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Abstract

Objective: The objective of this review is to discuss acid-base physiology, describe the essential steps for interpreting
an arterial blood gas and relevant laboratory tests, and review the 4 distinct types of acid-base disorders. Data Sources:
A comprehensive literature search and resultant bibliography review of PubMed from inception through March 7, 2023.
Study Selection and Data Extraction: Relevant English-language articles were extracted and evaluated. Data
Synthesis: Critically ill patients are prone to significant acid-base disorders that can adversely affect clinical outcomes.
Assessing these acid-base abnormalities can be complex because of dynamic aberrations in plasma proteins, electrolytes,
extracellular volume, concomitant therapies, and use of mechanical ventilation. This article provides a systematic approach
to acid-base abnormalities which is necessary to facilitate prompt identification of acid-base disturbances and prevent
untoward morbidity and mortality. Relevance to Patient Care and Clinical Practice: Many acid-base disorders result
from medication therapy or are treated with medications. Pharmacists are uniquely poised as the medication experts on
the multidisciplinary team to assist with acid-base assessments in the context of pharmacotherapy. Conclusion: The use
of a systematic approach to address acid-base disorders can be performed by all pharmacists to improve pharmacotherapy
and optimize patient outcomes.
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thereby highlighting the importance of routine pharmacist
assessment. This narrative review provides a practical
foundation for new practitioners, residents, or students,
who practice in the ICU regarding acid-base physiology,
essential steps for interpreting an arterial blood gas and a
review of the 4 distinct types of disorders. For a complete
review on treatment of acid-base disorders, the reader is
referred elsewhere.!

Introduction

Acid-base abnormalities are common in the intensive care
unit (ICU) and can substantially impact patient outcomes.
While most acid-base disorders are mild and self-limiting,
some can be severe, leading to adverse consequences and
even mortality. The etiology of acid-base disorders is mul-
tifactorial and can include complex disease processes like
shock, invasive mechanical ventilation strategies, fluid
resuscitation and electrolyte concentrations, organ failure,
intoxications, and pharmacotherapy. Pharmacists play an

'Department of Pharmacy Practice, College of Pharmacy, Midwestern

essential role as the medication expert on the multidisci-
plinary team and can provide important contributions in
the management of acid-base disorders (Table 1). For
example, many commonly used medications in the ICU
can lead to acid-base disorders, either directly via their
mechanism of action or as an over-extension of their phar-
macologic effect. Many acid-base disorders are iatrogenic
which can be minimized or prevented through careful
monitoring and evaluation of medical therapies. Finally,
acid-base disorders are often treated with medications,
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Table |. Importance of Pharmacist’s Assessment of Acid-Base Status.

Patient example

Pharmacist’s assessment

Pharmacist’s plan

Excessive resuscitation with 0.9%
sodium chloride

Excessive use of loop diuretic therapy

acidosis

Lactic acidosis, acute kidney injury, &
bradycardia following prolonged use of
propofol

Electrolyte management in a patient
receiving parenteral nutrition (PN)

syndrome

Bicarbonate infusion in a patient with
sepsis and lactic acidosis with an
arterial pH >7.1.

A patient presenting with symptoms of
opioid overdose

Risk for a hyperchloremic metabolic
Risk for contraction alkalosis
Possible propofol-related infusion
Need to select the most appropriate
salt for each electrolyte in PN (eg,

sodium, potassium)
Inappropriate use of bicarbonate

Respiratory acidosis due to
respiratory depression

Change intravenous fluids to a balanced
salt solution (eg, lactated ringers)

Discontinue loop diuretic or consider
acetazolamide

Discontinue propofol and consider an
alternative, non-benzodiazepine-based
sedation strategy (eg, dexmedetomidine)

Careful selection of chloride or acetate
salt, based on acid-base status

Discontinue bicarbonate therapy

Administer naloxone

Abbreviation: PN, parenteral nutrition.

Data Sources

A comprehensive literature search was conducted using
PubMed from inception through March 7, 2023. Articles
were screened for content, and bibliographies were reviewed
to identify any articles that may have been missed by the
original literature search. Animal studies were excluded
along with articles that were not available in English.

Acid-Base Physiology

Acid-base homeostasis is an essential requirement for nor-
mal cellular and metabolic function. An acid is a substance
that can donate a proton; a base is a substance that can
accept a proton. Every acid has a corresponding base, and
every base has a corresponding acid. Common acid-base
pairs are carbonic acid/bicarbonate, ammonium/ammonia,
and lactic acid/lactate.

The acidity of a body fluid is determined by the concen-
tration of hydrogen ion. Normal hydrogen ion concentra-
tion in plasma is approximately 40 nEq/L.? Because this is
an extremely small unit of measurement, hydrogen ion
concentration is expressed on a logarithmic scale using pH
units. Normal blood pH ranges between 7.35 and 7.45,
with 7.4 as the threshold for normal. Acid-base disorders
considered incompatible with life are those where pH is
<6.8 or >7.8 which corresponds to a hydrogen ion con-
centration of >160 nEq/L and <16 nEq/L, respectively.
This is a very narrow range (16-160 nEq/L) given the large
amounts of acid that are generated each day through nor-
mal metabolic processes.

