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Introduction—Why Is Acid-Base 
Balance Important?

Blood gas and pH analyses have been the most robust labo-
ratory and bedside tools for identifying and monitoring 
critical illness since the advent of modern medicine. There 
is good reason to believe that understanding acid-base 
chemistry will continue to be important for physicians for 
decades to come.1

The human body is composed principally of water, par-
titioned into intracellular and extracellular compartments. 
The electrolyte composition of each of these spaces is tightly 
controlled to maintain homeostasis. Alterations in the rela-
tive concentrations of electrolytes and of carbon dioxide 
(CO2) impact the tendency of water to auto-ionize into its 
component parts: hydrogen and hydroxyl ions.2 Altera-
tions in the water, gas, and electrolyte composition of the 
fluid compartments manifests as changes in the chemistry 
profile of body water and acid-base balance.

The hydrogen ion concentration is conventionally 
measured as pH (literally the “power of hydrogen”), 
the negative logarithmic value of its concentration. 
Deviations in extracellular pH away from the resting 
value of 7.4 have long been associated with acute and 
critical illness. Such deviations are known as “acid-base 
abnormalities.”3 All acid-base abnormalities result from 
changes in the local concentration of strong ions, weak 
acids, and CO2.2,4,5

This chapter first looks at the basic science behind acid-
base abnormalities. Subsequently, we explore the detec-
tion and treatment of acid-base conundrums, with specific 
reference to perioperative medicine and critical care.!

What Are Acids and Bases?

The concept of acids and bases is relatively new in medi-
cine,6 and arose with the development of laboratory sci-
ence in the early part of the 20th century. However, as 
early as 1831, O’Shaughnessy identified loss of “carbon-
ate of soda” from the blood as a fundamental disturbance 
in patients dying of cholera.7 This led directly to the 
development of crystalloid replacement therapy for hypo-
volemic shock. In 1909, L.J. Henderson coined the term 
“acid-base” balance.8 He was able to define this process 
in terms of carbonic acid equilibrium. Henderson’s work 
was later refined by Hasselbalch in 1916.9 Their method 
described acid-base balance in terms of the hydration 
equation for CO2

10:
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So, substituting into the foregoing equation:
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This is the Henderson-Hasselbalch equation.
The introduction of this concept into clinical practice 

became possible with the development of volumetric CO2 
analysis by Van Slyke and others in 1919.11 This led to 

!"!  The presence of a significant acid-base abnormality often signals a sinister underlying problem.
!"!  All acid-base abnormalities result from alterations in the dissociation of water.
!"!  Only three factors independently affect acid-base balance—the arterial partial pressure of car-

bon dioxide (PaCO2), the strong ion difference (SID), and the total concentration of weak acids 
(ATOT).

!"!  Respiratory acidosis and alkalosis are caused by hypercarbia and hypocarbia, respectively.
!"!  Metabolic acidosis is caused by decreased SID or increased ATOT. Decreased SID results from 

accumulation of metabolic anions (shock, ketoacidosis, and renal failure), hyperchloremia, and 
free water excess. Increased ATOT results from hyperphosphatemia.

!"!  Metabolic alkalosis is caused by increased SID or decreased ATOT. SID increases due to sodium 
gain, chloride loss, or free water deficit. ATOT decreases in hypoalbuminemia and hypophos-
phatemia. This is particularly common in critical illness.

!"!  Most acid-base disorders are treated by reversal of the cause.
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60 years of research and interest in CO2 and its derivative, 
bicarbonate, as the principle agents that impact acid-base 
chemistry, despite the knowledge in the 1920s of the impor-
tance of chloride in acid-base equilibria.12

An understanding of acid-base chemistry in the human 
body requires familiarity with physical chemistry. Because 
the body contains a large quantity of water, the physical 
properties of water have enormous implication for mainte-
nance of homeostasis. Water is a simple triatomic molecule. 
Its chemical formula is H2O and its structural formula is 
H-O-H. The charge distribution of each covalent bond is 
unequal, and the molecule has a polar conformation and an 
H-O-H bond angle of 105 degrees. Water molecules attract 
and form hydrogen bonds with one another. Consequently, 
water has a high surface tension, a low vapor pressure, a 
high specific heat capacity, a high heat of vaporization, and 
a high boiling point.

Water molecules are in continual motion. Occasionally 
a collision generates sufficient energy to transfer a proton 
from one water molecule to another. Thus, water is always 
slightly dissociated into a negatively charged hydroxyl 
(OH!) ion and a positively charged hydronium (H3O+) ion. 
Conventionally, this self-ionization of water is written as 
follows:

[)�0] δ)� � 0)å

The symbol H+ is convenient because, although protons 
dissociating from water have many aliases (such as H3O+ 
and H9O4

+), most physicians and chemists refer to them as 
hydrogen ions.

The self-ionization of water is miniscule. In pure water 
at 25°C, the [H+] and [OH!] are 1.0 " 10!7mmol/L. The 
tendency for water to dissociate into its component parts is 
represented by the expression

,FR)�0� [)� ] [0)å ]

The molarity of water is extremely high—55.5 M (“there 
is a lot of water in water”). As the concentration of water 
and the Keq are constants, the ion-product dissociation con-
stant (pKa) for water can be expressed as follows:

,FR)�0�,FR (��.�) �, ̀
X � [)� ] [0)å ]

The implication is that the product of the concentrations 
of hydroxyl and hydrogen is constant, so when there is an 
increase in the concentration of hydrogen ions, there is a 
concomitant decrease in the concentration of hydroxyl 
ions, and vice versa.

Pure water is considered neutral because the relative 
concentrations of hydrogen and hydroxyl are equal at 1.0 
" 10!7mmol/L. A solution is considered acidic if the concen-
tration of hydrogen ions exceeds that of hydroxyl ions ([H+] 
> 1.0 " 10!7mmol/L, [OH!] < 1.0 " 10!7 mmol/L). A solu-
tion is considered alkaline if the hydroxyl ion concentration 
exceeds the hydrogen ion concentration.

In 1903, Svante Arrhenius (1859-1927) established the 
foundations of acid-base chemistry. In an aqueous solution, 
an Arrhenius acid is any substance that delivers a hydrogen 
ion into the solution.5 A base is any substance that delivers a 
hydroxyl ion into the solution. Because of its high dielectric 

constant, water is a highly ionizing solution. Therefore, 
substances with polar bonds will dissociate into their com-
ponent parts (dissolve) in water. Brønsted and Lowry (BL) 
independently advanced this concept using slightly differ-
ent terminology: an acid is a proton donor, a base a proton 
acceptor. Water itself is amphoteric and can act as either 
an acid or as a base. Thus, when hydrochloric acid (HCl) 
is dissolved in water, chloride, the acid, donates a proton 
to water, the base. Similarly, when potassium hydroxide 
(KOH) is dissolved in water, potassium, the base, receives a 
hydrogen ion from water, the acid or proton donor.

The degree of dissociation of substances in water deter-
mines whether they are strong acids or strong bases. Lactic 
acid, which has an ion pKa of 3.4, is completely dissociated 
at physiologic pH, and is a strong acid. Conversely, carbonic 
acid, which has a pKa of 6.4, is incompletely dissociated, 
and is a weak acid. Similarly, ions such as sodium (Na+), 
potassium (K+), and chloride (Cl!), which do not easily bind 
other molecules, are considered strong ions—they exist free 
in solution. As each Na+ delivers a hydroxyl moiety into 
extracellular fluid (ECF), it is functionally a base, as are all 
cations. As each Cl! delivers a hydrogen moiety into ECF, it 
is functionally an acid, as are all anions. The hydrogen and 
hydroxyl ions delivered in this way bind to one another, 
forming water molecules, and relatively few free hydrogen 
or hydroxyl ions remain free in solution.

)$- � )�0β)�0� � $Må

In this reaction, hydrogen chloride acts as a BL acid and 
water as a BL base.

/B0) � )�0β)�0 � 0)å � /B�

In this reaction, water acts as a BL acid and sodium as a 
BL base.

0)å � /B� � )�0� � $Må � /B� � $Må � )�0

Because of electrical neutrality, the hydrogen and 
hydroxyl ions delivered by chloride and sodium become 
water.

In summary, all acid-base reactions in the human 
body relate to the presence of charged particles within 
an aqueous environment. In the following section, how 
the components of ECF influence the acid-base status of 
the body, as measured by clinicians, is discussed. This is 
followed by an explanation of different acid-base abnor-
malities, and the tools used to identify them. These 
approaches are neither distinct from one another nor sci-
entifically incompatible.!

What Determines the Acidity or 
Alkalinity of a Solution?

Because all acid-base reactions are based on the principles 
of physical chemistry, three simple rules must be followed:2
  

 1.  Electrical neutrality: in aqueous solutions, in any com-
partment, the sum of all the positive charged ions must 
equal the sum of all the negative charged ions.
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 2.  Dissociation equilibria: the dissociation equilibria of all 
incompletely dissociated substances, as derived from the 
law of mass action, must be satisfied at all times.

 3.  Mass conservation: the amount of a substance in a given 
compartment remains constant unless it is added, 
removed, generated, or destroyed. Therefore, the total 
concentration of an incompletely dissociated substance 
is the sum of concentrations of its dissociated and undis-
sociated forms.

  

To determine the acid-base status of a fluid, all substances 
to which these rules could be applied must be accounted for. 
Fundamentally this involves counting up all the charges 
(and hence hydrogen and hydroxyl ions) delivered by 
strong cations (bases) and strong anions (acids), weak acid 
buffers, and CO2.13 A discussion of key groups follows.

STRONG IONS

The first group of ions, the strong ions, dissociate com-
pletely. The most abundant strong ions in the extracellular 
space are Na+ and Cl!. Other important strong ions include 
K+, sulfate (SO4

2!), magnesium (Mg2+), and calcium (Ca2+). 
These are occasionally referred to as “mineral” acids or 
bases because they cannot be metabolized.6 Organic acids 
are generated from metabolism and accumulate when there 
is metabolic dysfunction—such as kidney failure, splanch-
nic hypoperfusion, or hormonal deficiency.

In a solution containing strong ions, created, for example, 
using specified concentrations of sodium hydroxide (NaOH) 
and HCL, the hydrogen ion concentration can be calculated 
by solving for electric neutrality:

(/B� å$Må ) � ()� å0)å ) ��

This creates two separate simultaneous equations14:
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These equations tell us that hydrogen and hydroxyl 
concentrations are determined by the Kw# (water pKa), 
and the difference in charge between Na+ and Cl!. 
Because the former is constant, in this system ([Na+] ! 
[Cl!]) must determine [H+] and [OH!]. Given that the 
concentration of both Na+ and Cl! are known, the net 
positive charge minus net negative charge can be quanti-
fied. It is the strong ion difference (SID).14 Logically, in any 
solution, the sum total of the charges imparted by strong 
cations minus the charges from strong anions will repre-
sent the SID. SID independently influences hydrogen ion 
concentration (Fig. 48.1). In human ECF, SID is always 
positive.

4*%�
!
[/B� ] � [,� ] �

"
$B�� # �

"
.H�� #$

q ([$Må ] � ["å ]) ���å��N&R�-

Hydroxyl ions almost always exceed hydrogen ions 
quantitatively in solution. The relationship between SID 
and [H+] is nonlinear in these conditions. Any change 
in SID will change both [H+] and [OH!] concentrations. 
Because of the Kw#, this relationship is inverse: as [H+] 
increases, [OH!] decreases (see Fig. 48.1). SID is an inde-
pendent variable, and [H+] and [OH!] are dependent, 
meaning that the addition of hydrogen ions alone (with-
out strong corresponding anions) cannot influence the pH 
of the solution.!

WEAK ACID “BUFFER” SOLUTIONS

The degree of water dissociation, and thus the hydrogen ion 
concentration, is also influenced by charges derived from 
weak acids. These acids are partially dissociated compounds 
whose degree of dissociation is determined by the prevailing 
temperature and pH. The predominant molecules in this 
group are albumin and phosphate. Stewart used the term 
ATOT to represent the total concentration of weak anions or 
acids that influence acid-base balance.2

The acid HA will only partly dissociate, represented by 
the equilibrium

[)� ] ° ["å ] �," ° <)">

KA is the weak acid pKa. If we assume that HA and A! 
play no further part in this reaction (the law of mass con-
servation), the amount of A! present in the solution must 
equal the amount initially present, so:

[HA] + [A!] = [ATOT]

where [ATOT] is the total weak acid concentration.
In order to calculate the effect of weak acid dissociation 

on [H+], we must take into account water dissociation and 
electrical neutrality:

[H + ] + [OH ! ] = K "
w (water dissociation).

