gas exchange

mechanisms within the lung are
Expected HCO,=(10-C0,) % 0.2 B :'njlllkm to
ul 2,
| Expected HCOy=24-({30-27)x0.2) M;;“m"‘“'nm"m"":m“f“ "‘;"m‘;’
Expected HCO, = 21.4 Temathorax
N y €

Actual HOO (22) s very dose 1o
that predicted. The andon gap ks also
normal.
Noassociated metabolic disorder
Is present.

';l_/
Clinical correlation:
The respiratory alkalosis is
secondary to the hyperventilation
consequent upon the cerebral

injury. The lungs appear to be
unaffected (there is no evidence of

Y g
pulmonary edema)in view of the
normal oxygenation.

e
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100 7.0
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Patient L

This patients values have been graphed between the bands
representing acute respiratory acidosis and metabolic acidosis,
both of which can be shown to be present (see algorithm
opposite).
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Patient L: A 72 year old man with bronchopneumonia

A 72-year-old man with COPD is brought to the ER with bronchopneumonia. He is
hypotensive and oliguric.

pH: 7.01, HCO5: 24mEg/L, PCO;: 100 mmHg, PO;: 40 mmHg on room air.

pH: acidemic
it = mistabalic Geldosis Is it a respiratory Assess the oxygenation:
that is the primary ,‘mm'.s thatlls Ehe ; The Pa0D;is 40 mmHg
disorder, i.e., is the primary disorcer, 1.1 | on 21% O With normal
bicarbonate deceased? tne GO hiah lungs the Pa0; on 50%
Yes. A primary 0, would be expected
Hoi ot (s (et e, &C respiratory acidosis is to be roughly 21 x 5=

least.
present as well.

| 105(see 00.00).
!

Is.an assoclated metabolic disorder
present ?

Apply thve formula for acute resp
allkalosis . .
In this case thee Pa0, (40mmHg) is

Expected HCOy = 244 [(C0,-40) x0.1] ity low. The patien! ks sewerely
Expected HOO, = 24+ [[100-30} x0.1] hyposemic.
Expected HCD, = 30

The measured HOO, (24} is lower
than the predicted HCO, (30).

There appears to be a sight primary
metabolic acidosis as well. The

anbon gag is videnad. Clinleal correlation:
Anassociated metabolic acidosis is The associated hyoxemia is
present. consistent with the pneumonia.

Inview of the severe hypoxemia
{see next columng, a lactic acidosis |
consequent upon reduced tivsue
perfusion is possible,

'

Clinical correlation:
The clinical picture is consistent
with the acute respiratory acidosis
of a COPD exacerbation. Lactic
acidoss due to poor organ
perfusion and sepsis are likely
respotisble for the metabolic
acidods Acute oliguric renal failure
may also be incipient.
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This patient’s values fall on the band representing acute

respiratory acidosis. No associate acid
to be present (see 00.00).

-base disorder appears
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Patient M: A 70 year old woman with a stroke

PH: acidemic

A 70-year-old woman is brought to the ER with a cerebrovascular event:

pH: 7.10, HCO;: 27, PCO;: 88 mmHg, PO,: 220 mmHg on 50% oxygen by ventimask.
The anion gap is normal.

Is it a respiratory Assess the oxygenation:
Is it a metabolic acidosis acidosis that is
i i 2 The Pa0;is 220 mmHg
that s the il,e.. is the on 50% 0. With normal
disorder, i.e., is the CO; high? lungs the PaO, on 50%
bicarbonate deceased? Yes. A dominant O, would be expected
No. respiratory acidosis is to be roughly 50 x 5=
present. 250 (see2.46).

I

15 an associsted metabolic disorder
present 7

Apply the formula for acute resp I this case the Pa0, (220 mnsHg}is
allcalosts very close to the expected Pal, for
Expected HCOy = 24+ [{C0;-40) x0.1) an FI0; of 0.5, Therefore a
signiificant intrapul
Expected HOOy = 24+[{88-40) x0.1]
Expected HCOy = 28.8

Imonary
oxygenating defect is virtually ruled
out.

The measured HCO, is 27, and falls
within this range. The anion gap is
abwo normal.

No assoclated metabolic disorder
s present.