The terms acidemia or alkalemia are used to refer to an
abnormal pH in the blood; acidemia when pH is < 7.35,
alkalemia when pH is > 7.45. The terms acidosis or

alkalosis describe the physiologic process that causes acid
or base to accumulate. It is therefore possible to have, for
example, an acidosis without an acidemia provided an alka-
losis concurrently exists. In general, the body typically tol-
erates an acid load better than a base excess. This is because
changes in hydrogen ion concentration are not linearly
related to changes in pH. Specifically, with alkalemia, small
changes in hydrogen ion are associated with large changes
in pH. With acidemia, on the other hand, larger changes in
hydrogen ion are required to influence pH. In addition, with
alkalemia, the oxy-hemoglobin dissociation curve will shift
to the left, where the affinity of oxygen to hemoglobin is
stronger resulting in inefficient release of oxygen to the tis-
sues. Other adverse sequelae associated with acid-base dis-
orders are displayed in Table 2.

Sources of acid production include end products of nor-
mal cellular metabolism (eg, carbon dioxide [CO,]), metab-
olism of dietary nutrients (eg, sulfuric acid, phosphoric
acid), and incomplete metabolism of neutral substances (eg,
glucose — lactic acid, fatty acids — acetoacetic acid and
B-hydroxybutyric acid). Most acid production is in the form
of CO, whereby approximately 15 000 mmol are produced
each day.* In critical illness, nonvolatile acids such as lactic
acid or keto acids can be produced in pathologic amounts
and are often the primary source for an acid-base disorder
with some disease states (eg, shock, diabetic ketoacidosis).

For normal cellular and metabolic function to occur,
acid-base balance must be maintained. There are 3 mecha-
nisms the body uses to maintain the narrow therapeutic
range for hydrogen ion: buffers, respiratory, and renal regu-
lation. A buffer is a substance that can absorb or donate
hydrogen ions to resist changes in pH in the presence of a
strong acid or base. Buffers are the first line of defense
when an acid-base imbalance is present. The dominant
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Table 2. Adverse Sequelae of Acid-Base Disorders.

Acidosis Alkalosis

Arteriole vasodilation
Bradycardia

Coma

Decreased cardiac index
Decreased fibrillation

Cardiac arrhythmias

Decreased coronary blood flow

Decreased ionized calcium

Decreased release of oxygen
from hemoglobin

threshold Hypokalemia
Hyperventilation Hypoventilation
Hyperkalemia Hypercapnia
Increased metabolic Hypoxemia

demands Neuromuscular irritability

Respiratory muscle fatigue Predisposition to refractory
dysrhythmias
Reduction in cerebral blood flow

Vasoconstriction

extracellular buffer system is the bicarbonate/carbonic acid
system, defined using the following equation:

CO, + H,0 < H,CO, «> H'+ HCO, .

In this equation, reactions can flow in both directions
depending on the concentration of each component and the
imbalance that exists. Carbonic acid (H,CO,) is in equilib-
rium with bicarbonate (HCO;") and hydrogen ions (H"). In
the presence of carbonic anhydrase, carbonic acid is con-
verted to CO, and water (H,0). Because carbonic acid is
directly proportional to the amount of CO, in the blood,
CO, is considered an acid. Carbon dioxide is regulated
through the lungs and can be controlled with either hyper-
or hypoventilation. Bicarbonate concentrations are regu-
lated through the kidney. Thus, disorders with HCO;" are
usually thought of as metabolic while disorders of CO, are
respiratory. There are other important buffer systems that
exist, such as the phosphate buffer system and intracellular
and extracellular proteins, but these are more so reflective
of intracellular systems.

The second mechanism used to maintain acid-base
balance is respiratory regulation. Chemoreceptor cells
located in the medulla oblongata are sensitive to pH and
control alveolar ventilation. Hyperventilation will lead to
increased elimination of CO, (ie, respiratory acid) which
will increase pH. Hypoventilation on the other hand will
cause CO, retention and decrease pH. In the presence of a
metabolic disorder, the lungs will compensate by altering
the respiratory rate to adjust CO, levels to restore pH
toward neutral (ie, 7.4). These changes in respiratory rate
occur quickly where a new steady-state CO, is reached
within hours.?

The third mechanism for maintaining acid-base homeo-
stasis is renal regulation which involves regulating the
concentration of bicarbonate in the blood (Figure 1).
Approximately 4500 mEq of bicarbonate are filtered by the

4,500 mEq of HCO
are filtered each d
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Figure I. Renal regulation of acid-base homeostasis.
Abbreviation: HCO;', bicarbonate.

kidney each day.* Most of this is reabsorbed in the proximal
tubule (approximately 80%) with the remaining occurring
in more distal segments.’ Filtered bicarbonate combines
with hydrogen ions secreted by the renal tubule cell to form
carbonic acid. In the presence of carbonic anhydrase, car-
bonic acid is converted to CO, and H,O. Carbon dioxide
readily crosses the cell membrane and enters the renal
tubule cell where it is converted back to carbonic acid by
intracellular carbonic anhydrase. Carbonic acid dissociates
into hydrogen ion (which is later secreted into the tubular
lumen) and bicarbonate which is reabsorbed into the blood-
stream. In addition, the kidneys also excrete the daily load
of nonvolatile acids through ammoniagenesis, regeneration
of new bicarbonate, and distal tubular hydrogen ion secre-
tion. Renal regulation of acid-base status begins within
approximately 6 to 12 hours, but it can take 3 to 5 days for
full compensation to occur.