[SID] + [H + ] – [A ! ] ! [OH ! ] = 0 (electrical neutrality).

0.2

0.6

1.0

0.8

0.4

0
–1 –0.8 –0.6 –0.4 –0.2 0 0.2 0.4 0.6 0.8 1.0  

(µ
Eq

/L
)

[H!]"[OH#]"!""

[H!]

[OH#]

Strong ion solutions
[H!] and [OH#] versus SID

SID 
(µEq/L)

[OH#]
[H!]

Kw

Fig. 48.1 Effect of Changes in the Strong Ion Difference (SID) on 
Hydrogen and Hydroxyl Ion Concentration. (Modified from Stewart 
PA. Modern quantitative acid-based chemistry. Can J Physiol Pharmacol. 
1983;61:1444–1461.)
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These four simultaneous equations determine the [H+] 
in this solution containing strong ions and weak acids. SID 
and ATOT are independent variables. Kw# and KA are con-
stants. Consequently, the other variables [HA], [H+], [OH!], 
and [A!] must adjust to satisfy the foregoing equations. 
They are dependent variables.!

CARBON DIOXIDE

Along with strong ions and weak bases, ECF contains CO2. 
The concentration of CO2 in ECF is determined by tissue 
production and alveolar ventilation. CO2, when in solu-
tion, exists in four forms: CO2 (denoted CO2[d]), carbonic 
acid (H2CO3), bicarbonate ions (HCO3

!), and carbonate 
ions#CO3

2!.
The concentration of CO2(d) is determined by the solu-

bility coefficient of CO2 (SCO2), which depends on body 
temperature, PCO2, and other factors. Several equilibrium 
equations can be derived from the hydration of CO2:

[CO2 (d)] = [Sco2] ! Pco2

The tendency for CO2 to hydrate to H2CO3, and sub-
sequently dissociate to H+ and HCO3

!, is reflected by the 
equation:

[$0� (E)] ° [0)å ] �,� ° [)$0å
� ]

These equations can be combined together and with 
water equilibrium to the following:

[)� ] ° [)$0å
� ] � ,D ° Q$0�

HCO3
! also dissociates to release hydrogen ions and car-

bonate, the equilibrium reaction which is represented by 
this equation:

[)� ] °
!
$0�å

�
"

�,�[)$0å
� ]!

FACTORS INDEPENDENTLY INFLUENCING 
WATER DISSOCIATION

Now that we have looked at the different factors that may 
influence the concentration of hydrogen ions in a solu-
tion—strong ions, weak acids, and CO2—we can combine 
the derived equations to a solve for [H+]:
  

 1.  Water dissociation equilibrium: 

[)� ] ° [0)å ] �, ̀
8

 2.  Weak acid dissociation equilibrium: 

[)� ] ° ["å ] � ," ° [)"]

 3.  Conservation of mass for weak acids: 

[)"] � ["å ] � ["505]

 4.  HCO3
! formation equilibrium: 

[)� ] ° [)$0å
� ] � ,$ ° Q$0�

 5.  Carbonate ion formation equilibrium: 
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!
$0�å

�
"
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 6.  Electrical neutrality:
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� ] å ["å ] å!

$0�å
�
"

å [0)å ] ��  

There are six independent simultaneous equations, and 
just six unknown, dependent variables determined by 
them: [HA], [A!], [HCO3

!], [CO3
2!], [OH!], and [H+]. There 

are three known independent variables: [SID], [ATOT], and 
PCO2

Solving the equations for [H+]:

 

[4*%] � [)� ] å,$ ° 1$� [)� ] å," ° ["505] �
(," � [)� ]) å,� ° ,$1$� [)� ]

� å, !

8� [)
� ] ��

In other words, [H+] is a function of SID, ATOT, PCO2, and 
a number of constants. All other variables, most notably 
[H+], [OH!], and [HCO3

!] are dependent and cannot inde-
pendently influence acid-base balance.!

Acid-Base Abnormalities

The value of the physical chemistry (“Stewart”) approach 
is that it allows us to use a simple model for understand-
ing acid-base disturbances, as all abnormalities can be 
explained in terms of SID, ATOT, or PCO2.2,14 Traditionally, 
acid-base disturbances have been classified as resulting 
from either alterations in arterial carbon dioxide (PaCO2) 
tension (respiratory acidosis or alkalosis) or alterations in 
blood chemistry (metabolic acidosis or alkalosis).16 This 
remains a useful classification, although it must be remem-
bered that respiratory or metabolic abnormalities rarely 
occur independent of one another.

RESPIRATORY ACID-BASE ABNORMALITIES

Respiratory Alkalosis
The normal PaCO2 is 40 mm Hg (5.3 kPa). Respiratory 
alkalosis occurs when there is an acute decrease in PaCO2 
as a result of hyperventilation. Acute respiratory alkalosis 
is characterized by a pH > 7.45, a low PaCO2, and a low 
HCO3

!. A simple rule of thumb for this reaction is as follows:

Acute respiratory alkalosis:

ɳ)$0å
� ��.� ɳ1B$0�

The hyperventilating patient will present with symp-
toms and signs of vasoconstriction: lightheadedness, visual 
disturbances, dizziness, and hypocalcemia from increased 
binding of calcium to albumin. The hypocalcemia is caused 
by an increase in the available negative charge on albumin 
in alkaline states. Acute hypocalcemia is associated with 
paresthesia and tetany. In anesthesia practice, patients 
may hyperventilate preoperatively as a consequence of 
anxiety, and postoperatively secondary to pain, agitation, 
or a full bladder. More commonly, hyperventilation results 
from poor mechanical ventilation strategy and may result 
in significant systemic and, in particular, cerebral vasocon-
striction. Therapeutic hyperventilation is no longer used to 
treat intracranial hypertension because of significant con-
cerns regarding cerebral hypoperfusion and ischemia.!
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Respiratory Acidosis
Respiratory acidosis occurs when there is an acute rise in 
PaCO2 usually associated with respiratory failure. This may 
result from problems with
  

 "  Central ventilator control—such as toxicity from anes-
thetic agents, benzodiazepines, or opioids, stroke, spinal 
cord injury;

 "  Peripheral ventilator control—such as myasthenia 
gravis, poliomyelitis, polymyopathy, or neuromuscular 
blockade;

 "  Ventilation-perfusion mismatch—associated with pneu-
mothorax, pleural effusion, atelectasis, pneumonia, or 
pulmonary edema.

  

Clinically, patients have signs of CO2 retention: cyanosis, 
vasodilatation, and narcosis.

Respiratory acidosis causes a rapid increase in [H+]. 
Compensation for hypercarbia is slow, requiring increased 
urinary excretion of Cl!,8 and pH falls rapidly. A concomi-
tant increase in the plasma HCO3

! occurs and reflects a 
higher total CO2 load. In the mid-1960s, Brackett, Cohen, 
and Schwartz elegantly described the relative changes 
in HCO3

! in response to acute and chronic elevations 
in PaCO2, providing us with extremely useful “rules of 
thumb”:17

In acute hypercarbia, the bicarbonate concentration of 
plasma rises slowly
  

 "  An increase in PaCO2 by 10 mm Hg (1.3 kPa) results in 
an increase in HCO3

! by 1 mmol/L (1 mEq/L)
  

A patient returning to the intensive care unit from the 
operating room who has been under ventilation for several 
hours may be hypercapnic, for example, with a PaCO2 of 80 
mm Hg (10.5 kPa). Using this rule, the expected HCO3 will 
be 28 mmol/L (Table 48.1).

In chronic respiratory failure, the total CO2 load in the 
body increases substantially, reflected by relatively high 
levels of plasma HCO3!. There is a concomitant fall in 
plasma chloride, reflecting compensation for elevated levels 
of carbonic acid.

In chronic respiratory acidosis:
  

 "  ɳ)� (O&R�-) ��.� (ɳ1$0�)
 "  An increase in PaCO2 by 10 mm Hg (1.3 kPa) will in-

crease plasma [HCO3
!] by 3 mmol/L (3 mEq/L)

  

A patient returning to the intensive care unit from the 
operating room, ventilated to a PaCO2 of 40 mm Hg (5.3 
kPa) but with high total CO2, secondary to chronic respira-
tory failure (for example, from COPD), may fail to liberate 
from mechanical ventilation, due to acute metabolic alka-
losis. Using the “rule” the patient’s preoperative total CO2 
of 33 mEq/L (mmol/L) will indicate a baseline PaCO2 of 70 
mm Hg (9.3 kPa) for that patient (see Table 48.1).

For anesthesiologists, who routinely administer mechan-
ical ventilation to patients with various levels of CO2 reten-
tion, it is important to consider goals for both arterial and 
end tidal carbon dioxide (etCO2) in the operating room. This 
should also include consideration of the impact of drugs, 

such as opioids and benzodiazepines, on respiratory func-
tion and on the effect of intravenous fluids on overall acid-
base dynamics. For example, both isotonic saline (0.9%) 
solution and Ringer’s Lactate (or Hartmann’s) solution will 
cause progressive increase in extracellular chloride in a 
dose-dependent manner. This does not occur with truly bal-
anced solutions such as Plasmalyte-148 or Normosol-R. In 
theory, this may impact postoperative CO2-HCO3

! homeo-
stasis and respiratory function.

In critical illness, in particular in patients with acute 
respiratory distress syndrome (ARDS), there is general 
consensus among intensivists that aggressive mechanical 
ventilation to normalize pH and PaCO2 is more harmful 
than “permissive” hypercapnia. Data support that such an 
approach—a “lung protective” strategy— is well tolerated, 
18,19 and may indeed be beneficial.20!

METABOLIC ACID-BASE DISTURBANCES

Metabolic acid-base disturbances are caused by abnor-
malities of extracellular water and electrolyte composition 
and serum protein levels. Using the terminology described 
above, metabolic acid-base abnormalities are caused by 
alterations in the SID or ATOT, or both. An increase in the 
SID causes alkalemia; a decrease in the SID causes acide-
mia. The alternation may be caused by a change in the 
total or relative concentration of strong ions. For example, 
a decrease in the SID (i.e., more anions relative to cations) 

TABLE 48.1 Changes in Bicarbonate HCO3
! and PaCO2 

in Acute and Chronic Hypercarbia

ACUTE HYPERCARBIA

Measured Bicarbonate
Expected PaCO2 in Acute Respiratory 
Failure

HCO3
! mEq/L or mmol/L PaCO2 mm Hg PaCO2 kPa

24 40 5.3

25 50 6.6

26 60 8.0

27 70 9.3

28 80 10.5

29 90 11.8

30 100 13

CHRONIC HYPERCARBIA

Measured Bicarbonate
Expected PaCO2 in Chronic Respira-
tory Failure

HCO3
! mEq/L or mmol/L PaCO2 mm Hg PaCO2 kPa

24 40 5.3

27 50 6.6

30 60 8.0

33 70 9.3

36 80 10.5

39 90 11.8

42 100 13
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causes acidosis; this may occur because of a net increase 
in anions: mineral acids such as chloride or organic acids 
lactate or ketones (organic acids can be metabolized). In 
addition, SID can fall due to an increase in the volume of dis-
tribution of the same quantity of ions (Table 48.2). A useful 
rule of thumb is that for every 1 mEq/L fall in the SID, there 
is a 1 mEq/L fall in the [HCO3

!] from baseline (although the 
“normal” level varies with respiratory function; see Table 
48.1)—and this approach is widely used to characterize 
metabolic acidosis. Likewise, for every 1 mEq/L increase in 
the SID, there is a 1 mEq/L increase in the [HCO3

!] from 
baseline—and this approach is widely used to characterize 
metabolic alkalosis. Note that, in all scenarios, [HCO3

!] is a 
dependent variable—dependent on changes in SID or ATOT.

Metabolic acidosis is of clinical significance for two rea-
sons: pathologies arising from the acidosis itself and pathol-
ogies arising from the cause of the acidosis. Acidosis is 
associated with alterations in transcellular ion pumps and 
increased ionized calcium. The result is vasodilation, dimin-
ished muscular performance (particularly myocardial), and 
arrhythmias. The oxyhemoglobin dissociation curve shifts 
rightward to increase oxygen offload into the tissues. Rapid-
onset metabolic acidosis may be associated with profound 
hypotension, cardiac arrhythmias, and death. The malig-
nancy of the acidosis is strongly related to the underlying 
disease process; lactic acidosis caused by circulatory shock is 
more malevolent than hyperchloremic acidosis.13 The body 
is hyperresponsive to acidosis. Increasing hydrogen ion 
content in cerebrospinal fluid activates the respiratory cen-
ter to stimulate respiration. Alveolar ventilation increases, 
reducing arterial CO2 content, hence reducing the total 
body [H+]. Bicarbonate concentration simultaneously falls, 
due to buffering activity, and due to the reduction in total 

CO2. As a result, the blood pH falls less in metabolic acidosis 
compared with respiratory acidosis.