Clinical correlation:
The chindcal pactire is corvistent
with hypoventllation due to the
nearologic injury.
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Chronic respiratory acidosis.
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Patient N: A 60 year old male with stable COPD

A 60-year-old man with COPD and cor pulmonale undergoing evaluation at the out-patient
clinic has the following arterial blood gases:

|pH: 7.30, HCO5: 33mEq/L,PCO,: 64 mmHg, PO;: 50 mmHg on room air. The anion gap is normal

pH is slightly on the acidemic side

Is it a metabolic acidosis
that is the dominant
disorder, i.e., is the
bicarbonate deceased?

No.

Is it a respiratory acidosis
that is dominant, i.e., is
the CO; high?

Yes. A dominant
respiratory acidosis is
present.

Assess the oxygenation:

The Pa0; is 50 mmHg on
room air.

N —

present ?

Apply the formula for chronic resp

.

Expected HOO = 24+([{CO,-40) x0.4)
+f-
Expected HOO = 24+ [{64-40) x0.4]
+f-
Expected HCO 3= 33.64/-

This is consistent with the
hypoxemia of a COPD that has
resulted in cor pulmonale.

The measured HOO 3 is almost
identical to the expected HCO,, The
anion gap is also normal.

Mo associated metabolic disorder
Is present.

Clinical correlation:

The chinical picture is consistent
with the chronic hypoventilation of
COPD and the hypoxemia
associated vith the condition.

13
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— 7.6
=177
=178

= 8.0
8.5

100

PCO, (mm Hg)

Patient O

The point plotted on this graph is close to the band for respira-
tory acidosis—in fact it lies between this band and the band of
metabolic acidosis. As the algorithm on the opposite page
suggests, both respiratory acidosis and metabolic acidosis are
present.
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Patient O: A 70 year old smoker with AECB

A 70-year-old smoker is admitted with "acute” exacerbation of chronic bronchitis, but
admits to feeling breathless for over a week.
pH:7.20, HCOy: 24mEq/L, PCO;y: 63 mmHg, POy 52 mmHg on room air.
PH: acidemic
teita metabolie ceidosts Is it a respiratory
: acidosis that is
that s the dominant : -
disorder, i.e., is the domlnégt,hii,el:?ls the Assess the oxygenation:
bicarbonate deceased? 2 Ng poxemi
No. However, see next e A ninant ol &
. i rr: > respiratory acidosis is
. present.
V' l ; l 4
Is an associated metabolic disorder
present 7
Apply the formula for acute resp Supplementary 02
allalosts Caremust be taken to give the

Expected HEO = 244 [{C0,-40) x0.4) mindrmm FIC, to acheive a safe
Expected HCO, = 24+[{63-30) x0.4] h:ﬂ;";’i "“I '“"‘;""}' “"":‘,
Expected HEOy=33.2 the respiratory drive.

The meared HOO3 (24)is lower
than expected.

Anassociated metabolic acidosis is
present inspite of the normal
bicarbanate, and should be

Clinical correlation:

The clindcal pécture is consistent
with the ygoventilation that

wymptoms date badk to a week {see
88}
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Patient P

Metabolic acidosis.
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Patient P: A 55 year old man with hematemesis

‘ A 55-year-old man is admitted with severe F is: his |

bin is found to be 4.5 gm/dL.

pH: 7.35,PaC0;: 34mmHg, HCO3: 18mEqg/L, Pa0;: 89 mmHg and Sp0s: 97% on room air.

Is it a respiratory
acidosisthat is
dominant, i.e., is the
€Oz high?

No.

His anion gap is elevated.

pH 7.35: acidemic
Isita balic acidosis that is the d disord:
bicarbonate low?
Yes. A domi bolic acidosis is

, i.e., is the

i l

l

Isan assoc_l_:ihec! Han is the IlaII in
X pres;ﬂt ? impacting on oxygen
The anion gap is high. delivery?
The acidosis is a wide Predicted CO,= a0, = 1 30 o x
anion gap metabolic (1.5xHCO;)+8+/-2 59‘?2 (see 00.00)
acidosis. Predicted CO, = CaD;=1.34x4.5x97

(1.5x18)+8 +/-2
Predicted C0,=35

C€a0,=5.7mL 0, /dL
(normal =16-22 mL
02/dL)