Arterial Blood Gas Assessment

Acid-base assessment is performed using an arterial blood
gas (ABQ). Arterial blood can be obtained through a percu-
taneous needle puncture or from an indwelling arterial cath-
eter. When assessing a blood gas result, it is important to
distinguish the type of sample collected (ie, arterial vs
venous) because there are differences in the normal values
between the two (Table 3). Venous blood gas sampling may
be acceptable in some clinical scenarios (eg, a hemodynam-
ically stable patient or emergency settings) given the corre-
lation that exists between venous and arterial values,
specifically pH and partial pressure of CO,.” In patients
with shock or post-cardiac arrest, however, arterial blood
samples are recommended.
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Table 3. Normal Values From Adult Blood Gas Analysis.®

Variable Arterial Venous

pH 7.40 (range, 7.35-7.45) 7.38 (range, 7.33-7.43)
PCO, 35-45 mm Hg 45-51 mm Hg

PO, 80-100 mm Hg 35-40 mm Hg

HCO; 22-26 mEq/L 24-28 mEq/L

Oxygen saturation 95% 70-75%

Abbreviations: HCOy', bicarbonate; PCO,; partial pressure of carbon dioxide; PO,, partial pressure of oxygen.

e Assuming an acid base imbalance does not exist because pH is normal.

e Using a venous sample when an arterial assessment is intended.

caution if this correlation does not exist.

e  Failing to correct anion gap for hypoalbuminemia.

absence of classic acetaminophen toxicity).

. Poor sampling technique (e.g., presence of air bubbles), delayed time to analysis and temperature abnormalities can lead to aberrant values for PaO, and PaCO,.
e Assuming total CO, content (often referred to as serum bicarbonate) on a basic metabolic panel is the same as PaCO,.

. The serum bicarbonate on a basic metabolic panel should be approximately 1.5 to 3 mEqg/L higher than the HCO;" value reported on an ABG. Interpret with

. Interpreting a compensatory response as the primary disorder. The body will not overcompensate for an acid-base disorder.

e  Using a “neutral” target for pH or bicarbonate when administering bicarbonate therapy.

. Lactic acidosis is not always identified accurately using the anion gap, even after correction for hypoalbuminemia.
e Relying on a single lactate value when assessing restoration of tissue perfusion during fluid resuscitation.
. Failing to recognize limitations with mnemonics used to assess anion gap metabolic acidosis: The MUDPILES mnemonic does not reflecting contemporary

etiologies (e.g. paraldehyde is no longer used in clinical medicine), specifies only one type of ketoacidosis, and does not identifying multiple lactate isomers.
The GOLDMARRK mnemonic includes 5-oxoproline, an endogenous substance that can accumulate in the presence of chronic acetaminophen use (in the

Figure 2. Pitfalls to avoid when evaluating acid-base homeostasis and an arterial blood gas analysis.
Abbreviations: ABG, arterial blood gas; HCOj’, bicarbonate; PaCO,, pressure of arterial carbon dioxide; PaO,’, partial pressure of arterial oxygen.

Values obtained from an ABG include pH, partial pres-
sure of arterial carbon dioxide (PaCO,), partial pressure
of arterial oxygen (PaO,), bicarbonate (HCO;), base
excess, and oxygen saturation. The variables that directly
influence acid-base status are pH, PaCO,, and HCO,".
Arterial pH will define the primary acid-base disorder
and is the first variable to evaluate. PaCO, represents the
amount of respiratory acid present and provides informa-
tion about how effectively the lungs are excreting CO,.
Bicarbonate on an ABG reflects the amount of metabolic
acid and is regulated by the kidneys. It is important to
note, the concentration of HCO," reported from an ABG is
not a direct measurement but a calculated value using the
Henderson-Hasselbalch equation. Under normal circum-
stances, this value will differ from the total CO, content
value obtained from a venous basic metabolic panel by
about 1.5 to 3 mEq/L. This is because total CO, content
consists of all carbon dioxide present in the blood and
includes bicarbonate, dissolved CO,, carbonic acid, and

carbamino compounds.’ Approximately 95% of total CO,
content is in the form of bicarbonate; thus, many clini-
cians refer to this value as “serum bicarbonate” in prac-
tice. This terminology is typically preferred to avoid
confusion with PaCO, on an ABG (Figure 2).

Approaches to Acid-Base Analysis and
Interpretation

Management of acid-base disorders requires astute under-
standing of the physiologic variables that contribute to acid-
base homeostasis. Described below are the 3 approaches to
acid-base analysis and interpretation (Table 4).

The Physiologic Approach (Henderson-
Hasselbalch)

The physiologic approach is based largely upon a single
buffer system composed of 2 components: carbonic acid
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Table 4. Comparison of Models on Acid-Base Disorders.

Model
Disorder pH Physiological model Base excess/deficit model Physicochemical model
Metabolic acidosis \) \ HCO; Base deficit {SiDor® Aot
Metabolic alkalosis 0 0 HCO; Base excess TSiDord Aot
Respiratory acidosis \ ) PCO, ) PCO, ) PCO,
Respiratory alkalosis T { PCO, { PCO, l PCO,

Abbreviations: A, total concentration of weak acids; HCOj, bicarbonate; PCO,, partial pressure of carbon dioxide; SID, strong ion difference.

