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Acid-base, electrolyte, and metabolic disturbances are
common in the intensive care unit (ICU). Indeed, critically
ill patients often suffer from compound acid-base and elec-
trolyte disorders. Successful evaluation and management of
such patients requires recognition of common patterns
(e.g., hypokalemia and metabolic alkalosis), and an ability
to discern one disorder from another. This chapter is
intended to provide intensivists with the tools they need for
diagnosis and treatment of the acid-base, electrolyte, and
metabolic disorders encountered in the care of critically ill
patients. By reviewing the elements of normal physiology in
these areas, and presenting a general diagnostic scheme for
each condition, we hope to provide readers with a founda-
tion for approaching not only common, but novel and
complex disorders.

ACID-BASE HOMEOSTASIS

Normal acid-base balance depends on the cooperation of at
least two vital organ systems: the lungs and the kidneys. The
gastrointestinal (GI) tract also is involved in many acid-base
disturbances. Multiorgan system involvement, therefore,
provides the backdrop for the acid-base disorders com-
monly seen in critically ill patients.
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NORMAL ACID-BASE PHYSIOLOGY

Normal biochemical and physiologic function requires that
the extracellular pH be maintained within a very narrow
range. Although the “normal” range of pH in clinical labo-
ratories is 7.35 to 7.45 pH units, the actual pH in vivo varies
considerably less." This tight control is maintained by a
complex homeostatic mechanism involving buffers and the
elimination of volatile acid by respiration.

The principal extracellular buffer system is the carbonic
acid/bicarbonate pair. The equilibrium relationships of the
components of this system are illustrated as follows:'

H,O+ CO;y <> HyCOy <> H* + HCO,~

From these relationships, the Henderson-Hasselbalch equa-
tion is derived:

HCO;5~

H=pK+log,y——————
P P 810 O.cos - PCOy

In this equation, Ocos is the solubility coefficient of CO,
(0.03), and pK is the equilibrium constant for this buffer
pair (6.1). Rearrangement yields the Henderson equation:

Pco,
HCO;™

H" =24

993
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994 PART 5 — RENAL DISEASE AND METABOLIC DISORDERS IN THE CRITICALLY ILL

It is apparent from this equation that disturbances in the
proton concentration of the extracellular fluid (ECF) (and
blood) may be due to perturbation in the numerator, the
denominator, or both. Disturbances that affect the Pcos
primarily are called respiratory disturbances, and those that
affect the HCO;™ primarily are called metabolic.

Acid-base homeostasis depends on compensation for a
primary disturbance. Compensation for a respiratory distur-
bance is metabolic, and compensation for a metabolic dis-
turbance is respiratory. Furthermore, it is clear from the
previous equations that in order to mitigate the change in
proton concentration or pH, the direction of the compensa-
tion must be the same as the direction of the primary
disturbance. Thus, consumption of bicarbonate will be
accompanied by hyperventilation and a consequent reduc-
tion in Pco,. A simple acid-base disturbance is considered
to consist of the primary disturbance and its normal com-
pensation. A complex acid-base disturbance consists of
more than one primary disturbance. In order to detect
complex acid-base disturbances, one must be familiar with
both the direction and magnitude of normal compensation
(shown in Table 57.1).> More than one metabolic distur-
bance may coexist (e.g., metabolic acidosis and metabolic
alkalosis), but only one respiratory disturbance is possible
at a time.

In the present section, we will discuss disorders that affect
the metabolic component of acid-base homeostasis: meta-
bolic acidosis and metabolic alkalosis. Respiratory distur-
bances affecting acid-base balance will be discussed
elsewhere (Chapters 37 and 40).

METABOLIC ACIDOSIS
DEFINITION AND CLASSIFICATION

A metabolic acidosis is a process that, if unopposed,
would cause acidemia (a high hydrogen ion concentration,
or low pH, of the blood) by reducing the extracellular bicar-
bonate concentration. The extracellular bicarbonate con-
centration may be reduced by either addition of acid and
consequent consumption of bicarbonate, or by primary loss
of bicarbonate.