Metabolic alkalosis rarely occurs as a result of acute ill-
ness. Symptoms and signs of metabolic alkalosis include 
widespread vasoconstriction, lightheadedness, tetany, 
and paresthesia. The main compensatory mechanism is 
hypoventilation that may delay weaning from mechanical 
ventilation in critically ill patients.

In normal ECF, the SID is 40 to 44 mEq/L, this positive 
charge being balanced principally by weak acids (with-
out which the pH of blood would be 11.9). Anything that 
increases the SID will increase the relative concentration of 
cations to anions and alkalinize the solution. Anything that 
decreases the SID will decrease the relative concentration 
of cations to anions and will acidify the solution. Hence, if 
the extracellular compartment volume is expanded with 
free water (no electrolytes), the components of the system 
are diluted, with relatively more dilution of more abun-
dant moieties (sodium rather than chloride); the result is 
a reduction in SID and “dilutional acidosis.” This is rarely 
seen in clinical practice, due to the renal water clearance. 
Conversely, if free water is removed from the ECF, for exam-
ple from increased evaporative losses, there is an increase 
in the relative concentration of charged moieties, and this 
concentration effects more abundant ions and compounds 
(sodium rather than chloride). The SID increases and the 
patient develops a “contraction alkalosis” (see Table 48.2). 
This is commonly seen in clinical practice, in particular 
following the administration of loop diuretics that have a 
greater impact on water removal over salt.

In hospital medicine, “normal saline” (NaCl 0.9%—NS), 
containing 154 mEq (3.5 g) of sodium and 154 mEq (5.5 g) 
of chloride, is commonly used. The SID of this solution is 0. 
As each liter of fluid delivers relatively more chloride than 
sodium (as the baseline proportions in ECF are 1.4:1—SID 
40), progressive hyperchloremia results. This reduces SID 
and results in “hyperchloremic acidosis.”21

Any process that removes chloride without sodium, such 
as vomiting or aggressive nasogastric suctioning with a loss 
of HCl, causes metabolic alkalosis (hypochloremic alkalosis) 
due to an increase in SID. The alkalosis is caused by chlo-
ride loss, which obeys the law of conservation of mass (i.e., 
there is a finite quantity available in the ECF), not hydrogen 
ions, whose source—water—is unlimited. Severe diarrhea, 
which is associated with loss of both potassium and sodium, 
reduces the SID, and is associated with metabolic acidosis. 
Aggressive use of diuretics causes a net loss of free water 
over sodium and chloride and causes contraction alkalosis.

The most significant form of metabolic acidosis is asso-
ciated with a net gain of “unmeasured” (organic—that is 
electrolytes not conventionally measured on serum chem-
istry analysis) anions and, consequently, a decreased SID.
  

 1.  In dysoxia, liver dysfunction, and, in particular, states of 
severe stress, lactate is produced, reducing the SID and 
causing acidosis

 2.  In out-of-control diabetes (ketoacidosis) or during star-
vation or liver disease, $-hydroxybutyrate and acetoac-
etate are produced, reducing SID and causing acidosis

 3.  In severe renal failure, Cl!, SO4
2!, PO4

3! (“fixed renal 
acids”), and various other metabolic intermediaries are 
not excreted, causing acidosis.

  

TABLE 48.2 Classification of Primary Acid-Base 
Abnormalities

Abnormalities Acidosis Alkalosis

Respiratory Increased PCO2 Decreased PCO2

Metabolic

ABNORMAL SID

Caused by water excess  
or deficit

Water excess = 
dilutional

Water deficit = 
contraction

 % SID + % [Na+] & SID & [Na+]

Caused by electrolytes Chloride excess Chloride deficit

Chloride (measured) % SID & [Cl!] & SID + % [Cl!]

Other (unmeasured) 
anions, such as lactate 
and keto acids

% SID & [UMA-] —

ABNORMAL ATOT

Albumin [Alb] & [Alb] (rare) % [Alb]

Phosphate [Pi] & [Pi]

[Alb], Concentration of serum albumin; ATOT, to represent the total concentra-
tion of weak ions; [Cl!], concentration of chloride ions; [Na+], concen-
tration of sodium ions; PCO2, partial pressure of carbon dioxide; [Pi], 
concentration of inorganic phosphate; SID, strong ion difference; [UMA!], 
unmeasured anions; &, increased; %, decreased.

(Modified from Fencl V, Jabor A, Kazda A, Figge J. Diagnosis of metabolic 
acid-base disturbances in critically ill patients. Am J Respir Crit Care Med. 
2000;162:2246–2251.)
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The total weak acid pool, principally serum albumin and 
phosphate, is also an important determinant of acid-base 
status. Hyperphosphatemia has long been associated with 
the acidosis of renal failure. Hypoalbuminemia is common 
in critical care. Hypoalbuminemia decreases ATOT and is 
associated with metabolic alkalosis.22,23 There is a strong 
association between hypoalbuminemia and severity of 
critical illness. Albumin deficits result from four different 
homeostatic changes: reprioritization of hepatic protein 
production favoring production of acute phase reactants 
and limiting albumin synthesis; capillary leak with loss of 
albumin into the interstitium; breakdown of pre-existing 
albumin so that its constituent amino acids can be used for 
protein synthesis; and replacement of plasma with protein-
free fluids.

The impact of hypoalbuminemia on acid-base balance 
has been grossly underestimated. Stewart’s original theory 
has been subsequently modified by Fencl and Figge.24 The 
serum albumin concentration is the core negative charge 
offsetting the net positive charge of the SID.22 Conse-
quently, the presence of hypoalbuminemia may mask the 
detection of acidosis25 caused, for example, by unmeasured 
anions (UMA), when using conventional tools of acid-base 
chemistry: pH, bicarbonate, base deficit, and the anion 
gap (AG).26 Indeed, the presence of hypoalbuminemia has 
significant implications, not least for its association with 
adverse outcomes.27 Hyperalbuminemia is very unusual; 
in cholera, when associated with hemoconcentration, it 
results in acidosis.28!

Regulation of Acid-Base Balance

Extracellular hydrogen ion concentration appears to be 
tightly controlled by the body. In all probability this regula-
tion reflects a need to prevent rapid changes in extracellular 
electrochemical balance from interfering with the function 
of transcellular ion pumps. To prevent fluctuation a vari-
ety of intracellular and extracellular buffering systems have 
evolved. A buffer is a solution of two or more chemicals that 
minimizes changes in pH in response to the addition of an 
acid or base. Ideally, a buffer has a pKa that is equal to the 
pH, and an ideal body buffer has a pKa between 6.8 and 7.2. 
Most biologically salient buffers are weak acids.

It is valuable to view control of hydrogen ion concentra-
tion in terms of volatile and metabolic acids (mineral and 
organic). The major source of acid in the body is the volatile 
acid CO2, which produces 12,500 mEq of H+ a day, mostly 
excreted by the lungs. In contrast, only 20 to 70 mEq of 
hydrogen ion-promoting anions are excreted daily thru the 
kidney. Volatile acid is principally buffered by hemoglobin 
(Hb). Deoxygenated Hb is a strong base and there would be 
a huge rise in the pH of venous blood if Hb did not bind the 
hydrogen ions produced in oxidative metabolism.

Carbon dioxide easily passes through cell membranes. 
Within the erythrocyte CO2 combines with H2O, under 
the influence of the enzyme carbonic anhydrase, to form 
H2CO3, which ionizes to hydrogen and bicarbonate. Hydro-
gen ions bind to histidine residues on deoxyhemoglobin 
(the “Haldane” effect), and bicarbonate is actively pumped 
out of the cell. Chloride moves inward to maintain electro-
neutrality (the chloride shift) and to ensure the continued 

production of carbonic acid. CO2 is also buffered directly by 
Hb (carbaminohemoglobin) and by plasma proteins (carb-
amino proteins). Venous blood contains 1.68 mmol/L extra 
CO2 over arterial blood: 65% as HCO3

! and H+ bound to Hb, 
27% as carbaminohemoglobin (CO2 bound to Hb), and 8% 
dissolved.

When respiratory failure occurs, the principal CO2 buffer-
ing system, Hb, becomes overwhelmed, leading to the rapid 
development of acidosis. In response, the kidney excretes an 
increased chloride load, using NH4

+, a weak cation, for elec-
trochemical balance. Thus ECF osmolality is maintained. 
This process is conventionally referred to as “metabolic 
compensation.” Chronic respiratory acidosis is associated 
with increase in total body CO2 content, reflected princi-
pally by an increase in serum bicarbonate (see Table 48.1). 
Hypercapnia is associated with a progressive increase in 
CSF bicarbonate, reflecting an overall increase in total CO2 
load. Compensation for this hypercarbia is a reduction in 
CSF chloride29 and an increase in CSF SID.30-32 This is prob-
ably controlled by active transport mechanisms across the 
blood-brain barrier or at the level of the choroid plexus and 
can be blocked by furosemide and acetazolamide.33-36 The 
result is a rightward shift in the PCO2 response curve: the 
respiratory center responds to hypercarbia by increasing 
respiratory drive at a higher PCO2 level than under normal 
conditions.

Bicarbonate is a dependent variable that increases or 
decreases with PCO2.37 The rate of conversion of CO2 
to HCO3

! is dependent on carbonic anhydrase activity 
and occurs slowly. Thus, it is possible to mathematically 
determine whether a rise in PaCO2 is acute or longstand-
ing (see Table 48.1). Metabolic acid is buffered principally 
by increased alveolar ventilation, producing respiratory 
alkalosis, and extracellular weak acids. These weak acids 
include plasma proteins, phosphate, and bicarbonate. The 
bicarbonate buffering system (92% of plasma buffering and 
13% overall) is probably the most important extracellular 
buffer. The pKa of bicarbonate is relatively low (6.1), but 
the system derives its importance from the enormous quan-
tity of CO2 present in the body. The coupling of bicarbonate 
and H2O produces CO2, which is then excreted through the 
lungs, increasing alveolar ventilation. Physicians must be 
aware of the importance of this compensatory mechanism. 
For example, anesthetized or critically ill patients on con-
trolled mechanical ventilation lose the capacity to regulate 
their own PCO2. Consequently, the combination of acute 
metabolic and respiratory acidosis can cause a devastating 
reduction in pH.

The major effect of the kidney on acid-base balance relates 
to renal handling of sodium and chloride ions. As dietary 
intake of sodium and chloride is roughly equal, the kidney 
excretes a net chloride load, using NH4

+, a weak cation, to 
electrochemically neutralize urinary chloride.38

In metabolic acidosis, the kidneys preferentially excrete 
chloride. In metabolic alkalosis, chloride is retained and 
sodium and potassium are excreted. The presence of bicar-
bonate in the urine reflects the need to maintain electrical 
neutrality. Abnormalities in the renal handling of chloride 
may be responsible for several inherited acid-base distur-
bances. In renal tubular acidosis, there is inability to excrete 
Cl! in proportion to Na+.39 The diagnosis can be made 
by observing a hyperchloremic metabolic acidosis, with 

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



)-� �� Perioperative Acid-Base Balance 1531

inappropriately low levels of Cl! in the urine: the urinary 
SID is positive. If the urinary SID is negative, the process 
is not of renal origin. Similarly, pseudohypoaldosteronism 
appears to be due to high reabsorption of chloride.40 Bartter 
syndrome is caused by a mutation in the gene encoding the 
chloride channel—CLCNKB—that regulates the Na-K-2Cl 
cotransporter (NKCC2).41

The other causes of hyperchloremic metabolic acidosis 
are gastrointestinal losses (diarrhea, small bowel or pan-
creatic drainage), parenteral nutrition, excessive admin-
istration of saline, and the use of carbonic anhydrase 
inhibitors.!

Analytic Tools Used in Acid-Base 
Chemistry

Acid-base balance is a core component of the clinical evalu-
ation of the acutely and critically ill. Arterial blood gas 
(ABG) analysis provides immediate information on the sta-
tus of the patient’s respiratory system and whether or not a 
state of acidosis or alkalosis is present. By applying a vari-
ety of empiric rules, the information contained in an ABG is 
often sufficient to allow one to identify the presence, cause, 
and progression of a disease. The diagnostic sensitivity of 
blood gas analysis is augmented when a blood chemistry 
panel, glucose and lactate, and blood and urinary ketones 
measurements are added.