Table 5. Expected Compensatory Responses to Acid-Base Disturbances.

Compensatory variable

Anticipated compensatory response

Disorder pH Primary disturbance
Metabolic acidosis 2 { HCO;
Metabolic alkalosis 0 0 HCO;
Respiratory acidosis \ 0 PCO,
Respiratory alkalosis 0 \ PCO,

3 PCO, Winter’s formula:
PCO, = (1.5 X HCO;) + (8 * 2)
T PCoO, PCO, = (0.7 X HCO;) + (21 * 2)
T HCO, Acute: ApH = 0.008 X APCO,
AHCO; = APCO,/10
Chronic: ApH = 0.003 X APCO,
AHCO, = 3.5 (APCO,)/10
L HCo; Acute: ApH = 0.008 X APCO,

AHCO," = APCO,/5
Chronic: ApH = 0.003 X APCO,
AHCO; = APCO,/2

Abbreviations: HCOy, bicarbonate; PCO,, partial pressure of carbon dioxide.

and HCO,". This approach aims to describe the relationship
between blood pH and the primary acid-base buffering
properties of CO, and HCO;™ quantified by the Henderson
and Hasselbalch formula®:

PH =6.1+log [ HCO, /(0.03 x PaCO, )]

The Henderson-Hasselbalch equation assumes the car-
bonic acid-bicarbonate buffer system is the main determi-
nant of acid-base status within the body.®* The blood pH
calculated from the Henderson-Hasselbalch equation con-
siders both respiratory (partial pressure of carbon dioxide
[PCO,]) and metabolic (serum HCO,) contributors, not by
their individual absolute values, but by the ratio of the com-
ponents. Therefore, a patient with multiple contrasting acid-
base disturbances may possess a pH within normal limits. !
The carbonic acid/bicarbonate pair is used as the major
buffering system within the physiologic model because of
their abundance and ability to be regulated via the respira-
tory and metabolic systems.'” Each primary disorder is
resultant of a change in serum HCO;™ or PCO, in conjunc-
tion with an appropriate secondary or compensatory
response of the opposing variable (Table 5). The absence of
a secondary response typically indicates the existence of
multiple disorders or a mixed-acid-base disorder.'

Supplemental variables can be incorporated for more accu-
rate clinical diagnosis. Interpretation of a patient’s serum
anion gap (AQ), the difference between the measured cat-
ions and anions, is useful to determine whether additional
unmeasured anions may be contributing to the primary
acid-base disturbance.!' Based on the principle of electro-
neutrality, AG assumes the concentrations of negatively
charged particles (anions) must be equal to the concentra-
tion of positively charged particles (cations). Many sub-
stances in smaller quantities though are not routinely
measured (or accounted for in standard acid-base analysis),
and these unmeasured anions constitute the AG.?
Laboratories may have different normal values for the AG,
but a normal upper limit of 10 to 12 mEqg/L is often
reported.'?> Most clinicians would consider an AG in excess
of 16 mEq/L clinically important and represent substantial
anion accumulation. Occasionally, the concentration of
potassium is included in the AG equation, which would
make the normal AG approximately 4 mEq/L higher.
Because potassium values do not generally deviate signifi-
cantly from 4 mEq/L, it is usually simplest and most
straightforward to eliminate it from the analysis. AG can be
calculated using the following formula:

Anion gap =[ Na* |- ([cr] 4 [HCO;]).
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While AG forms the basis for assessment of the meta-
bolic component within the physiologic approach, other
anions may also influence the equation. Serum albumin is
an anion that accounts for a large portion of the AG. Patients
with hypoalbuminemia, which is frequently present in the
critically ill, may require adjustments to the calculated
AG."" Failure to adjust for albumin may lead to misinterpre-
tation of the metabolic component when using the physio-
logic approach. A corrected AG formula has been proposed
that accounts for an expected decrease of 2.5 units per each
1 g/dL decrease in albumin concentration.’

normal albumin —
Corrected AG = AG+2.5 e
observed albumin

The physiologic approach remains advantageous for clini-
cal interpretation of acid-base status due to its simplicity in
data components and application. This approach is limited
because changes in bicarbonate concentration are not able
to quantify how much acid or base has been added to the
system unless the single buffer, PCO,, is held constant."® In
addition, the physiologic approach does not accurately
account for non-bicarbonate buffer systems.

The Base Excess/Deficit Model

To address limitations with the physiologic approach,
Singer and Hastings introduced an alternative method
which is based on the amount of acid or base that must be
added to a sample of blood in vitro to obtain a pH of 7.4.13
This approach is referred to as the base excess model. Base
excess (BE) measures the metabolic component (using
hemoglobin as a buffer), independent from the respiratory
component of acid-base status; BE should be zero under
normal circumstances.’ Inaccuracies with using this method
in vivo have led to modifications in the equations used to
determine BE resulting in the term standard base excess
(SBE). SBE is reported by most commercially available
ABG analyzers. Generally, a SBE greater than +5 mmol/L
represents a metabolic alkalosis (base excess), whereas less
than —5 mmol/L represents a metabolic acidosis.'* In prac-
tice, a negative base excess is often referred to as a base
deficit and could indicate hypoperfusion.