An adult eating a normal diet generates 16,000 to
20,000 mmol of acid a day.“ Almost all of that acid is in the
form of carbonic acid, resulting from CO, and water genera-
tion in the metabolism of carbohydrates and fats. Individu-
als with normal ventilatory capacity eliminate this prodigious
acid load through the lungs, thus the term volatile acid. The
remainder of the daily acid load, about 1 mmol/kg body

weight per day, derives from metabolism of phosphate- and
sulfate-rich protein (yielding phosphoric and sulfuric acid).
These nonvolatile or fixed acids are buffered, primarily by
extracellular bicarbonate under normal circumstances. The
kidneys are responsible for regenerating the consumed
bicarbonate by secreting hydrogen ions (protons) in the
distal nephron. These secreted protons must be buffered in
the tubule lumen in order to allow elimination of the daily
fixed acid load within the physiologic constraint of the
minimum urinary pH. The urinary buffers are composed
of the filtered sodium salts of the phosphoric acid and
ammonia, which is synthesized in the proximal tubule and
acidified in the collecting duct to form ammonium (NH,").
Under conditions of acid loading, the normal kidney reab-
sorbs all the filtered bicarbonate in the proximal tubule.
Urinary net acid excretion therefore comprises phosphoric
acid (so-called titratable acidity, because it is quantified by
titrating the urine with alkali to pH 7.40) and ammonium,
less any excreted bicarbonate.

Many factors modify the kidney’s capacity to regulate
acid-base balance. For example, renal ammoniagenesis is
stimulated by acidemia, and inhibited by alkalemia, and
thus participates in a homeostatic feedback loop.' Hyperka-
lemia inhibits and hypokalemia stimulates renal ammonia-
genesis. Hypokalemia further stimulates acid secretion by
activating the Na™H" exchanger in the proximal tubule
and the H/K"-ATPase in the collecting duct. Finally,
aldosterone stimulates both proton and K' secretion in
the collecting duct. For these reasons, hypokalemia tends
to perpetuate a metabolic alkalosis, and hyperkalemia a
metabolic acidosis.'

Metabolic acidosis can be caused by excessive production
of fixed acid, decreased renal secretion of fixed acid, or loss
of bicarbonate, either through the kidney or through the
intestine.’ The net effect of any of these processes is a reduc-
tion in the blood bicarbonate concentration. The plasma
anion gap helps to distinguish among the various causes of
metabolic acidosis. Of course, because of charge neutrality,
the sum of the concentration of all cations in the plasma is
equal to the sum of all the anions. By convention, however,
the anion gap is defined as the difference between the
plasma sodium concentration and the sum of the bicarbon-
ate and chloride concentrations. It represents the concen-
tration of anions that are normally unmeasured by a basic
metabolic chemistry panel.’” The anion gap normally is
about 8 mmol/L, but it varies widely according to the
methods employed by the clinical chemistry laboratory.’
The anion gap is composed mainly of albumin, along with
phosphates, sulfates, and organic anions.

Table 57.1 Expected Compensation for Simple Acid-Base Disorders

Primary Time to
Disorder Disturbance Compensation Magnitude Completion
Metabolic acidosis J [HCO;] d Pco, 1.5 ¢ [HCO;] + 8 12-24 hours
Metabolic alkalosis T [HCO41] T Pco, 0.9 * [HCO, ] + 9 12-24 hours
Respiratory acidosis, acute T Pco, T [HCO41 1 mmol/L/10 mm Hg <6 hours
Respiratory acidosis, chronic T Pco, T [HCO41 3.5 mmol/L/10 mm Hg >5 days
Respiratory alkalosis, acute l Pco, | [HCO;1] 2 mmol/L/10 mm Hg <6 hours
Respiratory alkalosis, chronic { Pco, | [HCO;] 5 mmol/L/10 mm Hg >7 days
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CHAPTER 57 — ACID-BASE, ELECTROLYTE, AND METABOLIC ABNORMALITIES 995

There are two important pitfalls in the interpretation of
the anion gap. First, because the anion gap is proportional
to the plasma albumin concentration, hypoalbuminemia
(common in critically ill patients) will lower the “baseline”
anion gap (by approximately 2.5 mmol/L for each g/dL
decline in the albumin concentration).” Thus, profound
hypoalbuminemia may falsely lower the anion gap, and thus
mask a high anion gap acidosis. Second, alkalemia increases
the anion gap by causing lactate generation and by titrating
plasma buffers, most notably albumin.® (Thus, in respiratory
alkalosis, the bicarbonate concentration will be low in com-
pensation, and the anion gap may be elevated, giving a false
impression of a high anion gap metabolic acidosis by inspec-
tion of the electrolytes alone.)

If bicarbonate is lost (e.g., through diarrhea), or hydro-
chloric acid is gained (e.g., renal tubular acidosis or
administration of unbuffered amino acid solutions’),
the bicarbonate concentration falls with a commensurate
increase in the plasma chloride concentration; thus the
anion gap is unchanged. If, on the other hand, bicarbonate
is lost in buffering an organic acid such as lactic acid or a
ketoacid, the decrement in the bicarbonate concentration
is more or less matched by an increase in the anion gap.
These processes are illustrated in Figure 57.1.