Several different approaches to acid-base balance are in 
widespread use.42 These can be described as descriptive, 
based on changes in the Henderson Hasselbalch equation; 
semi-quantitative, based on calculations and nomograms; 
or quantitative, based on physical chemistry. These may 
be used interchangeably—and I would suggest that there 
is no best or worst approach, merely different methods of 
analyzing the data. The descriptive approach utilizes the 
inter-relationship between PaCO2 and [HCO3

!] to detect 
and diagnose acid-base abnormalities. An extension of 
this is the anion gap (AG). The semi-quantitative approach 
includes the buffer base (BB) concept, the standardized base 
excess (BE), and the base-deficit gap (BDG). The quantita-
tive approach utilizes SID and ATOT and is quantified using 
the strong ion gap (SIG).

Over time, quantitative analyses are likely to domi-
nate the clinical approach to acid-base chemistry. Many 
of the early approaches were developed at a time when 
only total CO2 levels could be measured. Indeed, the con-
tinued popularity of the AG is curious given that serum 
lactate and blood ketones can now be easily measured at 
the bedside.

THE DESCRIPTIVE (CO2-BICARBONATE 
[BOSTON]) APPROACH

Schwartz, Brackett, Relman, and colleagues at Tufts Uni-
versity in Boston developed the most popular descriptive 
approach to acid-base chemistry in the 1960s. Their for-
mulation uses acid-base maps and the mathematical rela-
tionship between CO2 tension and plasma bicarbonate (or 
total CO2), derived from the Henderson-Hasselbalch equa-
tion, to classify acid-base disturbances in term of two inde-
pendent variables: PaCO2 and [HCO3

!].43,44 To validate 

this approach, a number of patients with known acid-base 
disturbances, at steady states of compensation, were evalu-
ated. The degree of compensation, relative to what was 
considered normal, was measured for each disease state. 
The investigators were able to describe six primary states of 
acid-base imbalance, using linear equations or maps, relat-
ing hydrogen ion concentration to PCO2 for respiratory dis-
turbances, and PCO2 to HCO3

! concentration for metabolic 
disturbances (Fig. 48.2). For any given acid-base distur-
bance, an expected HCO3

! concentration was determined. 
These were then compiled into a series of mathematical 
rules (see Table 48.1 and Box 48.1). For most simple distur-
bances, this is a reasonable approach. As discussed above, 
in acute respiratory acidosis, the [HCO3

!] will increase by 1 
mmol/L (mEq/L) for every 10 mm Hg (1.3 kPa) elevation in 
PaCO2 above 40 mm Hg (5.3 kPa). In chronic respiratory 
acidosis, the [HCO3

!] will increase by 3 mEq/L for every 10 
mm Hg (1.3 kPa) elevation in PaCO2 above 40 mm Hg (5.3 
kPa).

In acute metabolic acidosis, the [HCO3
!] falls by 1 mEq/L 

for every 1 mEq/L in strong anions. The respiratory cen-
ter is activated, resulting in a predictable fall in the PaCO2. 
This was neatly characterized by Winters in a pediatric 
population in 1967 and remains robust.45 In acute meta-
bolic acidosis, the PaCO2 (in mm Hg) falls predictably, 
using the �.�° [)$0å

� ] plus 8 rule. For example, if the 
[HCO3

!] is 12 mmol/L (mEq/L), then the expected PaCO2 
is �.�°�� � ���� NN )H. If the PaCO2 is higher than 
this, then compensation is inadequate and there is a con-
comitant respiratory problem (for example, ketoacidosis in 
the presence of a respiratory tract infection). Winters also 
described expected compensation using the BE approach 
(see next section): for every 1 mEq/L reduction in the BE the 
PaCO2 is expected to fall by 1 mm Hg—otherwise “compen-
sation” is inadequate.
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Fig. 48.2 Acid-Base Nomogram Using the Boston Approach. Dif-
ferent acid-base disturbances can be distinguished based on the rela-
tive values of PCO2 and HCO3

!. (Modified from Brenner BM, Rector FC. 
The Kidney. 3rd ed. Philadelphia, PA: WB Saunders; 1986:473.)
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In metabolic alkalosis, in order to restore pH to homeo-
static levels, it is necessary to retain carbonic acid, and 
hypoventilation occurs, ultimately resulting in increased 
[HCO3

!]. The expected PaCO2 equals ���° [)$0å
� ] � �� 

(in mm Hg). So if a patient has a [HCO3
!] of 34 mEq/L 

(mmol/L), then the PaCO2 should be 44 mm Hg.
Using these maps, equations, and rules, physicians can 

determine the nature of most respiratory and metabolic 
acid-base disturbances and in a manner that is usually 
accurate. Although there is a mathematical relationship in 
place, alterations in [H+] and [HCO3

!] do not reflect cause 
and effect. For example, chronic hypoventilation is associ-
ated with an increase in PCO2 and [HCO3

!]. Many physi-
cians have incorrectly assigned the increase in [HCO3

!] as 
compensation for raised PCO2. It is not. The increased HCO3

! 
concentration reflects increased total CO2 in the body.

Although the PCO2-HCO3
! approach is relatively accu-

rate for most disturbances, and is particularly useful for 
respiratory problems, there are several inherent pitfalls, par-
ticularly in relation to the metabolic component. First, the 
approach is not as simple as it seems, requiring the clinician 
to refer to confusing maps or to learn formulas and perform 
mental arithmetic. Second, the system neither explains nor 
accounts for many of the complex acid-base abnormalities 
seen in perioperative and critically ill patients, such as those 
with acute acidosis in the setting of hypoalbuminemia, free 
water deficit or excess, hyperchloremia, hyperphosphate-
mia, or concurrent metabolic acidosis and alkalosis.!

ANION GAP APPROACH

The most widely used tool for investigating metabolic aci-
dosis is the AG, developed by Emmett and Narins in 1977.46 
It is based on the law of electrical neutrality. It is entirely 
consistent with the physical chemistry approach, described 

in the next section, and is usually used alongside the Boston 
approach to acid-base. Again, the system is based on data 
that were not easily available or known at the time of pub-
lication: the contribution to electrical neutrality ascribed to 
weak acids (phosphate and albumin) and UMA. The sum of 
the difference in charge of the common extracellular ions 
reveals an unaccounted for “gap” of !10 to !12 mEq/L. 
There are three widely used variants of the AG (Fig. 48.3), 
depending on whether or not potassium and lactate are 
included:

 

Anion gap (simple) =
([Na + ] ! [Cl ! ] + [HCO !

3 ]) = 12 to 14 mEq/L

 

Anion gap (conventional) =
([Na + ] + [K + ] ! ([CL ! ] + [HCO!

3 ])) = 14 to 18 mEq/L

 

Anion gap (modern) =
([Na + ] + [K + ] ! ([Cl ! ] + [HCO !

3 ] + [lactate ! ]))

= 14 to 18 mEq/L

If the patient develops a metabolic acidosis, and the gap 
widens to, for example, >20 mEq/L, then the acidosis is caused 
by UMA (usually renal acids or ketones). If the gap does not 
widen, then the anions are being measured, and the acido-
sis has been caused by hyperchloremia (bicarbonate cannot 
independently influence acid-base status) or lactate (if used). 
While this is a useful tool, it is weakened by the assumption 
of what is or is not a “normal gap.”47 The AG frequently 
underestimates the extent of the metabolic disturbance.26 
The majority of critically ill patients are hypoalbuminemic, 
and many are also hypophosphatemic. Consequently, the 
gap may be normal in the presence of UMA. This has been 
extensively studied by Fencl and Figge, who have provided us 
with a variant known as the “corrected AG”:26

 

Anion gap corrected (for albumin) = calculated anion gap
+ 0.25 normal albumin* – observed albumin g/L .

*which may vary between populations/labs; if g/dL used 
the factor is 2.5.

Respiratory Disorders

Acute Respiratory Acidosis

Expected [HCO!
3 ] = 24 + [(measured PaCO2 ! 40)/10]

Chronic Respiratory Acidosis

Expected [HCO!
3 ] = 24 + 4 [(measured PaCO2 ! 40) /10]!

Acute Respiratory Alkalosis

Expected [HCO!
3 ] = 24 ! 2 [(40 ! measured PaCO2) /10]!

Chronic Respiratory Alkalosis

Expected [HCO!
3 ] = 24 ! 5 [(40 ! measured PaCO2) /10] (range: ± 2)!

Metabolic Disorders

Metabolic Acidosis

Expected PaCO2 = 1.5 ! [HCO"
3 ] + 8 (range : ± 2)!

Metabolic Alkalosis

Expected PaCO2 = 0.7 [HCO!
3 ] + 20 (range : ± 5)

BOX 48.1 The Descriptive (CO2!HCO3
!) 

Approach to Acid-Base 150

100

50

0
Positive
charges

mEq/L
Negative
charges

([Na+]![K+])"
([Cl−]![HCO3

−])#AG

Anion gap
(AG)}A−

Measured
anions
[CI−]

[HCO3
−]

Measured
cations
[Na+]
[K+]

UMAs

Fig. 48.3 The Anion Gap Represents the Difference in Charge 
Between Measured Cations and Measured Anions. The missing 
negative charge is made up of weak acids (A!), such as albumin and 
phosphate, and strong unmeasured anions (UMAs), such as lactate.
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In this corrected form the AG accurately quantifies meta-
bolic acidosis, and it is useful in discriminating an acidosis 
due to UMA from one reflecting hyperchloremia, in a previ-
ously healthy patient (e.g., in acute trauma). Moviat and 
colleagues have demonstrated that the AG corrected for 
albumin accurately detects complex acid-base abnormali-
ties in intensive care. 48

Another version of the AG is the delta AG (delta ratio 
DR—Box 48.2), an approach that has successfully pre-
dicted adverse outcomes in critical illness.49 Simply, if the 
AG is normal, or unchanged, and the bicarbonate level falls, 

then the delta ratio will be less than 0.4, and a hyperchlo-
remic acidosis is present. A DR between 1 and 2 is what one 
would expect from metabolic acidosis due to UMA or lac-
tate. If the ratio is greater than 2, mixed acid-base abnor-
malities are present. Although on the surface, this process 
is relatively simple, it assumes that the clinician knows the 
normal AG and bicarbonate for that particular patient. In 
addition, it does not result in a clear diagnosis other than 
hyperchloremia.

Fig. 48.4 is a decision tree that uses this descriptive 
approach to acid-base.!

THE SEMI-QUANTITATIVE (BASE DEFICIT/
EXCESS [COPENHAGEN]) APPROACH

In metabolic acidosis, the addition of UMA to the ECF results 
in a net gain of one hydrogen ion for each anion. This is 
buffered, principally by bicarbonate, such that each anion 
gained results in an equivalent fall in the bicarbonate con-
centration. Thus, the change in the bicarbonate concentra-
tion from baseline should reflect the total quantity of net 

Delta ratio= !Anion gap/! [HCO"
3 ] or # anion gap/$ [HCO"

3 ]

= Measured anion gap– Normal anion gap
Normal [HCO"

3 ] – Measured [HCO"
3 ]

= (AG – 12)

(24 " [HCO"
3 ])

BOX 48.2 The Delta Anion Gap (Delta Ratio)

Acidosis
<7.35

Anion gap

Delta ratio

Correct for 
albumin

Acute Chronic

Alkalosis
>7.45

pH

Delta ratio Clinical assessment
<0.4
<1
1 to 2

>2

Hyperchloremic normal AG acidosis
High AG and normal AG acidosis
Pure anion gap acidosis 
Lactic acidosis: average value 1.6
DKA more likely to have a ratio closer to 1 because of urine 
ketone loss
High AG acidosis and concurrent metabolic alkalosis or 
preexisting compensated respiratory acidosis

Metabolic 
acidosis

PaCO2

PaCO2 PaCO2

PaCO2 =
PaCO2

Respiratory 
alkalosis

PaCO2
Respiratory 

acidosis

PaCO2
Metabolic 
alkalosis

PaCO2

Fig. 48.4 The Descriptive (“Boston”) Approach to Acid-Base Balance. DKA, Diabetic ketoacidosis; AG, Anion gap.
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anions gained. Adherents to the descriptive approach to 
acid-base refer to this as the “delta” bicarbonate. However, 
this is problematic, as it does not separate out the effect of 
CO2 metabolism on the [HCO3

!].
In 1948, Singer and Hastings50 proposed that changes in 

the whole blood BB could be used to quantify the metabolic 
component independent of Henderson-Hasselbalch. The 
BB represented the sum of the bicarbonate and the non-
volatile buffer ions (essentially the serum albumin, phos-
phate, and Hb). Applying the law of electrical neutrality, 
the BB was forced to equal the electrical charge difference 
between strong (fully dissociated) ions. Thus, normally 
##� [/B� ] � [,� ] å [$Må ]. Alterations in BB represented 
changes in strong ion concentrations (which could not be 
easily measured in 1948). BB increases in the presence of a 
metabolic alkalosis and decreases in metabolic acidosis. The 
major drawback of BB measurements is the potential for 
changes in buffering capacity associated with alterations in 
Hb concentration and pH.