Actual CO,(34) falls

l

Clinical correlation:

within the predicted The oxygen delivery
fabge (31537). is reduced to about a
There is full | third of normal. This
respiratory | is capable of causing
compensation for tissue hypoperfusion

the metabolic and lactic acidosis,

acidosis. No which could be the

associated primary cause of the wide
respiratory disorder anion gap metabolic
is present acidosis.
“ A

13
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100 7.0

90 — 6 9 12 15 18 21 24

7.1

— 172
pH
73
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— 7.4

— 7.5

7.6
=177
— 7.8
= 8.0

8.5

100

PCO, (mm Hg)

Patient Q

Metabolic alkalosis. Based on acid-base mapping alone, no
other acid-base disturbance is expected to coexist. However
the method is not infallible, and as the discussion on the facing
page shows, an associated respiratory acidosis is in fact present.
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Patient Q: A 68 year old man with an acute abdomen

| A 68-year-old man has been diagnosed with an acute abdomen.
He has been vomiting for the last few days, and is dehydrated.

pH: 7.50 HCO3: 36 mEqg/L, PaCO,: 44mmHg. [Na*]: 134, [K*]: 2.7
[CI): 90, Urinary spot chloride: < 10

pH 7.58: alkalemic

b
Isita
al::::slir: ::: i Is it a metabolic alkalosis that is the dominant
disorder, i.e., is the bicarbonate elevated?
dominant, i.e.,
is the CO; low? Yes. A dominant metabolic alkalosis is present
No
Characterize the
metabolic alkalosis:
is it chloride-
resistant or chloride-
responsive? Isan iated acid - base disorder p
Check the urinary
spot chloride

The urinary spot
. chiloride is low (<10}
-

I

Clinical correlation . — Is an associated metabolic

- oE s an assact il
The urinary chioride is low, respicatory disorder i i e
consivtent with present ? Calculate the anion gap
dehydration and alio with (a6}
the lows of ehloride by AU L AG=Na{CHHCD;)
p.m“m'm- andthe Predcied 0= Ali=13450 )6'}
ypociloremia 2
Bk (0.7xHCO J+204/-5 PRl
cormected, eoubd Predicted (0, =
perpetiate the metabolic 0.7544, A} 204/-5

(0,744, j=204-

N —

Actial €0, (44 mmbg)is

higher ";:‘m';;:‘l"‘”“' The AG s nomal.
There is no assoclated
An miaociated replratory metabolic acidosis

acldasis is present, and its
cause should be sought.
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100 7.0

90 — 6 9 12 15 18 21 24 -

7.1

— 12
pH
73

H™ (nM/L)

— 7.4

— 7.5

7.6
=177
— 7.8
= 8.0

8.5

100

PCO, (mm Hg)

Patient R
The point plotted falls in the zone of normality, as can occur

when a metabolic acidosis is opposed by a metabolic alkalosis
(see discussion on facing page).

13
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Patient R: A young woman with gastroenteritis

Ayoung woman is admitted with dehydration due to gastroenteritis.
pH: 7.39, PaCO,: 39mmHg, HCO3: 21mEq/L, Na 145, K*3.2, CI"94
pH: normal

However, note the anion gap which is clearly widened:
AG=[Na*]-([CI"]-[HCO3])
AG=145-(21+94)

AG=30

The anion gap is widened.
There is a wide anion gap metabolic acidosis.

Is an associated metabolic alkalosis present ?
Calculate the delta ratio (10.37)
Delta ratio=AAG-AHCO3
=(30-12)-(24-21)
=18-3
=15 (normal +6 to-6)
Thereisac

Clinical correlation:

The metabolic acidosis is presumably on account of the hypoperfusion and a possible pre-
renal component. The metabolic alkalosis can be accounted for by the dehydration and
volume contraction.