A limitation of the SBE is that it does not provide insight
into the mechanism of the metabolic disorder. This can be
improved by combining SBE with the AG. Furthermore,
equations for SBE assume normal weak acid concentrations
(eg, albumin); therefore, conditions such as hypoalbumin-
emia can lead to inaccuracies.'> SBE, though, is often used
to determine severity of illness following an acute traumatic
injury and can be used to help guide resuscitation. In fact,
SBE may be superior to vital signs or shock index for pre-
dicting the risk of death in this population.'®

The Physicochemical/Strong lon Approach
(Stewart)

An additional approach to acid-base analysis was devel-
oped by Peter Stewart based on the concept of strong ion
difference (SID). Stewart defined strong ions as those which
fully dissociate at the pH of body fluids and whose concen-
trations could be used to calculate the hydrogen ion concen-
tration of the blood.! Strong ions include sodium,
potassium, calcium, magnesium, chloride, and lactate.'®!3
Based on the laws of electroneutrality, the difference
between the sum of strong anions and strong cations (strong
ion difference or SID) when combined with weak acids and
bases within the blood should yield a neutral result.!> As
opposed to a strict buffer system, the physicochemical or
strong ion approach proposed by Stewart was based on the
classification of each variable as either dependent or inde-
pendent in determining H* concentration in the blood.’
Using the Stewart approach, there are 3 variables indepen-
dently responsible for determining H* concentration: SID,
total concentration of weak acids (A;,;), and PCO,.
Therefore, SID and A7, not bicarbonate concentration, are
the main determinants of metabolic disorders, and PCO, is
the main determinant of respiratory disorders.” Stewart pro-
posed that bicarbonate contributed to the gap between
strong cations and strong anions, and the concentration of
bicarbonate was dependent on the amount of strong cations
and anions within the blood.!® To accurately account for all
strong and weak cations and anions, the physicochemical
approach is based on the measurements of apparent SID
(SIDa) which represents the difference between measured
strong cations and anions [SIDa = (Na* + K* + Ca’+ +
Mg?+) — (CI" + lactate’)], and effective SID (SIDe), which
accounts for weak acids and bases (including bicarbonate,
albumin, and inorganic phosphate).’ In a healthy individual,
anormal SIDa is approximately +40 to 42.'* Based on the
laws of electroneutrality, SIDa and SIDe should be equal,
and any difference would yield a gap of unmeasured strong
ions (due to a pathophysiologic process), or strong ion gap
(SIG). The SIG represents the pure representation of unmea-
sured ions, similar to the AG, but theoretically more robust.

While the 3 approaches vary in independent and depen-
dent variables used to assess acid-base status, no approach
has been proven to be more efficacious during clinical diag-
nosis and assessment. The physicochemical approach was
proposed as an alternative to better quantify acid-base sta-
tus; however, when examined in critically ill patients, quan-
titative analysis did not offer diagnostic or prognostic
advantages over more traditional approaches originally
described by the Henderson-Hasselbalch equation.!” The
physiologic approach that relies on descriptive analysis of
acid-base status may be considered more useful given its
simplicity for the bedside clinician, without sacrificing
diagnostic or clinical efficacy.'®!?
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L . . . Lo If metabolic acidosis, calculate the anion gap (AG), corrected for
Assess patient’s presentation, history, physical examination, and hypoalbuminemia
Step 1: laboratory data (i.e., vital signs, medication or ingestion history, Step 5: Y
serum chemistry panel), and obtain arterial blood gas. AG =[Na'] - ([CI]+ [HCO4]) +[2.5 (4 — albumin)]
A\ / « IfAG is elevated (> 16), AG metabolic acidosis exists: go to step 6
\ * IfAG is normal (< 12-16), non-AG metabolic acidosis exists: go to step 7/
Determine the primary disorder [-emia (acidemia vs. alkalemia)] e
Step 2: + Ifthe pH is < 7.35 an acidemia exists For AG metabolic acidosis: calculate the delta-delta (i.c., delta ratio)
+ Ifthe pH is > 7.45 an alkalemia exists Step 6 Delta-delta = measured AG — normal AG
p O normal [HCO;] — measured [HCO;]
Establish the primary cause [-osis (respiratory vs. metabolic)] * A delta-delta < 1 indicates a concomitant non-AG metabolic acidosis
Step 3: Disorder H Laboratory Change iy exist i ; ; : ;
P Y 2 L * A delta-delta > 2 indicates a concomitant metabolic alkalosis may exist. Y,
Metabolic acidosis { 4 HCO;
Metabolic alkalosis 4 1 HCO; For non-AG metabolic acidosis: calculate the urine anion gap.
- — - « Ifurine AG is normal, possible causes are diarrhea, large volumes of
Respiratory acidosis L T PCO, Step 7: 0.9% sodium chloride or proximal renal tubular acidosis (RTA)
Respiratory alkalosis 4 1 PCO, « Ifurine AG is elevated, possible causes are renal failure, distal RTA or
hypoaldosteronism.
. R K 4 N
Evaluate for compensatory mechanisms and if respiratory X . L
evaluate if acute or chronic. Refer to Table 5 for equations If metabolic alkalosis, assess urinary chloride to determine if
Step 4: ’ Step 8: chloride-responsive or -resistant. A urinary chloride <25 mEq/L suggests a
Disorder Compensatory Change chloride-responsive disorder is likely present.
Metabolic acidosis 1 pCo, A /
~
Metabolic alkalosis 1 PCO,
- — Interpret acid-base disorder in the context of the clinical presentation and
Respiratory acidosis Thcoyr Step 9: provide targeted treatment to restore acid-base homeostasis and correct
Respiratory alkalosis 1 HCOy the underlying cause of the acid-base disorder.
- /

Figure 3. Stepwise approach to acid-base analysis.