Following the development of sophisticated electrodes 
for measuring CO2 tension in Copenhagen in the early 
1950s,51 Astrup and Jorgensen developed the standard 
bicarbonate—the bicarbonate concentration at 37°C and 
at a PaCO2 of 40 mm Hg (5.3 kPa).52 Building upon this 
work, Siggaard-Anderson and Astrup53 recognized that 
PCO2 and [HCO3

!] were not independent variables. As a 
result, they derived the BE as a measure that could differen-
tiate respiratory from metabolic acid-base disturbances. As 
defined, the BE is the amount of strong acid (strong anion) 
or base (strong cation) required to return the pH to 7.4, 
assuming that PCO2 is constant at 40 mm Hg (5.3 kPa) and 
that the temperature is 37°C.54 Like the Boston group, the 
Siggaard-Anderson data were derived from observations on 
a large population of patients. The investigators carefully 
titrated known amounts of acid or base to blood maintained 
by tonometry at various PaCO2 values and a wide range 
of hemoglobin concentration at 37°C. These studies led to 
the development of an alignment nomogram (Fig. 48.5 and 
Table 48.3) that allowed for the determination of BE from a 
single measurement of pH, PaCO2, and Hb concentration at 
37°C. Current algorithms for computing the BE are derived 
from the Van Slyke equation (1977).55

BE = (HCO3
! ! 24.4 + [2.3 " Hb + 7.7] "

[pH ! 7.4] " (1 ! 0.023 " Hb))

The most commonly used estimation of BE uses just the 
bicarbonate and pH by the following equation:

 #&��.��° ([)$0å
� ] å��.����.��° [Q)å�.�])

There is a very high level of agreement between this 
calculation and the empirical data that were used to con-
struct the original nomogram. The calculation is accurate 
in#vitro, but not in#vivo because of the dynamic buffering 
activity of Hb within the acid-base paradigm of gas and elec-
trolyte exchange. Moreover, weak acids such as phosphate 
and albumin also contribute to nonbicarbonate buffering. 
Hence the following formula is now used to calculate the 
standard base excess (SBE) or the BE of ECF:

SBE = ((HCO3
! actual mEq/L) – 24.8

+ (16.2 " (pH – 7.40))

The value of 16.2 mEq/L approximates all of the nonbi-
carbonate buffers in ECF (albumin, phosphate, and mean 
ECF Hb). It is likely that Siggaard-Andersen overestimated 
the impact of Hb as an extracellular buffer and underesti-
mated the uptake and release of chloride into erythrocytes 
in the peripheries and lungs respectively.56

Although various descriptions of this approach to 
acid-base chemistry refer to the BE—and that term is 
reported on blood gas forms, when a negative base excess 
(1-BE) is reported—the correct terminology refers to it as 
the base deficit.57 For simplicity, in the following discus-
sion, I will refer to the BE, keeping in mind that it may 
be positive (metabolic alkalosis) or negative (metabolic  
acidosis).

Application of simple mathematical rules allows for use 
of the BE in each of the common acid-base disturbances 
(Box 48.3 and Fig. 48.6). For example, in acute respira-
tory acidosis or alkalosis, BE does not change. Conversely, 
in acute metabolic acidosis, the magnitude of change of the 
PaCO2 (in millimeters of mercury) is the same as that of the 
BE (in mmol/L or mEq/L).
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Fig. 48.5 Acid-Base Nomogram Using the Copenhagen Approach 
as Revised by Schlichtig. The various acid-base disturbances can be 
distinguished based on PCO2 and base deficit or excess, here referred 
to as standard base excess (SBE). Arrows represent changes as the body 
compensates for acute acidosis or alkalosis. AR, Acute respiratory aci-
dosis or alkalosis; CR, chronic respiratory acidosis or alkalosis; M, meta-
bolic acidosis or alkalosis. (From Schlichtig R, Grogono AW, Severinghaus 
JW. Human Paco2 and standard base excess compensation for acid-base 
imbalance. Crit Care Med. 1998;26:1173–1179.)

TABLE 48.3 Changes in Standard Base Deficit or Excess 
in Response to Acute and Chronic Acid-Base Disturbances

Disturbance SBDE vs. PaCO2

Acute respiratory acidosis 'BDE = 0

Acute respiratory alkalosis 'BDE = 0

Chronic respiratory acidosis 'BDE = 0.4 'PaCO2

Metabolic acidosis 'PaCO2 = 'BDE

Metabolic alkalosis 'PaCO2 = 0.6 'BDE

!, Change in value; BDE, base deficit or excess; PaCO2, partial pressure of 
arterial carbon dioxide.

Modified from Narins RB, Emmett M. Simple and mixed acid-base disorders: a 
practical approach. Medicine (Baltimore). 1980;59:161–187.
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There has been considerable discussion over the past 60 
years about the merits and demerits of the BE, as compared 
to the CO2-HCO3

! system. In reality, there is little difference 
between the two; both equations and nomograms were 
derived from patient data and abstracted backward. Cal-
culations use bicarbonate as measured on a blood gas ana-
lyzer. Consequently, for most patients, either approach is 
relatively accurate but may be misleading because they do 
not allow the clinician to distinguish between, for exam-
ple, acidosis due to lactate or chloride, or alkalosis due to 
dehydration or hypoalbuminemia. These measures may 
miss the presence of an acid-base disturbance entirely; for 
example, a hypoalbuminemic (metabolic alkalosis) criti-
cally ill patient with a lactic acidosis (metabolic acidosis) 
may have a normal range pH, bicarbonate, and BE. This 
lack of precision may lead to inappropriate or inadequate 
therapy.

Changes in the BE occur secondary to alterations in 
the relative concentrations of sodium, chloride, free 
water, albumin, phosphate, and UMA. By calculating the 
contribution of the individual components of the BE it is 
possible to identify: (1) contraction alkalosis, (2) hypo-
albuminemic alkalosis, (3) hyperchloremic acidosis, (4) 
dilution acidosis (if indeed it exists), and (5) acidosis sec-
ondary to UMA. This approach, which can be labelled the 
base-deficit gap, has been proposed by Gilfix and Magder 
(see Box 48.3)58 and simplified subsequently by Balasu-
bramanyan and associates59 and Story and associates.60 
The BDG should mirror the SIG (below) the corrected AG.

The simplified calculation as proposed by Story et#al. is 
very easy to calculate at the bedside and in the majority 
of situations (see Box 48.3) replicates the more complex 
calculations originally proposed by Gilfix and Magder.58!

STEWART APPROACH

A more accurate reflection of true acid-base status 
can be derived using the Stewart or physical chemi-
cal approach, subsequently updated by Fencl.5,15 This 
approach is based on the concept of electrical neutrality, 
a small advance from the AG. There exists, in plasma, a 
4*%B

!"
/B� � .H�� � $B�� �,� # å ($Må � "å )

$
 of 

40 to 44 mEq/L, balanced by the negative charge on bicar-
bonate and ATOT (the BB—SIDe). There is a small difference 
between SIDa (apparent SID) and BB (SIDe—effective SID) 
that represents a SIG and quantifies the amount of UMA 
present (Fig. 48.7).

 

4*%B (BQQBSFOU 4*%) �!
[/B� ] � [,� ] �

"
.H�� # �

"
$B�� #$ q [$Må ]

 
4*%F (FGGFDUJWF) � [)$0å

� ] �
[DIBSHF PO BMCVNJO] � [DIBSHF PO 1J] (JO NNPM�-)

Weak acids’ degree of ionization is pH dependent, so one 
must calculate for this:

[BMCå ] � [BMC H�-] ° (�.���° Q)å�����)

Pi (mmol/L) = [PO4] ! (0.309 ! pH – 0.469)

4USPOH *PO (BQ (4*() � 4*%Bå 4*%F
Unfortunately, the SIG may not represent unmeasured 

strong anions but only all anions that are unmeasured. For 
example, if a patient has been resuscitated with gelatin, his/
her SIG will increase. Further, SID changes quantitatively 
in absolute and relative terms when there are changes 
in plasma water concentration. Fencl has addressed this 
by correcting the chloride concentration for free water 
(Cl!corr) using the following equation5:

[Cl ! ]corr = [Cl ! ] observed "
([Na + ]normal / [Na + ]observed).

This corrected chloride concentration may then be 
inserted into the SIDa equation above. Similarly, the derived 
value for UMA can also be corrected for free water by sub-
stituting UMA for Cl! in the above equation.25 In a series of 
nine normal subjects, Fencl estimated the “normal” SIG as 
8 ± 2 mEq/L.25

Calculation of SIG is cumbersome. The data required 
are more extensive and thus more expensive than other 
approaches and there is much confusion about the normal 
range of SIG. It is unclear, in standard clinical practice, that 
SIG has any advantage over AGc (which is SIG without cal-
cium, magnesium, and phosphate—which usually cancel 
out each other’s charges).

In all likelihood no single number will ever allow us to 
make sense of complex acid-base disturbances. Fencl25 
has suggested that, rather than focusing on AG or BDE, 
physicians should address each blood gas in terms of all 
alkalinizing and acidifying effects: respiratory acidosis/
alkalosis, the presence or absence of abnormal SID (due to 

BENaW (water and sodium effect) =
             0.3 ([Na+ meas] -140) mEq/L

BECl (chloride effect) = 102! [Cl ! effective] (mEq/L)

 BEPi (phosphate effect) = (0.309 ! (pH – 0.47)) ! Pi mEq/L
  

BEprot (protein effect) =
(42 ! [Albumin g/L]) * (0.148" pH! 0.818)

BEcalc = NENaW + BECl + BEPO4 + BEprot

BEGap = BEcalc– BEactual– [lactate mEq/L]

A Simplified Calculation of the Base Excess Gap60

BENaCl = ([Na+ ] – [Cl – ]) – 38

BEAlb = 0.25 (42 – albumin g/L)

BENaCl – BEAlb = BDEcalc

BEactual – BE calc – [lactate] =
BEG= the effect of unmeasured anions or cations

BOX 48.3 Calculation of the Base  
Excess Gap12,58,59

*This approach involves calculating the base deficit excess for sodium, 
chloride, and free water (BENaCl), and that for albumin (BEAlb). The re-
sult is the calculated BE (BEcalc). This is subtracted from the measured 
BE to find the BE gap.
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water excess/deficit, measured electrolytes, or unmeasured 
electrolytes), and abnormal ATOT. Consider the following 
patient, described by Fencl25(data in mEq/L unless other-
wise stated):
  

Na 117, Cl 92, Ca 3.0, Albumin 6.0 g/L
K 3.9, Mg 1.4, Pi 0.6 mmol/L

ABG: pH 7.33, PCO2 30 mm Hg, HCO3 15
  

Derived values would be:
  

AG 13, AGcorrected 23, BE !10, SID 18, Clcorrected 112,  
UMAcorrected 18.

  

Acidosis
< 7.35

Lactate > 3 Ketones

Hyperalbuminemic
Acidosis
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Fig. 48.6 The Semi-Quantitative (“Copenhagen”) Approach to Acid-Base Balance. BD, Base deficit, BE, base excess, BDEm, measured base deficit or 
excess, BDEc, Base deficit or excess corrected for albumin, sodium, chloride, and free water (see Box 48.3); UMA, unmeasured anions; lactate in mmol/L, 
creatinine in mg/dL, osmolar gap in mOsm.
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Using traditional methodology, one would describe 
this as a nongap metabolic acidosis and look for causes 
of bicarbonate wasting such as renal tubular acidosis or 
gastrointestinal losses. The degree of respiratory alkalosis 
is appropriate for the degree of acidosis ('BD = 'PCO2). 
However, the Fencl-Stewart approach reveals a much 
more complex situation. SID is reduced to 18 mEq/L, 
caused by free water excess, UMA, and, surprisingly, 
hyperchloremia (see the corrected chloride). However, 
the degree of acidosis does not mirror the metabolic dis-
turbance because of the alkalizing force of hypoalbumin-
emia. The corrected AG mirrors the change in SID, but this 
alteration is grossly underestimated by the base deficit. 
This patient has a dilutional acidosis, a hyperchloremic 
acidosis, and a lactic acidosis!