13
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100 7.0

90 — 6 9 12 15 18 21 24 -

7.1

7.2
pH
73

H™ (nM/L)

— 7.4

— 7.5

—7.6

=177
—178

= 8.0
8.5

10 20 30 40 50 60 70 80 90 100
PCO, (mm Hg)

Patient S

One of the limitation of the acid-base mapping is that it is not
possible to diagnose a “triple disorder” by this method.
Although the above patient’s values fall well within the band
of metabolic alkalosis, there are two additional coexistent acid-
base disturbances, as the algorithm on the opposite page
reveals.
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Patient S: A 50 year old woman with paralytic ileus

A 50-year-old woman with post-operative paralytic ileus has the following blood gases:
pH: 7.58, HCO, : 50mEq/L, PCO, : 52 mmHg. The anion gap is normal.
pH 7.64: alkalotic
e B
Is it @ respiratory
alkalosis that is Is it a metabolic alkalosis that is the dominant disorder, i.e., is the
dominant, i.e., is bicarbonate elevated?
the CO, low? Yes. A primary metabolic alkalosis is also present
No
=y L S
Ve =
Characterize the ||
metabolic alkalosis:
isit chloride-
resistant or | Isan iated acid—base disord
chloride- present?
responsive?
Check the urinary
spot chioride
l l l ]
= W N
1540 sssocated respiratory
disorder present?
predk.udcot:;_r;(o,a 07)=21 s rtaboltcdh
Fredicted COy= (S0x 0.7)+21 +/- I“"”'m';:?mmnm
The urinary spat sed umbhas not L] i
B duvie, bt s trsssany fus 2 Calevlata the anion gap{AG):
the further characte ization of L bt it AGEH-CHHCO;)
tha matabaoliz alk:abosis. The adiial €0,(53) fallcwithic et el -
thare 2 ' by nal There b o
respiratory dsorder metabolic scdosis.
LS VAN l e l J
Pl 5 —

Clinical correlation Hypexamia
india i

The respiratory allkalosis is due
tathe hypenentilation due to
the CCF

due to CCF could produce a
latic aidush which is o
HAGMA. However Inthls case,
thara ine matabelic acidosis.

kS S /

13
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100 7.0

90 — 6 9 12 15 18 21 24 i

7.1

7.2
pH
73
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7.6
=177
— 7.8
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8.5

10 20 30 40 50 60 70 80 90 100
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Patient T

Metabolic alkalosis.
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Patient T: An 89 year old woman on diuretic therapy

Consider the fallowirg AGG values in an BI-year-old womar on diuretic therapy, presenting to the ER with
extreme weakness: pH 7.55, PCO; 50 mmHg HCO3:44.4 mEg/L, Na* 144, K* 2.0, CI" 90; urinary spot chloride 72
pH7.50: alkalemic
~ 7 Y

Is it a respiratory
alkalosis that is Is it a metabolic a kalosis that is the dominant disorcer, e, is the bicarbonate
dorminant, i.e. isthe clevated?
C0low? Yes, Adominant metabolic alkalosis is present
No.
\ L 4

Characterize the R
matabolicalkalos|s: 15 It
«chlaride-resistant or
chiloride-responsive?
Check the urinary spot
chloride 72 (i.e,, >40mEa/L}
| 7 k Is present?
| high. This can be
associated with severs
| Drypokaeinia, Lusient
usage of diuretics or with
| mineralocormicaid excess
(00.00)
h l - l l =
7 ¥ Ty ™
Isan d Isan
respiratory disorder disorder precent 7
M1T1wwm for sl e aty
atng m -
.Ithtmhok Nalosists Actual L0y S0 mmbg {aG}
Iikedy the diuretic usage. Prodicied 0= AG=Ha-{CFHCD,)
| rmﬂﬂﬁlﬁdﬂ':‘ (0 7% HEDL 71 415 Afi=144-{80+50)
| Le the severe et 0y £o=d
ypokalemia. {0.7x49.4) + 214/-5
Predicted (0= 524/-5
N l P l S
\
Actual CO, {50} Falls withiy
the predicted rarge (47— The AG s normal.
s7) There s no associated
disorder is present
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Patient U

Metabolic acidosis.
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Patient U: A 50 year old man with severe diarrhea

A 50-year-old man presents to the ER with severe
diarrhea since 4 days. He is dehydrated.

pH:7.18 HCO;3: 6.0, PaCO;,: 20, Na*: 130, K*2.6,C": 114
pH 7.12: acidemic

\
~— -
o ™
Isita
respirato ¥ , . n .
nranon. Is it a metabolic acidosis that is the dominant disorder,
acidosis that is ol .
2 e i.e., is the bicarbonate low?
dominant, i.e., is
the CO, high? Yes. A dominant metabolic acidosis is present
No
\ l l Y
Characterize the
metabolic acidosis:
what is anion gap?
AG=[MNa* [l
J+HCOy)) Isan associated acid-base disorder present?
AG=13C-(114+6)
AG=10
| i\
il I3 an associated | isanassociated. |
disorder
present 7 present ?
The anion gap i ““’"“':;" 2 Calculate the delta ratio
mormal. The acidosis is Prodicted COy= % -
anormal anion gap (L5xHCO,1484/-2 Edw”““;mc' AHE0,
metabo'ic acidosis. Predicted 0y Delta ratio= [approx