Abbreviations: AG, anion gap; HCOj’, bicarbonate; PCO,, partial pressure of carbon dioxide.

A Systematic Method to
Interpretation of Acid-Base Disorders

Accurate interpretation and diagnosis of acid-base disorders
can be a lifesaving intervention in the critically ill patient.
Although multiple approaches may exist to evaluate acid-
base status, a systematic method for interpretation (Figure 3)
of clinical data, diagnostic evaluation, and treatment is use-
ful to easily identify simple and mixed disorders.>!> The
first step in the process is to assess the situation and the
patient’s clinical presentation. In some cases, the expected
acid-base abnormality can be predicted which could then be
compared with the results from the stepwise approach.
Results that differ should be reevaluated for accuracy or an
alternative explanation. After a thorough review of the
patient’s history, the primary disorder should be determined
along with the presence of a compensatory response. For
some disorders, such as metabolic acidosis, there are addi-
tional steps. It is important to go through this systematic
approach, even when pH may be in the normal range
because a complex or unidentified acid-based disorder may
exist (ie, a concomitant acidosis with an alkalosis). In fact,
it is possible for up to 3 acid-base disorders to exist at any
one time. A delta-delta calculation or delta ratio may help
identify these scenarios. While it is possible to have 2 sepa-
rate metabolic abnormalities at once, only 1 respiratory dis-
order can exist. In reality, mixed acid-base disorders are
quite common in critically ill patients because of the

complex disease states encountered coupled with chronic
diseases that may be present and the effects of underlying
therapies.

Metabolic Disorders

In the context of acid-base abnormalities, metabolic disor-
ders relate to an imbalance between H* ion and bicarbonate
in the body. These can broadly be divided into metabolic
acidosis and metabolic alkalosis. Metabolic acidosis can
further be differentiated as anion gap metabolic acidosis
(AGMA) or non-anion gap metabolic acidosis (NAGMA).
Metabolic alkalosis can be viewed as chloride responsive or
non-responsive.

Metabolic Acidosis

Metabolic acidosis derives from the overproduction or
reduced elimination of acid, exogenous exposure to acid or
acid precursors, or the loss of base. As mentioned above,
the AG reflects the concept that usual measured cations are
present in a larger quantity than usual measured anions. The
presence of a metabolic acidosis with an elevated AG
reflects the addition of unmeasured anions, especially
organic acids. Various unmeasured anions, accompanied by
protons, can accumulate in the body, including lactate, keto
acids, and many toxins, some of which can be assessed sep-
arately (eg, lactate level). Conversely, the presence of a
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Table 6. Causes of Metabolic Acidosis and Alkalosis.

Metabolic acidosis

Metabolic alkalosis

Anion gap metabolic acidosis

Non-anion gap
metabolic acidosis

Chloride responsive

Chloride unresponsive

Methanol Glycols (ethylene glycol, Acetazolamide Cystic fibrosis Bartter syndrome

Uremia propylene glycol) Chloride administration Diuretics Cushing syndrome

Diabetic ketoacidosis Oxoproline (pyroglutamic Cholestyramine Diarrhea Excess

Paraldehyde / acid) Renal tubular acidosis Nasogastric suctioning mineralocorticoid

propylene glycol L-lactate Ureteral diversion (into  Sodium bicarbonate Gitelman syndrome

Isoniazid, Iron D-lactate intestine) Post-hypercapnia Hyperaldosteronism

Lactic acidosis Methanol Endocrine disorders Vomiting Licorice ingestion

Ethylene glycol Aspirin (Addison’s) Refeeding syndrome

Salicylates Renal failure Diarrhea (profound potassium
Rhabdomyolysis and magnesium
Ketoacidosis deficiency)

Table 7. Common Drug-Induced Metabolic Acidosis and Alkalosis.

Acidosis

Anion gap Non-anion gap Alkalosis

Beta-agonists®

Linezolid Acetazolamide
Metformin Calcium chloride
NRTIs Cholestyramine
Overdoses® Magnesium sulfate
Propofol Drug-induced RTA®
Propylene glycol

Toxic alcohols

0.9% sodium chloride

Citrate from massive transfusion or
anticoagulation during CRRT

Diuretics

Licorice (glycyrrhizic acid)

Sodium bicarbonate

Abbreviations: CRRT, continuous renal replacement therapy; NRTI, nucleoside reverse transcriptase inhibitor; RTA, renal tubular acidosis.

*Albuterol, epinephrine, and terbutaline.
®lron, isoniazid, and salicylates.

‘Aminoglycosides, ifosfamide, lithium, nonsteroidal antiinflammatory agents, pentamidine, and topiramate.

metabolic acidosis without an elevated AG indicates a
derangement with the ions found in the AG equation, such
as the loss of bicarbonate or the gain of chloride ions. The
presence or absence of an AG can help discern the cause of
the metabolic acidosis recognizing there are exceptions. In
fact, a specific cause for an increased AG can be found in
29% of patients who have an AG between 17 and 19, 65%
when between 20 and 24 and >80% when greater than 25.2°
Several mnemonics have been suggested to recall the com-
mon ctiologies of AGMA (Table 6).