In conclusion, for the majority of patients presenting to 
the emergency room or operating suite who have been pre-
viously healthy, the use of tools such as the base deficit or AG 
to assess metabolic disturbances remains reasonable, par-
ticularly if corrected for albumin. However, for critically ill 
patients, the most effective method of interpreting acid-base 
conundrums involves unraveling simultaneous acidifying 
and alkalinizing processes and using calculations to distin-
guish between the various forces at play. Unfortunately, a 
clinician’s ability to interpret such information is dependent 
on the amount of available data. A simple blood gas alone 
may camouflage a significant acid-base disturbance.

In the next section, we will look at the causes of many com-
monly seen acid-base disturbances in different clinical settings.!

Acid-Base Problems in 
Perioperative and Critical Care 
Medicine

RESPIRATORY ACIDOSIS AND ALKALOSIS

In perioperative medicine respiratory acid-base abnormali-
ties are an uncommon complication of prolonged sponta-
neous breathing under anesthesia, inadequate mechanical 

ventilation (both acute respiratory acidosis) or excessive 
mechanical ventilation (respiratory alkalosis) (Table 48.4). 
Acute respiratory acidosis results from hypoventilation or 
increased dead space ventilation. Patients may manifest 
respiratory distress characterized by respiratory acidosis in 
the recovery room PACU or surgical ICU. Assessment begins 
with an examination of the patient’s breathing pattern (Fig. 
48.8): slow shallow breathing indicates impaired respira-
tory drive, rapid shallow breathing suggests chest wall or 
lung pathology, and obstructed breathing signifies airway 
obstruction. Blood gas analysis of acute respiratory acidosis 
will reflect a dramatic fall in pH, an elevated PaCO2, and a 
slight rise in HCO3

! (by 1 mEq/L [mmol/L] for every 10 mm 
Hg [or 1.2 kPa] rise in PaCO2). The BE should be zero. Respi-
ratory acidosis as a complication of anesthesia is relatively 
common—excessive sedation (particularly opioids), partial 
neuromuscular blockade, intraoperative hypoventilation, 
pneumothorax, etc. It may also complicate CO2 insuffla-
tion during laparoscopy—the patients’ minute ventilation 
should be dynamically adjusted intraoperatively to main-
tain etCO2 levels near baseline.

For patients with COPD (or other causes of chronic 
respiratory failure), it is worthwhile, preoperatively, to 
calculate the baseline PaCO2 on a patient from the total 
CO2 on blood chemistry panel. As discussed earlier, the 
total CO2 (HCO3

!) rises by 3 mEq/L (mmol/L) for every 10 
mm Hg (1.3 kPa) rise in PaCO2. A patient, for example, 
with a baseline total CO2 of 33 mEq/L (mmol/L) would be 
expected to have a baseline PaCO2 of 70 mm Hg (9.3 kPa). 
For intraoperative management, the etCO2 should be 
maintained, if the patient is undergoing mechanical ven-
tilation, between 3 and 5 mm Hg (0.5 –1 kPa) of baseline 
(the PaCO2-etCO2 gradient increases with age and non-
supine positioning).

If the patient is hypoventilating, perioperatively, the pH 
falls, the PaCO2 rises, but the rise in the total CO2 (HCO3

!) 
is lower than expected. If this patient’s PaCO2, postopera-
tively, is 90 mm Hg (12 kPa) and the total CO2 (HCO3

!) is 
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Fig. 48.7 The Strong Ion Gap: SID Apparent is the Sum of ATOT 
plus [HCO3

!]. SID effective is the real SID. The difference between the 
two is made up of unmeasured anions (UMA). SID, Strong ion differ-
ence; SIG, strong ion gap.

TABLE 48.4 Acid-Base Disturbances Commonly Seen 
Perioperatively

Disorder Cause

Respiratory acidosis Hypoventilation; narcosis, incomplete 
reversal of neuromuscular blockade

Respiratory alkalosis Hyperventilation; anxiety, pain

Metabolic acidosis due to 
unmeasured anions (wid-
ened gap acidosis)

Hypoperfusion—lactic acidosis; dia-
betic ketoacidosis; renal failure

Metabolic acidosis due to 
measured anions (non-gap 
hyperchloremic acidosis)

Hyperchloremia—“normal” saline 
and saline-containing fluids; renal 
tubular acidosis; bladder recon-
structions

Metabolic acidosis due to free 
water excess (hyponatre-
mia, dilution acidosis)

Hypotonic fluid administration; 
sodium loss—diarrhea; administra-
tion of hyperosmolar fluids—man-
nitol, alcohol, hyperproteinemia

Metabolic alkalosis Hyperventilation of patient with 
history of CO2 retention (COPD); 
sodium gain (sodium bicarbonate, 
massive blood transfusion); chloride 
loss—nasogastric suctioning
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35 mmol/L (mEq/L), then the patient has acute or chronic 
respiratory acidosis. This problem may be compounded by 
the patient’s lack of pulmonary reserve and the negative 
impact on the respiratory center by opioids and other anes-
thetic agents. Consideration should be given to administra-
tion of noninvasive ventilation to restore PaCO2 to what is 
normal for that patient.

In emergency medicine and critical illness, respiratory 
acidosis complicates a wide variety of pathologies. Most 
commonly, these cause a problem of the patient “can’t 
breathe”—a neuromuscular or anatomical problem—or 
the patient “won’t breathe”—a central nervous system 
pathology. The latter includes neurologic injury (stroke, 
spinal cord injury, botulism, tetanus, and toxic suppres-
sion of the respiratory center [opioids, barbiturates, ben-
zodiazepines]). Patients “can’t breathe” due to a variety 
neuromuscular disorders (Guillain-Barré syndrome, myas-
thenia gravis), flail chest, hydro-hemo-pneumo-thorax, 
pulmonary edema, and pneumonia. Failure to ventilate, as 
manifest by respiratory acidosis, may result from abdomi-
nal hypertension and abdominal compartment syndrome, 
where diaphragmatic excursion is impeded by high intra-
abdominal pressures, often with associated oliguria and 
hypotension.

Acute respiratory alkalosis is caused by hyperventilation, 
either due to anxiety or pain, central respiratory stimula-
tion (as occurs early in salicylate poisoning), or excessive 
artificial ventilation. In acute respiratory alkalosis the pH 
is above 7.45, the PaCO2 below 40 mm Hg (5.3 kPa), and 
the [HCO3

!] falls by 2 mEq/L (mmol/L) for every 10 mm Hg 
(1.3 kPa) fall in PaCO2. There is no change in the BE. So, if 
a patient has a PaCO2 of 30 mm Hg, the [HCO3

!] should be 
22 mEq/L (mmol/L).

Acute respiratory alkalosis usually accompanies acute 
metabolic acidosis, in which case the reduction in PCO2 

from baseline (usually 40 mm Hg) is equal to the magni-
tude of the base deficit (see Table 48.3). The fall in bicar-
bonate, from baseline, is significantly greater than that 
seen in primary respiratory alkalosis, due to the consump-
tion of bicarbonate as extracellular buffer (the [HCO3

!] 
falls 1 mEq/L for every 1 mEq/L gain in strong anions). For 
example, in a patient with a lactic acidosis whose lactate 
is 10 mEq/L, the BE should be !10, the [HCO3

!] 10 mEq/L 
(mmol/L) lower than baseline, and the PCO2 30 mm Hg. If 
the PCO2 is higher than expected, then there is a concomi-
tant problem with the respiratory apparatus. An example 
would be a multi-trauma patient, where massive blood 
loss leads to lactic acidosis and a flail chest causes respira-
tory acidosis.!

Metabolic Acidosis and Alkalosis

METABOLIC ACIDOSIS

Acute metabolic acidosis is caused by an alteration in SID 
or ATOT. SID is changed by an alteration in the relative 
quantity of strong anions to strong cations. Anions, min-
eral or organic, can be gained, as occurs with lactic-, renal-, 
keto-, and hyperchloremic acidosis, or cation can be lost, as 
occurs with severe diarrhea or renal tubular acidosis.

Acute metabolic acidosis is characterized by a pH of 
< 7.35 and a fall in both PaCO2 and (HCO3

!) below the 
patient’s baseline. For patients without COPD or chronic 
CO2 retention, this represents a PaCO2 < 40 mm Hg (5.3 
kPa) and a [HCO3

!] below 24 mEq/L (mmol/L), there is a 
negative BE (base deficit) whose magnitude represents 
the net strong anion gain. This simple approach indicates 
that an acidosis is present, and that it is metabolic in ori-
gin. To further investigate the acidosis, one or more of the 
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Fig. 48.8 Using the Breathing Pattern to Determine the Cause of Acute Respiratory Distress and Respiratory Acidosis.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



)-� �� Perioperative Acid-Base Balance 1539

analytical tools described above may be employed. The 
most widely used tool is the AG, which should be adjusted 
for albumin. This differentiates hyperchloremic acidosis 
from acidosis caused by other measured and UMA. In the 
setting of metabolic acidosis, where possible, these anions 
should be directly measured—lactate, ketones, phosphate, 
albumin or surrogate markers of anion accumulation—
serum creatinine and the osmolar gap. Causes of metabolic 
acidosis that are commonly encountered by anesthesiolo-
gists are discussed below.!

LACTIC ACIDOSIS

The presence of lactic acidosis is an excellent marker of 
acute critical illness, the magnitude of which often reflects 
the degree of hyperlactatemia. Lactic acidosis occurs when 
the production of lactate in the body is greater than the liv-
er’s capacity to clear it—there is a problem of overproduc-
tion or inadequate clearance.

Lactic acid is produced physiologically as a degrada-
tion product of glucose metabolism. In nature it exists as 
two isoforms: L-lactate which is produced by the human 
body and is measured by blood gas analyzers, and D-lac-
tate which can only be produced by fermentation by bac-
teria. The formation of L-lactate (lactate) from pyruvate 
is catalyzed by lactate dehydrogenase. Lactate is used as 
a “buffer” in isotonic fluids, principally lactated Ringer’s 
solution and Hartmann’s solution; these contain a race-
mic mixture of both D and L lactate at a concentration of 
14 mmol/L each.

Under normal conditions, the ratio of lactate to pyru-
vate ratio is less than 20:1. In anaerobic conditions, for 
example following vigorous exercise, lactate levels increase 
dramatically, and high levels of circulating lactate are 
frequently interpreted as evidence of increased glycolytic 
activity. However, lactate is often produced under aerobic 
conditions. Activation of $-adrenergic receptors in skeletal 
muscle by stress (increased circulating catecholamines) 
or exogenous infusion (epinephrine/norepinephrine infu-
sions) increases [lactate], resulting in aerobic glycolysis. 
Lactate is metabolized to pyruvate and then into glucose 
(gluconeogenesis) in the liver and subsequently to CO2 and 
H2O (the Cori cycle). Hence the lactate in Ringer’s lactate 
(or Hartmann’s) solution is considered to be a source of 
bicarbonate. This is only the case if the liver is capable of 
handling the lactate load.

Plasma lactate and arterial pH should be measured early 
in any critically ill patient—it is now a diagnostic compo-
nent of the definition of septic shock.61 A lactate concentra-
tion > 2 mEq/L (mmol/L) is clinically significant and a level 
of 5 mEq/L(mmol/L) in the presence of metabolic acidosis is 
severe.62 Isolated hyperlactatemia in the absence of acidosis 
is of unclear clinical significance.63

Traditionally, lactic acidosis has been described as taking 
one of two forms: type 1 (may also be termed type A, global 
inadequate oxygen delivery) is seen in hypovolemic/hem-
orrhagic shock while type 2 (type B) occurs despite normal 
global oxygen delivery and tissue perfusion. Lactic acidosis 
may also develop in situations where there is significant 
regional hypoperfusion. Examples include bowel ischemia, 
where lactate is produced in large quantity due to glycolysis 
despite global oxygen delivery that is normal. Type 2 lactic 

acidosis is associated with any state in which circulating 
catecholamines (endogenous or exogenous) are in excess. 
Examples include simple exercise and the hyperinflamma-
tory state of trauma or sepsis. Type 2 lactic acidosis may 
also be seen in cyanide poisoning (associated with sodium 
nitroprusside), with biguanides (metformin, which blocks 
hepatic gluconeogenesis), and in hypercatabolic diseases 
such as lymphoma, leukemia, AIDS, or diabetic ketoacido-
sis (DKA). In critical illness, type 1 and type 2 lactic acidosis 
frequently coexist.