Giserioiry rara){24-6)
SxB 4.
£ The delta ratio is
Predicted C0,=17, .5 negative | e, >6.
A

| l - 1 i
Actual €O, (16.0) falls
within the predicted
ralation
Clyal cortalatie range () The negative delta ratio
The commenest cause There is full respiratary supports the diagnosis
of a hyperchloremic compensation for the of a hyperchloremic
metabolic acidosis is mutabolic acidosis. No ‘metabalic acidosis
diarrhea, associated primary
respiratory disorder is
present

. PAS AN -
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Metabolic acidosis.
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Patient V: A 23 year old female with diabetic

ketoacidosis

A 23-year-old female is admitted in diabetic ketoacidosis.
pH: 7.23, PaC0O;: 18 mm HgHCO3 :6mEg/L, Na 134, K* 7.7, CI” 102: acidemic

~

Isita
respiratory
acidosis that Is it a metabalic acidosis that is the dominant
is dominant, disorder, i.e., is the bicarbonate low?
Ly ';_thhi €0, Yes. A dominant metabolic acidosis is present
igh?
No. 11
s N
4 -
)
Characterize the
metabolic acidosis:
What is anion gap?
AG=[Na+]-{[CI-]- lsan § acid-base disord
(HCO51) present?
AG=134-(6+102)
AG=26
J Y
) r
N N Ty
Is an associated 15 an associated
respiratory disorder metabolic alkalosis
present ? present 7
“‘“:,':2,,";5" = Al Cth 18 Calculatethe delte ratio
e s e i Predicted C0,= (00.00)
anion gap metabolic 1155 HCO )48+ /-2 Delta ratio=AAG-AHCO,
ackloss. Predicted C0,= 26-121-24-6)
[1.5x6)+8 +/- 2 =14-18
Pred cted C0,=17 =
1 I\ 1 .\ l
¢ -9

Clinical correlation:
A wide anion gap
metabolic acidesis s the
rule inuntreated DKA.
Later on, an associated

Actual CO,(18) falls
within the predicted
range (15-19),
There is full respiratory
compensation for the

. metabelic acidosis. No There is no associated
normal a_mx:fi o associated primary metaboalic alkalosis
iratory disorder is
supervene [10.31). present
B A ~

The delta ratio (normal
+6 t0-6) Is -4, e, within
the normal range.

1

13
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H- (nM/L)

13 Case Examples
100 7.0
90 6 9 12 15 18 21,/ 24 B
27
80 — - 7.1
7’30
) [
A3
S —F 12
g 6
>°°@‘ 39 pH
2080° > 2 — 7.3

i B
7 o 51
s ’{// 57 — 7.4

PCO, (mm Hg)

Patient W

Metabolic ¢ 69 7.5

alkalosisv 75 —
’g‘ — 7.6

==
ezEe =77
— 178
= 8.0
=85
I I I I
50 60 70 80 90 100

To all appearances, an acute respiratory alkalosis with a prob-
able metabolic alkalosis is present. As in the case of patient S,
this patient’s acid-base mapping has failed to reveal a triple
disorder (see discussion opposite).



13 Case Examples

339

Patient W: A 68 year old woman in congestive heart

failure

ABS-vear old female presented to the ER in severe congestive cardiac lailure.
pH: 7.62, HCO,: 21, PCO; : 25mmHg, PaD; 65 mmHg on 50% O; by ventimask, Na*: 130, CI": 30.