A common cause of AGMA in critically ill patients is lac-
tic acidosis. Lactic acidosis, defined as a lactate concentra-
tion > 4 mmol/L, is commonly seen in the setting of shock
where cellular and tissue hypoxia shifts metabolism to anaer-
obic glycolysis.'? This is also known as a type A or hypoxic
lactic acidosis. Other causes include mesenteric ischemia,
carbon monoxide poisoning, and cyanide.? Lactate can also
accumulate for nonhypoxic reasons (type B lactic acidosis)
such as thiamine deficiency and medications (Table 7).!>?! In
critical illness and specifically shock, lactate levels may be
elevated for a variety of reasons, including overproduction

(hypoxic or nonhypoxic) as well as reduced clearance or
mitochondrial dysfunction.??> However, lactic acidosis may
not always be identified accurately with AG, even after cor-
rection for hypoalbuminemia.?

Non-AG metabolic acidosis results from several etiolo-
gies where derangements occur specifically with the mea-
sured ions accounted for in the AG equation: sodium,
chloride, and/or bicarbonate. One common mnemonic for
NAGMA is presented in Table 6. Many of these disorders
lead to metabolic acidosis via loss of bicarbonate through
the urine or gastrointestinal tract. Critically ill patients may
be particularly susceptible to NAGMA when large volumes
of 0.9% sodium chloride are used for resuscitation (0.9%
sodium chloride contains 154 mEq of sodium and 154 mEq
of chloride; SID = 0 mEq/L). Notably, a NAGMA may be
present without a significantly elevated chloride level, in
the context of hyponatremia.?* Balanced solutions such as
Ringer’s lactate, Plasma-Lyte, and Normosol are more
physiologic in nature (SID is approximately 28 mEq/L) and
contain buffers (lactate or acetate) which are metabolized to
bicarbonate and mitigate the acidifying effect. At usual
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volumes and administration rates, the lactate contained in
Ringer’s lactate does not appreciably contribute to lactate
concentrations.’> Renal tubular acidosis (RTA) is also a
common cause of NAGMA and has 4 major forms depend-
ing on the portion of the nephron that is no longer able to
maintain normal acid-base and potassium homeostasis. A
related disorder, Fanconi’s syndrome, features RTA along
with other findings, and can rarely be caused by several
drugs (Table 7).

The routine use of sodium bicarbonate therapy for the
treatment of acidosis may lead to deleterious effects without
improvements in patient outcomes.?® For example, sodium
bicarbonate therapy may lead to sodium and volume over-
load leading to hypernatremia and pulmonary edema,
respectively, worsening of tissue acidosis from CO, diffu-
sion into myocardial and cerebral cells, and impairment of
oxygen release form hemoglobin.?’ Sodium bicarbonate
should be considered in critically ill patients with severe
NAGMA when caused by gastrointestinal or renal distur-
bances or in the setting of specific overdoses such as salicy-
late and tricyclic antidepressants. In addition, sodium
bicarbonate may have a role in patients with severe meta-
bolic acidosis and stage 2 or 3 acute kidney injury.?

Metabolic Alkalosis

Metabolic alkalosis results from an excess of base or a loss
of acid, mainly observed through an elevated bicarbonate
level. Metabolic alkalosis can be viewed along a continuum
with NAGMA as a disorder characterized by an imbalance
between sodium, chloride, and bicarbonate. However, in
alkalosis the bicarbonate is elevated above normal. This is
why an AGMA can exist alongside NAGMA or metabolic
alkalosis, but NAGMA and metabolic alkalosis cannot both
exist at the same time. It is therefore always important to
evaluate for a concomitant NAGMA or metabolic alkalosis
(ie, the “delta-delta” or “delta gap” approach) when an
AGMA is present.

Urine chloride concentrations may facilitate diagnosis of
the etiology of metabolic alkalosis. Typically a problem
originating outside the kidney will result in a low urine
chloride (< 25 mEq/L) as the kidneys are trying to retain
acid via ammonium chloride. A problem originating within
the kidney will have a high urine chloride signifying the
kidney’s inability to retain acid.?’ These are also referred to,
respectively, as “chloride responsive” and “chloride unre-
sponsive” metabolic alkalosis (Table 6). This test, however
is not routinely performed in the ICU as the clinical picture,
and patient history are often enough to discern the most
likely etiology (eg, excessive loop diuretic use in the setting
of de-resuscitation).

Chloride depletion is a common ctiology and can result
from various mechanisms including loss from the gut, urine,
and skin. Other causes of metabolic alkalosis result from
potassium depletion which usually is accompanied by an

excess in mineralocorticoid activity. Aldosterone has a strong
influence on acid-base status by facilitating acid excretion
through the a-intercalated cells of the late distal convoluted
tubule and collecting duct, and potassium loss independently
contributes to alkalosis by inducing bicarbonate reabsorption
in the proximal tubule.*® Loop diuretics, commonly used in
the critically ill, are a common cause of metabolic alkalosis.
Chloride and potassium loss are the principal mechanisms,
though this is sometimes described as “contraction alkalo-
sis”; most accurately, this refers to contraction of the extra-
cellular fluid volume around a fixed bicarbonate amount,
rather than implying a hypovolemic state.’® Acetazolamide, a
carbonic anhydrase inhibitor, may occasionally be prescribed
to counteract this effect. Hypokalemia though should be
addressed as it can directly perpetuate the alkalosis.