It is universally accepted that lactic acidosis is a sensitive 
marker of disease severity.64 Persistence of lactic acidosis 
strongly predicts poor outcomes in acute illness.65-67 Rapid 
clearance (i.e., reduced plasma concentration presumably 
due to reduced production and increased metabolism) of 
lactate has been associated with improved outcomes.68,69 
It remains controversial whether it is possible to insti-
tute therapy that improves outcomes and simultaneously 
increases lactate clearance. Simplistically, improved overall 
perfusion consequent of blood or isotonic fluid administra-
tion should reduce glycolysis and reduce lactate production, 
increasing hepatic blood flow and increasing metabolism. 
However, not all patients who are under-resuscitated are 
hyperlactatemic, and probably the minority of patients who 
are hyperlactatemic are under-resuscitated. Although fluid 
resuscitation with the goal of normalizing serum lactate 
may be associated with improved outcomes, excessive or 
late fluid resuscitation increases mortality.70 It is important 
to note that, following fluid bolus, plasma lactate rapidly 
falls, perhaps due to hemodilution, and then falls slowly, at 
10% to 20% per hour, due to rate-limited hepatic clearance. 
If plasma lactate does not fall, fluid resuscitation should be 
discontinued.71

The presence of evidence of good overall oxygen delivery 
and normal consumption, as measured by cardiac output 
monitors and mixed venous oxygen saturation, in lactic 
acidosis is not reassuring. Indeed, bowel ischemia may be 
indicated by otherwise unexplained lactic acidosis, and 
the availability heuristic associated with sepsis may result 
in delayed diagnosis and inappropriate fluid resuscitation 
(Fig. 48.9).

Metformin is associated with severe lactic acidosis, a phe-
nomenon that appears more likely when the patient has 
liver dysfunction, is dehydrated, is in heart failure, has suf-
fered acute kidney injury (AKI), or is septic.72 The mecha-
nism of harm is unknown, although metformin is thought 
to impair oxidative metabolism in hepatocyte mitochon-
dria, and block gluconeogenesis. Renal impairment appears 
to be a significant risk factor. The patient presenting with 
metformin- associated lactic acidosis frequently looks rea-
sonably well, despite serum lactate that may exceed 10 
mmol/L. There is no specific treatment except for with-
drawal of the drug, gentle rehydration, and patience.

D-lactate-induced acidosis can occur, typically in 
patients with short bowel syndrome and bacterial over-
growth. It manifests as a widened AG acidosis where no 
other potential source of metabolic acid is identified. Cru-
cially, point-of-care blood gas analyzers do not measure 
D-lactate. However, many laboratories are able to measure 
the molecule, and this test should be considered in a high-
risk patient (post major abdominal surgery) with unex-
plained acidosis.!
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Ketoacidosis

Ketone bodies—acetone (<2%), acetoacetate (20%), and 
3-$-hydroxybutyrate ($OHB) (78%)—are normal by-
products of fat metabolism. They are produced when fatty 
acids are metabolized by the liver, when glucose is unavail-
able as an energy source. During ketogenesis, acetoacetate 

is generated from acetyl co-enzyme A. This either enters 
mitochondria to be converted to $OHB or it spontaneously 
decarboxylates to acetone. Ketones are transported by 
blood to the tissues, in particular the brain, where they are 
used as energy sources. Under normal dietary conditions, 
ketones are undetectable in blood and urine. However, in 
situations where fat becomes the primary source of energy 
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(for example in starvation or low-carbohydrate diets), 
ketones can be measured in blood (principally $OHB) and 
urine (principally acetoacetate). In a variety of clinical situ-
ations, such as prolonged starvation, alcoholism, alcoholic- 
or obesity-related steatohepatitis, and, most commonly, 
insulin deficiency (diabetes mellitus), a dramatic increase 
in circulating ketones occurs. As these are strong anionic 
compounds, ketones reduce SID, resulting in metabolic 
acidosis. When this occurs in type-1 diabetes (T1D), it is 
known as diabetic ketoacidosis (DKA).

DKA may be the first manifestation of T1D, or may 
result from poor glycemic control or specific stress triggers, 
such as infection, trauma, or surgery. Typically there is 
an imbalance between the relative quantity of insulin and 
glucose-promoting hormones (cortisol, epinephrine, and 
glucagon). Blood glucose increases, exceeding the renal 
reabsorption threshold. This results in glycosuria, osmotic 
diuresis, dehydration, and the vicious cycle of activation of 
stress hormones. This leads to increased metabolism of fatty 
acids and, in the absence of insulin, or consequent of severe 
insulin resistance, there is unrestrained oxidation of fatty 
acids to ketones in the liver. Regardless of the cause, there 
is usually elevated blood glucose, significant dehydration, 
and depletion of potassium, phosphorous, and magnesium.

The diagnosis of DKA is relatively simple. Usually there 
is a clear history of either diabetes or polyuria and poly-
dipsia: the patient presents to the emergency room with 
hyperglycemia and glycosuria, and, usually, positive uri-
nary ketones. Ketoacidosis is confirmed by performing ABG 
analysis. Every hospital has a protocol for the manage-
ment of DKA. Insulin is administered by an infusion (with 
or without an initial bolus). This may be a weight-based 
fixed-rate infusion (0.1 units of insulin per kilo per hour) 
or more traditional infusion based on blood glucose.73 The 
patient is resuscitated with several liters of isotonic crys-
talloid (usually isotonic saline [0.9%] solution), and when 
blood glucose falls within a “controlled” range, intravenous 
dextrose is administered. Insulin suppresses ketone produc-
tion. Glucose is required to assist ketone metabolism, which 
can take some time. Two major mistakes are made in the 
management of DKA. Administration of 0.9% NaCl results 
in an entirely predictable hyperchloremic acidosis; this may 
or may not be harmful but may be perceived incorrectly as 
persistence of ketoacidosis. A small study that compared 
NS with Plasmalyte-148 (a balanced salt solution [BSS]) 
reported that patients receiving the balanced solution 
instead of NS had more rapid resolution of metabolic aci-
dosis, less hyperchloremia, improved blood pressure profile, 
and greater urinary output.74

The second error is very important for anesthesiologists. 
As noted above, the majority of ketones in the body are in 
the form of $OHB. These can only be identified by measur-
ing “blood” ketones. Urinary ketone sticks measure only 
acetoacetate.75 The absence of ketones in the urine does not 
eliminate the diagnosis of ketoacidosis (particularly if it is 
not associated with diabetes). Blood ketones are easily mea-
sured using handheld devices (although these may be hard 
to find in hospitals due to the current disenfranchisement 
of point-of-care testing). Interestingly, as $OHB must be 
metabolized to acetoacetate, urinary ketones may actually 
increase during the time that the whole body ketone load is 
falling and ketosis is resolving.

Patients presenting for emergency surgery may have mul-
tiple simultaneous acid-base abnormalities, and physicians 
often miss ketoacidosis due to availability bias—the pres-
ence of elevated lactate may result in search satisficing—
and a major metabolic abnormality is missed.76 Despite 
fluid resuscitation and source control, the acidosis may 
not resolve. This in turn may lead to inappropriate therapy 
such as renal replacement therapy (RRT) and sodium bicar-
bonate administration, neither of which are of any value in 
ketoacidosis. All forms of ketoacidosis require insulin ther-
apy and, eventually, glucose administration. Ketoacidosis 
of non-diabetic origin may take many hours, and occasion-
ally days, to resolve.!

Renal Acidosis

The kidney excretes water and a variety of metabolic 
byproducts, principally derived from proteins. The kidney 
also excretes surplus electrolytes, some of which are strong 
ions, including chloride, sulfate, formate, urate citric acid 
cycle metabolites (fumarate, citrate), and phosphate. These 
accumulate in AKI and cause “renal acidosis.” Early in AKI, 
hyperchloremia is the principle source of acidosis; subse-
quently, 50% to 60% of acidosis is caused by UMA and up to 
30% is associated with hyperphosphatemia.77 Fifty percent 
of patients with AKI in critical illness have a normal AG.77

AKI, in perioperative medicine, may accompany hypo-
tension, hypovolemia, renal hypoperfusion (from aortic 
cross clamping or intraabdominal hypertension), rhab-
domyolysis, sepsis, or urinary obstruction. Irrespective of 
the cause, patients develop oliguria, volume overload, and 
hyperkalemia secondary to metabolic acidosis.

The identification of metabolic acidosis in AKI is key to 
the diagnosis, severity, and therapeutic strategy in AKI. 
Although serum creatinine is the most widely used marker 
of renal function, isolated readings are unhelpful. Fluid 
resuscitation can artificially lower the creatinine concentra-
tion, by dilution; diuresis can artificially elevate it. Metabolic 
acidosis, particularly in the presence of hyperkalemia with 
elevated creatinine, should always prompt the clinician 
to determine the extent of renal acidosis. This is not easy. 
Hyperchloremia typically accompanies renal acidosis, but 
isotonic saline solution is frequently administered to patients 
with elevated creatinine under the mistaken belief that 
patients are less likely to develop hyperkalemia compared 
with BSSs.78 A study of anephric patients undergoing renal 
transplantation demonstrated that patients treated with NS 
were more acidotic and hyperkalemic than patients treated 
with lactated Ringer’s solution.78 Hyperphosphatemia is a 
minor contributor to renal acidosis, and currently no tests 
are available to clinically identify the UMA, except by a pro-
cess of exclusion. Hence, renal acidosis is usually diagnosed 
by identifying a widened AG, base deficit gap, or SIG, and 
excluding ketones and lactate. Usually the key decision step 
regarding RRT involves uncontrolled hyperkalemia. Renal 
acidosis can be temporarily controlled by administration of 
sodium bicarbonate (assuming the patient can clear CO2), 
by increasing the SID. This may be necessary if the risk of 
delaying surgery exceeds the risk of delaying RRT. Note, 
however, in critical illness, delaying RRT was associated 
with a 4.7% increase in mortality at 90 days.79!
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Hyperchloremic Acidosis

Hyperchloremia has been a known cause of metabolic aci-
dosis since the dawn of acid-base chemistry,12 but due to 
difficulty in measuring serum Cl! during most of the 20th 
century, hyperchloremia was largely ignored until recent 
decades. The extracellular space contains 110 to 130 g of 
salt. For a 70 kg male (ECF volume 18 L), this is approxi-
mately 58 g of Na+ (3.22 g/L) and 65 g (3.62 g/L) of Cl!. 
The average American ingests approximately 3 g or more 
of salt (NaCl) each day (2.3 g is recommended). To main-
tain the normal ratio of Na+ to Cl! (1.4:1 approximately), 
the body needs to excrete 30% more Cl! than Na+, and 
this is one of the major excretory roles of the kidney. This 
approximates to 15 to 20 mmol of Cl! excretion per day; to 
maintain electrical neutrality Cl! is excreted with ammo-
nium (NH4

+), a byproduct of nitrogen metabolism. In renal 
failure, Cl! accumulates, and this is often the cause of the 
early metabolic acidosis associated with AKI. For decades, 
it has been hypothesized that elevated circulating levels 
of Cl!, usually as a consequence of intravenous adminis-
tration, may actually be nephrotoxic, due, presumably, to 
increased metabolic demands on the kidney. One liter of 
isotonic saline solution (0.9%, normal saline, NS) contains 
9 g of salt, 3.5 g Na+, and 5.5 g Cl! (154 mmol/L of each). 
For a euchloremic patient (the human body does not store 
chloride, unlike, for example, calcium), this means that if 1 
L of NaCl 0.9% is administered, most or all of the Cl! must 
be excreted—an 8- to 10-fold increase in metabolic load for 
the kidney. Moreover, as NS has a SID of 0, elevated serum 
chloride is usually associated with a non-AG (hyperchlore-
mic) metabolic acidosis.80

Hyperchloremic acidosis is a complication of renal tubu-
lar acidosis, which is caused by a defect in chloride excre-
tion. The urine is relatively alkaline. Hyperchloremia also 
occurs when ureters have been re-implanted in the bowel 
after, for example, cystectomy, and excreted chloride is 
reabsorbed.

Are hyperchloremia and hyperchloremic acidosis clini-
cally significant? As a cause of acidosis, hyperchloremia 
is less sinister than other causes: in a study of critically ill 
patients with various acid-base disorders, mortality was 
highest for lactic acidosis (56%); for SIG acidosis it was 39% 
and for hyperchloremic acidosis 29% (P < .001).81 Never-
theless, hyperchloremia may result in clinically significant 
organ dysfunction. An observational study of 31,000 sur-
gical patients comparing intravenous saline to intravenous 
BSS demonstrated significant outcome differences, favoring 
BSS.82 Complications enhanced by the use of normal saline 
included postoperative infections, blood transfusions, and 
kidney injury requiring dialysis.