Box 57.1 lists the causes of hyperchloremic metabolic
acidosis. Two diagnoses are of particular interest in the criti-
cal care arena. First is the posthypocapnic metabolic acido-
sis, in which bicarbonate falls in compensation for a chronic
respiratory alkalosis. When “normal” ventilation is restored,
the pH falls until bicarbonate can be retained, giving the
appearance of a hyperchloremic metabolic acidosis. This
emphasizes the importance of observation over time in the
analysis of acid-base status. The second entity of interest is
a so-called dilutional hyperchloremic acidosis. This is seen
in patients who are rapidly resuscitated with large volumes
of isotonic saline solution. The acidosis traditionally has
been attributed to dilution of blood bicarbonate. Analysis
based on physical-chemistry principles may better explain
the phenomenon (see later)."

The differential diagnosis of high anion gap metabolic
acidosis is limited (Box 57.2). The most common cause in
critically ill patients is a lactic acidosis. The causes of lactic
acidosis are numerous. As shown in Box 57.3, they are
divided into type A (imbalance between tissue oxygen

)

demand and supply) and type B (impaired oxygen utiliza-
tion).” Diabetic ketoacidosis (DKA) (Chapter 58) and intox-
ications (Chapter 68) are discussed elsewhere. Two causes
of high anion gap acidosis recently added to the differential
diagnosis, and of particular relevance to intensivists, are
pyroglutamic acidosis and intoxication with propylene glycol.
Pyroglutamic acid is a metabolic intermediate in the
Y-glutamyl cycle, one product of which is glutathione. Pyro-
glutamic acidosis may be congenital (caused by one of
several enzyme deficiencies) or acquired.” The acquired syn-
drome may be caused by acetaminophen (which depletes
glutathione, leading to uninhibited pyroglutamic acid
synthesis), B-lactam antibiotics, or glycine deficiency. The

Box 57.1 Causes of Hyperchloremic

Metabolic Acidosis

Extrarenal Loss of Base

Diarrhea
Pancreatic fistula
Ureteral diversion

Extrarenal Gain of Acid

Ammonium chloride
Hydrochloric acid
Sodium chloride

Renal Loss of Base

Type |l renal tubular acidosis

Posthypocapnic state

Excretion of organic anions (bicarbonate precursors)
Toluene inhalation (glue sniffing)

Diabetic ketoacidosis

Renal Acid Excretory Defect

Type IV renal tubular acidosis
Chronic kidney disease
Hypoaldosteronism
Urinary tract obstruction

Type | renal tubular acidosis
Sickle cell nephropathy
Lupus nephritis
Renal transplant

AG
Figure 57.1 The generation of hyperchloremic HCO
and anion gap (AG) acidoses. Blocks represent the g
ionic composition of the plasma, cations (+) to the
left and anions (-) to the right. In each of the panels
(A and B), the bar to the left represents the basal or Na* cr

normal state. The AG is shown in red. A, The change
in the ionic composition of the plasma when hydro-
chloric acid is added. The chloride concentration
increases as bicarbonate is consumed. B, The
effect of addition of an organic acid such as lactic
acid, in which case the bicarbonate is consumed

) Na* | CI-

and the AG increases proportionately. Cl, chloride;
H,COs, carbonic acid; Na, sodium; NaHCO;, sodium
bicarbonate. A

NaHCO3; + HCl —> H,CO3 + NaCl

NaHCOgj + H*Lac-—> H,COg3 + NatLac™
B
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Box 57.2 Causes of High Anion Gap
Metabolic Acidosis

Ketoacidoses
Diabetic
Alcoholic
Starvation
Intoxications
Methanol
Ethylene glycol
Propylene glycol
Salicylate
Pyroglutamic acidosis
Congenital
Acquired
Lactic acidosis (see Box 57-3)
Uremic acidosis

acidosis may be profound and the anion gap greater than
30 mmol/L." Definitive diagnosis is made by urinary screen
for organic acids. In practice, however, circumstantial
evidence suggests the acquired syndrome and the diag-
nosis is supported by a favorable response to appropriate
intervention.