Respiratory Disorders

Primary respiratory acid-base disorders are propelled by an
alteration in CO, elimination regulated by alveolar ventila-
tion. An increase in PCO, results in a fall in pH (respiratory
acidosis), whereas a decrease in PCO, results in a rise in pH
(respiratory alkalosis). Determining an acute versus chronic
process will be determined by the severity of change and
degree of renal compensation (Table 5).

Respiratory Acidosis

Respiratory acidosis occurs from hypoventilation, defined
as the failure to excrete CO, (hypercapnia). There are sev-
eral acute and chronic conditions that arise from decreased
respiratory rate or tidal volume leading to respiratory aci-
dosis (Table 8). There are no direct drug treatments for
respiratory acidosis, rather appropriate treatment will rely
on alleviating the underlying condition considering the
severity and chronicity of the acid-base derangement.
Hypoxemia is the primary life-threatening consequence of
respiratory acidosis which may result from acute, severe
hypercapnia at room air (PCO, > 80 mm Hg). In addition,
in severe respiratory acidosis, hypotension from reduced
cardiac output and decreased vascular resistance may
ensue.’! Patients with severe hypoxemia (PaO, < 40 mm
Hg) should receive supplemental oxygen via non-invasive
or invasive ventilatory support while treating the underly-
ing cause. Common therapies include bronchodilators for
the treatment of bronchospasm, naloxone for opioid intoxi-
cation, or thrombolytics for massive pulmonary embolism.
The use of supplemental oxygen in spontanecously breath-
ing patients with chronic hypercapnia (eg, patients with
chronic obstructive pulmonary disease) should be used
with caution as this may blunt a patient’s respiratory effort
and worsen alveolar ventilation.’?> Furthermore, gradual
reductions in PCO,, to a patient’s estimated baseline (if
unknown a reasonable PCO, target is 60 mm Hg), will
avoid cerebral vasoconstriction and ischemia and facilitate
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Table 8. Causes of Respiratory Acidosis and Alkalosis.

Respiratory acidosis

Respiratory alkalosis

Central Neuromuscular disorders

e Medications (opioids, e Myasthenia gravis
sedatives, alcohol) e Guillain-Barré

e Stroke e Cervical cord injury

e Head injury e Neurotoxins (botulism/

Airway abnormalities
e Obstruction

organo-phosphates)
Thoracic cage abnormalities

e Pneumonia e Pneumothorax

e Pulmonary edema e Flail chest

e Chronic obstructive Perfusion abnormalities
pulmonary disease e Massive pulmonary

e Asthma embolism

e Acute respiratory
distress syndrome

Central stimulation Hypoxemia
e Pregnancy e Pneumonia
e Anxiety e Congestive heart failure
e Liver disease e Pulmonary edema
e Sepsis e Pulmonary embolism
e Pain e Sepsis
e Salicylate toxicity
latrogenic

e Mechanical ventilation

liberation from mechanical ventilation.>®> In addition,
reducing PCO2 beyond the patient’s baseline value will
lead to loss of compensatory bicarbonate and will result in
an uncompensated respiratory acidosis when mechanical
ventilation is removed. Exogenous administration of
sodium bicarbonate should not be used to correct respira-
tory acidosis as it may precipitate metabolic alkalosis or
worsen the respiratory acidosis.

Respiratory Alkalosis

Respiratory alkalosis results from hyperventilation or an
excessive elimination of CO2. As with respiratory acidosis,
there are a variety of acute and chronic causes (Table 8). In
severe respiratory alkalosis, patients may experience cardiac
arrthythmias from increased sensitization to circulating or
exogenously administered catecholamines, electrolyte aberra-
tions such as hypokalemia, hypocalcemia, and hypophospha-
temia, and reductions in cerebral blood flow in the presence of
elevated intracranial pressure. As with respiratory acidosis,
supplemental oxygen therapy should be considered in all
patients presenting with hypoxia. Treating the underlying
cause such as sedatives for anxiety or analgesics for pain in
the critically ill is the mainstay of this acid-base abnormality.

Relevance to Patient Care and Clinical
Practice

Acid-base disorders are often caused by complex disease
processes but can also stem from drug therapy, electrolyte
management or fluid administration. Pharmacists are
uniquely positioned as the medication expert on the multi-
disciplinary team and can play a pivotal role in the evalua-
tion of acid-base abnormalities. Furthermore, many
acid-base disorders are managed with medications for
which the pharmacist must discern their appropriateness.

Conclusion

Acid-base aberrations are common in critically ill
patients. A systematic approach should be applied to
every patient to facilitate identification of acid-base
abnormalities. Consideration of the physiological mecha-
nisms contributing to metabolic and respiratory disorders
coupled with the clinical settings in which they com-
monly occur will assist in prompt treatment and the nec-
essary monitoring. To evaluate the understanding of
common acid-base abnormalities in critically ill patients,
Supplemental Appendix A highlights common scenarios
observed in the ICU.
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