A hyperchloremic state may be associated with nephro-
toxicity; saline infusion has been associated with reduced 
renal blood flow, renal vasoconstriction, reduced glomeru-
lar filtration, and splanchnic hypoperfusion.83 In a rela-
tively large before-and-after cohort study of patients treated 
in an Australian ICU, the use of chloride-rich fluids was 
associated with a 3.7% absolute increase in the risk for need 
in RRT relative to BSS.84

Two large randomized controlled trials looked at the use 
of isotonic saline solution versus BSS in emergency medi-
cine patients85 and critically ill patients.86 Although the 

volume of fluid administered intravenously was relatively 
low, certainly in comparison with perioperative patients, in 
both studies there was approximately a 1% increase in renal 
complications. Whether this effect scales up with larger vol-
umes will presumably be the subject of further study and 
meta-analysis.

NS solution, originally introduced by Hamburger in the 
19th century and labelled “normal” due to flawed research, 
has been the most widely used intravenous fluid for over a 
century, despite minimal research demonstrating its clini-
cal efficacy and safety.87 As mounting research demon-
strates that this particular fluid may be harmful, and with 
a variety of other balanced solutions available for clinical 
practice, the role of NS in perioperative medicine is highly 
questionable.!

Perioperative Metabolic Alkalosis

Perioperative metabolic alkalosis is usually of iatrogenic 
origin. Overventilation of patients with chronic respira-
tory failure results in acute metabolic alkalosis because 
the presence of chronic compensatory alkalosis associ-
ated with chloride loss in urine has not been taken into 
account (Fig. 48.10). More frequently, metabolic alkalosis 
is associated with increased SID due to sodium gain. This 
abnormality results from the administration of fluids in 
which sodium is buffered by weak ions, citrate (in blood 
products), acetate (in parenteral nutrition), and, of course, 
bicarbonate. It is important to recognize that buffer ions 
such as citrate, acetate, gluconate, and lactate are, under 
normal conditions, rapidly cleared by the liver and do not 
contribute to acid-base balance. Sodium and chloride obey 
the law of conservation of mass. Sodium gain is “chloride 
sensitive” alkalosis, treated by administration of net loads 
of chloride—0.9% NaCl, potassium chloride, calcium chlo-
ride, and, occasionally, hydrogen chloride. It is important 
to correct chloride-sensitive alkalosis, as the normal com-
pensatory measure is hypoventilation, increasing PaCO2, 
which may lead to CO2 narcosis and failure to liberate 
from mechanical ventilation.

Large volumes of BSSs are likely to cause metabolic alka-
losis, due to dilution of ATOT (principally hypoalbuminemia), 
a process that is curtained when using lactated Ringer’s 
solution (Hartmann’s) due to lower SID (20 mEq/L). The 
acquired hypoalbuminemic alkalosis is of undetermined 
clinical significance.

Another cause of metabolic alkalosis in perioperative 
patients reflects loss of chloride-rich fluids from the gastro-
intestinal tract. Gastric juice contains HCl, which, when 
lost as a result of continuous suctioning or vomiting, obeys 
the law of conservation of mass and leads to alkalosis.

Perioperative fluid therapy remains highly controversial. 
Isotonic fluids are usually administered due to fear of cere-
bral edema associated with stress-induced water retention. 
However, this results in large amounts of solute, in particu-
lar sodium and chloride, accumulating in the extravascular 
space. Acquired hypernatremia is associated with adverse 
clinical outcomes and is very difficult to treat.88 BSSs 
appear safer than NS, but large-volume administration of 
these resuscitation fluids are also associated with worse 
outcomes.89
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ACID-BASE DISTURBANCES IN CRITICAL ILLNESS

Critically ill patients may have many confounding acid-
base disturbances that are not evident when only a single 
quantitative measure, such as base deficit, is employed. 
Patients will frequently have perturbations of PCO2, SID, 
and ATOT, and significant pathology may be overlooked due 
to apparently normal blood gas results.90

The most common single disturbance in acid-base 
chemistry in critically ill patients is hypoalbuminemia.24 
This abnormality is ubiquitous and causes a metabolic 
alkalosis of unpredictable magnitude. Hypoalbuminemia 
may mask significant alterations in SID, for example lac-
tic or renal acidosis. Therefore, when the AG is used in 
critically ill patients it should be corrected for albumin.26 
Similarly, the use of base deficit to predict lactate is unreli-
able in critical illness, particularly in patients undergoing 
secondary deterioration.25 Further, prolonged respiratory 
failure, with associated hypercarbia, leads to additional 
metabolic alkalosis due to chloride loss in urine (see Fig. 
48.10)91 Kidney injury is associated with accumula-
tion of metabolic by-products, phosphate, renal anions, 
chloride, and other UMA, leading initially to metabolic 
acidosis. However, late polyuric renal failure may be asso-
ciated with significant contraction alkalosis, due to loss of 
sodium, potassium, and free water.

Critically ill patients are vulnerable to significant changes 
in SID and free water. Nasogastric suctioning causes chlo-
ride loss, diarrhea leads to sodium and potassium deficits. 
Surgical drains placed in tissue beds may remove fluids with 
varying electrolyte concentrations (the pancreatic bed, for 
example, secretes fluid rich in sodium). Fever, sweating, 
evaporation from denuded tissue, and inadequately humid-
ified ventilator circuits all can lead to large-volume insen-
sible loss and contraction alkalosis.

Infusions administered to patients may be responsible for 
unrecognized alterations in serum chemistry. Many anti-
biotics, for example piperacillin-tazobactam, are diluted in 
sodium-rich solutions. Others, such as vancomycin, are 
administered in large volumes of free water (5% dextrose). 
Lorazepam is diluted in propylene glycol, large volumes 
of which will cause metabolic acidosis similar to that seen 
with ethylene glycol.92

Continuous renal replacement therapy (CRRT) is used 
in critical illness to hemofilter and hemodialysis patients 
who are hemodynamically unstable. Rocktaschel93 and 
colleagues have demonstrated that CRRT resolved the aci-
dosis of acute renal failure by removing strong ions and 
phosphate. However, in the presence of hypoalbuminemia, 
use of dialysis to correct a metabolic acidosis may unmask 
a metabolic alkalosis due to hypoalbuminemia. CRRT is not 
an effective treatment for lactic acidosis or ketoacidosis.

Other seemingly innocuous therapies may cause sig-
nificant disturbances to acid-base balance. Loop diuretics, 
such as furosemide, are often administered to critically ill 
patients. These agents preferentially excrete water over 
electrolytes and provoke a contraction alkalosis. Similarly, 
carbonic anhydrase inhibitors such as acetazolamide may 
be used to treat patients with hypochloremic metabolic 
alkalosis or respiratory alkalosis by decreasing the plasma 
SID. This effect is completely explained by the increased 
renal excretion ratio of sodium to chloride, resulting in an 
increase in serum chloride.94

Neurosurgical patients are vulnerable to a variety of 
acid-base disturbances as a result of osmotherapy or from 
disturbances caused by brain injury. Most commonly, NS 
solution is administered to these patients and results in 
hyperchloremic acidosis.95 Diabetes insipidus (DI) is a fre-
quent complication of severe head injury, particularly when 
the patient is progressing toward brain death. DI is caused 
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by damage to the pituitary and/or the hypothalamus and 
results in a loss of antidiuretic hormone (ADH) secretion. 
Absent ADH, the kidney is unable to concentrate the urine 
and a massive diuresis follows. The disorder is characterized 
by an increase in plasma osmolality in the presence of a low 
urinary osmolality. DI will typically manifest as a contrac-
tion alkalosis. The treatment is hormonal replacement with 
either vasopressin or desmopressin.!

TREATING ACID-BASE DISTURBANCES

In general, in acute illness and perioperative medicine, 
acid-base disturbances are clinical indicators of disease 
processes that are more harmful than hydrogen ion abnor-
malities themselves. Correcting the pH is usually unlikely to 
resolve the problem, except in certain circumstances, such 
as hyperkalemia in AKI, where acidosis is the major cause 
of the problem.

The treatment of acid-base abnormalities is determined 
by whether the acids, in particular, are organic or min-
eral acids. Organic acids can be metabolized, excreted, or 
dialyzed from the body. Diabetic and nondiabetic ketoaci-
dosis are treated primarily with insulin, intravenous fluid, 
and glucose. The ketoacids causing metabolic acidosis are 
metabolized by the liver. AKI is treated with dialysis and 
ultrafiltration, which directly removes UMA. Surprisingly, 
there are no clear guidelines regarding the optimal timing 
of initiation of RRT,79,96 particularly in the perioperative 
period.97

For decades, sodium bicarbonate (NaHCO3
!) has been 

used to “correct” acidosis. The sodium component, as a 
strong anion, widens the SID and is alkalizing. Simultane-
ously, the bicarbonate moiety provides buffer for hydrogen 
ions, generating CO2, which is presumably excreted from 
the body by increased alveolar ventilation. In respiratory 
failure, sodium bicarbonate will worsen respiratory acidosis 
despite increased SID. CO2 also enters cells and may cause 
intracellular acidosis, the clinical significance of which is 
unclear.98

NaHCO3
! is commonly used to treat hyperchloremic aci-

dosis. For patients with renal tubular acidosis, this involves 
long-term treatment with sodium bicarbonate tablets and 
chloride restriction. In acquired hyperchloremic acidosis, 
intravenous sodium bicarbonate corrects the base defi-
cit,99 but the benefit is unclear. The major drawbacks of 
NaHCO3

! therapy include sodium and volume overload, 
metabolic alkalosis, hypertension, and hypocalcemia.

Sodium bicarbonate therapy has been extensively stud-
ied in lactic acidosis and circulatory shock.100 A recent 
randomized trial of 389 critically ill patients with meta-
bolic acidosis compared the administration of 4.2% (hyper-
tonic) NaHCO3

! to keep pH above 7.3, up to a maximum 
of 1000 mL in the first 24 hours, versus no interven-
tion.101 Although there were no differences in the primary 
outcome—28-day mortality—the patients who received 
NaHCO3

! had a lower incidence of AKI and requirement 
for RRT. It is unclear why there was a reduction in the 
need for RRT. Perhaps the reduction in acidosis delayed 
the decision to start RRT and resulted in the intervention 
being avoided completely,96 or reversal of acidosis reduced 
vasopressor requirement and improved kidney blood flow; 
but this is merely speculation. Previous meta-analyse have 
failed to demonstrate benefit from NaHCO3

! therapy,102 

presumably due to the paucity of available research. Until 
larger multicenter trials have been conducted, NaHCO3

! 
therapy should be used with caution for treatment of meta-
bolic acidosis, due to circulatory shock or ketoacidosis. It is 
also unlikely that NaHCO3

! therapy benefits perioperative 
patients at risk for postoperative kidney failure.103

Metabolic alkalosis is rarely seen in elective periopera-
tive care. It is most likely encountered when unmasked 
by overventilation of patients who chronically retain CO2. 
Minute ventilation should be reduced. Critically ill patients 
may have metabolic alkalosis due to chloride deficit, free 
water deficit, or hypoalbuminemia. Contraction alkalosis 
is treated by correcting the free water deficit using the for-
mula below:

 
Free water deficit = 0.6 ! patient’s weight in kg

! (patient’s sodium/140 " 1)

Hypochloremic alkalosis should be treated by correcting 
the chloride deficit using NS or LR.

There is no evidence that correcting hypoalbuminemia is 
of clinical benefit for the majority of patients.104 Respiratory 
alkalosis usually results from anxiety or pain. Short-term 
therapy, such as CO2 rebreathing, should be followed by 
treating the underlying problem—for example with opioids 
or benzodiazepines.

Hypercarbic acidosis may be encountered in the periop-
erative period due to deliberate105 or inadvertent hypoven-
tilation. It is also associated with elevated dead space 
ventilation as seen in ARDS. In general, acute respiratory 
acidosis is well tolerated and can be easily reversed by 
increasing minute ventilation. However, in ARDS, a high 
tidal volume and transpulmonary pressures result in ven-
tilator induced lung injury (VILI) and increased mortal-
ity.106 Consequently, hypercarbia must be tolerated by the 
physician and patient (“permissive hypercarbia”) or CO2 
removed by an extracorporeal circuit.107!

Summary

Much of the confusion regarding acid-base chemistry 
relates to the attempt to apply observational approaches, 
such as that of Henderson-Hasselbalch and Schwartz and 
Brackett, to the entire spectrum of pathophysiologic pro-
cesses. The use of physical chemistry principles has permit-
ted easier explanation of acid-base balance, and tools to 
apply to a wide variety of clinical situations. This does not 
suggest that the “traditional” approach is incorrect, merely 
that it looks at a mirror image of that proposed by Stewart, 
Fencl, and others. All acid-base disorders can be explained 
in terms of SID, ATOT, and PCO2. This is important to anes-
thesiologists, who may significantly impact acid-base bal-
ance with our choice of fluids and mechanical ventilation 
strategy.
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