pH 7.59: alkalemic

-

- ~ N\
Assess the
Is it a metabolic oxygenation:
alkalosisthat is i
Tha Pa0; is 65
the domi Is it @ respiratory that is the domnant disorder, mmHgion
disorder, Le., is i.e.,is the CO low? Fi040f 0.5,
% .5,
the Aearbon Yes, A d piratory alkalosis is present which is low
elevau (predicted O, =
No. approx0.5x 5=
250 mmHg)
|
L A
Wan msoclsted metabolie || M
dnoeder present 7
Apphythatormadator
ok AGabaICI-HID, )
S 5 hipaxends Belylobe
Expeat i - A :4:3: dumh:mm
the same athe measured
1ECO, Thare s o obious
ttocintedmatabobc
dsondar,
" A 8
N ™
Amhough ametabetic
thik the squatiendidnot | cther cusesol auide
dlscrder appears bo be Cortainly thepwainot | outespeclally Fhe AG i
present. inthis
aniongap. ackosis, & tHd sckd-Eare ml“fl'mlﬂ.
scdosi
L o o J
- ——=Y
Laboatate the deftarato
DaltiratiosAG AHCT,
Dalturation {15-4H24-21) |
DaRaratio- 10
clinical comalation
T pathant hasbeen

WORIng, and o1 sccount
ST, At il o= 4 |
coes mat allabysis- has
P —l
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100
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Patient X
Impression: metabolic acidosis with chronic respiratory alka-

losis. In fact, a triple disorder is present (see discussion
opposite).

13
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Patient X: An 82 year old diabetic woman with

.
pneumonia
An 82-year-old woman was in diabetic k Idosis; she had been
coughing and breathless for a few days, and a right lower lobe pneumonia was
found at admission.
pH: 7.35, PCO, : 25mmHg, HCO,: 18mEqg/L, CI°: 89, PO, 82 on 50% 0,,
7.36: acidemic
-
: r
Isita
acldosis that is 15 it a metabolic acidosis that is the dominant disorder, Le., is
dominant, e, is | the bicarbonate low?
the €O, high? | Yes. A dominant metabolic acidosis is present
No
L o i i
covcsiciieie ||
matabollc acidosis: what
I anjon gap?
Ata{a* HICH HHCOY]) 13 a0 associated wcid-base diordes prevent?
AG=141{EI 18}
A3t
" 7
P
dincedar prasant 1 wlkaloris pravemt |
Aesead 00, 23 Cabiiate e deltaratio
The arskon gap b widened. Prodicted €0, = Delta pati= BAGAMCOD,
Tha sckdonis i 8 WAGHA L Deltaration (4-11114-08)
Predted €0, Deltaratios 236
(150 4R -2 Deitaratioes 16 rory bighi
Prmlcaed (0= 15 munily
- i s i A i J
= e ~ = -
DA presants with s wide
e ot e AR,
. ol
-m-:um::n“ |n>rn In—"‘l eatabolic
vt e S
2 the mald depransion in
I\
WE
el cerralition e
Taking the hibary mba Drseber ity tervian
L | Moo
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100 — 7.0
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80 — 7.1

730 |

&
L A0

dq’o\b > 172

@s‘i\{)\o 36 B

J v~°"@( 4313 pit
Q0SS

z o prd s

= \\t<""‘C © 51 —
o 57 - 74

KO 63 -
Metabolic ¢ 69 =175
alkalosis 75 — 76

= -
20 7.7
— 7.8
— 8.0
E85
0 { { { \ 1 \ | | |
10 20 30 40 50 60 70 80 90 100
PCO, (mm Hg)
Patient Y

Severe metabolic acidosis with acute respiratory alkalosis.
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Patient Y: Cardiopulmonary arrest in a 50 year old
male

A 50-year-old male suffers a cardiopulmonary arrest in the
ICU.

pH 7.0, HCO3: 6.0mEq/L PCO,:29mmHg, Pa05: 180mmHg on
FIO,100% on ventilator. Na*: 144, K*5.0, CI™: 104.

pH 7.0: acidemic

Isita
respiratory
;‘;’,':f::’:r:: Eite's Is it a metabolic acidosis that is the dominant APa0; of 180
: e disorder, i.e., is the bicarbonate low? is lower than
isthe CO; expected on a
high? Yes. A dominant metabolic acidosis is present FIO; of 1.0
Mo, not at first
[sight} anyway.
A \ l l s
Characterize the A chest x-ray must
metabolic be obtained to
acidosis: what is rule out a
anion gap? pneumaothorax
AG=Na-(CI-HCO3) 1£30 Atsod “:fm“md ?h‘“ Sttt {which can occur
=5 post-CPR), lobar
AG=144-(104+7.0) atelectasis,
AG=33 aspiration
L\ pneumaonia etc.

Lo

] : 15 an assaciated
Nlﬂmﬁ?dlﬂﬂ‘ presant?
present
Unlikidy. bait caloulate
The anion gap & Predicted C0y= thee dielta ratio amyway.
um::d.lh-dduh 1.5 MO B -2 Dielta ratios A4G-
N Predicted C0; = Aoy
Gseheia Dl 23,131
Predicted (0= 17 +/2
‘ Deltaratio= 3 (-6 to-+6}
Actual COZ (29 nanbgh
Clinical corralation significantly exceeds |
A the predicted CO, (15-

wenequence of the (P

arrestis the likeby caue || Aprimary respiratory |

the There B 100 as3
whement of renal failure.

and the aeatioine | Cardiopulmonary arrest |

s to bie checked as accounts for the |

well ypoventlation |

|

-
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S — 112
g 6
>°°@‘ 39 pH
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70 80 90 100

This patient’s acid-base map conveys the impression of chronic
respiratory alkalosis. In actual fact, a triple disorder is present

(see discussion opposite).
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Patient Z: A 50 year old diabetic with suspected
pulmonary thromboembolism

A 50 -year—old diabetic with chronic kidney disease is admitted with cellulitis nilmlq. adﬂpvenoustmnbndsiulw
suspected. He has been breathless for less than a day. He is dehyd { but not

pH:7.45 PaC0y: 25 mmHg, HCO5 115 mEg/L. Na*:144, €195, Pa0;:55mmHg onroom air.
PH7.45: alkalemic

=y - R

Isit a metabollc alkafosis thatis the Isit a respiratory alkalosis thatis e e o
dominant disorder, i.e., is the dominant, i.e., is the CO, low? The“::Dxli: 55mmHg nnmo:'n:lr.
bicarbonate elwamed? is low, more so since
" ;e:'mhanl respiratory alkalosis patienitl Typervenblatiog (45
‘ evidenced by the low PaC0;).

< ¥\ /N J

Apphythe formailator acite resp abialosts
Expected HCD, =(40-LO;)x 0.2 =/ h kol vt

24 {140-38]x .2} +/.

Expacted OO, =21/ requirestobe ruled out.
Actusl HCO, (15) bs lowar than axpected.

Theres an associated metabolic ackdosls
b - ¥ 4

Cabcudlate the anion gap,
Aca(Nasi{GHHDT T
AG=1-{35-15}

AGe34
The acidonis is 8 wide anion gap metabolic
acldos.

L= -

Calculate the deltaratio
Diakta ratics BAG-AHCD,
DaRaration (34-121-{24-15)
DeNaratios 13
Amatabolic sliosls i also present

Clinical comelation
Tha meatabolic acidosks may ba om sccount of
rasahk

causa for the metabedc allcalosts is Bkaly the
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A
A-a DO,, see Alveolo-arterial
diffusion of oxygen
(A-aDO»)
ABC, see Actual bicarbonate
(ABC)
ABG, see Arterial blood gases
(ABG)
Abnormal solutes, detection of, 258
Acidemia, 167
Acid-base disorders, 138
clinical conditions associated
with, 280-281
coexistence of, 191
Acid-base maps, 286
relationship between pH,
PaCO, and HCO;, 193
Acidosis
definition of, 167, 168
lactic, see Lactic acidosis
metabolic, see Metabolic
acidosis
renal mechanisms of, 246
respiratory, see Respiratory
acidosis
Acids
Arrhenius’ theory, 130
buffering capacity of, 172
dissociation constants, 170
generation of, 144

Lewis’ approach and, 132
properties of, 129
Usanovich theory and, 133
Acquired methemoglobinemias, 87
Activity of substance, 166
Actual bicarbonate (ABC), 226
and SBC, relationship
between, 239
Acid loading
buffering in, 155, 159
CSF response in, 13
time-frame of compensatory
responses to, 154
transcellular ion shifts with, 153
See also Metabolic acidosis
Acute hypercapnia
causes, 197
clinical effects, 198
Acute hypocapnia, electrolyte
shifts in, 209
Acute on chronic respiratory
acidosis, 205
Acute respiratory alkalosis
clinical features of, 211
electrolyte shifts in, 209
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