Propylene glycol is a solvent for medications, many of
which are commonly infused intravenously in critically ill
patients, such as lorazepam, nitroglycerin, etomidate, and
phenytoin. Propylene glycol is metabolized by alcohol dehy-
drogenase to lactic acid. High anion gap acidosis has been
associated with high- and even low-dose infusions, particu-
larly of lorazepam.”'” Thus, development of a high anion
gap acidosis in a critically ill patient should prompt a search
for a source of propylene glycol, because withdrawal of the
agent will promptly alleviate the acidosis.

CONSEQUENCES OF ACIDEMIA

It has been generally accepted that severe acidemia (pH <
7.20) is associated with a variety of deleterious effects. Of
particular concern are the cardiovascular effects, including
pressure-resistant arterial vasodilation, venoconstriction,
diminished myocardial contractility, and impaired hepatic
and renal perfusion.]?’ (Some controversy exists as to which
of these effects are directly caused by acidemia.”) A predis-
position to malignant arrhythmias has been reported in
vitro and in animal models. Finally, numerous metabolic
derangements have been attributed to the effect of acide-
mia on key enzymes in metabolic pathways, resulting in
sympathetic hyperactivity with diminished catecholamine
responsiveness; insulin resistance and suppressed glycolysis;
and reduced hepatic lactic acid uptake and metabolism."

DIAGNOSIS OF ACID-BASE DISORDERS

Acid-base disorders are revealed most commonly through
the basic metabolic chemistry panel, when the plasma bicar-
bonate concentration is noted to be outside the normal
range. If the bicarbonate is low, and if the anion gap is
clearly elevated on that sample, a diagnosis of high anion
gap metabolic acidosis can be made with some confidence,
keeping in mind the pitfalls in the interpretation of the
anion gap mentioned earlier.”

Box 57.3 Causes of Lactic Acidosis

Type A (Tissue Oxygen Supply:Demand Mismatch)

Decreased tissue oxygen delivery
Shock
Hypoxemia
Severe anemia
Carbon monoxide poisoning
Increased tissue oxygen demand
Grand mal seizure
Extreme exercise

Type B (Impaired Tissue Oxygen Utilization)

Sepsis/systemic inflammatory response syndrome
Diabetes mellitus
Malignancy
Thiamine deficiency
Inborn errors of metabolism
Human immunodeficiency virus infection
Malaria
Drugs/toxins
Ethanol
Metformin
Zidovudine
Didanosine
Stavudine
Lamivudine
Zalcitabine
Salicylate
Propofol
Niacin
Isoniazid
Nitroprusside
Cyanide
Catecholamines
Cocaine
Acetaminophen
Streptozotocin
Sorbitol/fructose
Carboplatin
Entecavir
Linezolid
Liver failure
Alkalemia
D-Lactic Acidosis

If the bicarbonate is low and the anion gap normal, two
possibilities exist: either a hyperchloremic metabolic acido-
sis or a respiratory alkalosis with metabolic compensation.
These two entities can be distinguished by examination of
the blood pH and blood gases, a low pH being diagnostic
of the former.

If the bicarbonate concentration is high, again there are
two alternative diagnoses, requiring blood pH measurement
for their differentiation: either a metabolic alkalosis or met-
abolic compensation for a respiratory acidosis.

Once the primary disturbance has been identified, the
astute clinician, recognizing the possibility of a mixed dis-
turbance, is obligated to ask, “Is that all there is?” This ques-
tion can be answered only by an understanding of the rules
of normal compensation for simple acid-base disorders (see
Table 57.1). Knowing at least the expected direction of
compensation will allow the clinician to diagnose the most
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CHAPTER 57 — ACID-BASE, ELECTROLYTE, AND METABOLIC ABNORMALITIES 997

obvious mixed disturbances. For example, if the pH is low,
the bicarbonate is low, and the Pco, is above 40 mm Hg,
there is clearly a mixed metabolic and respiratory acidosis.
Similarly, if the pH is high, the bicarbonate is high, and the
Pcoy is below 40 mm Hg, the diagnosis is a mixed respira-
tory and metabolic alkalosis. More subtle mixed disorders
can be diagnosed only by understanding not only the
expected direction, but the expected magnitude of com-
pensation. This will allow one to conclude, for example,
whether the hyperventilation in a patient with metabolic
acidosis is appropriate (expected compensation), inade-
quate (a separate respiratory acidosis), or excessive (a sepa-
rate respiratory alkalosis).

The preceding method permits the diagnosis of simple
and dual acid-base disorders. Triple acid-base disorders can
be diagnosed only by comparing the change in the anion
gap with the change in the plasma bicarbonate concentra-
tion. Most simply conceived, the fall in the bicarbonate
should equal the rise in the anion gap (see Fig. 57.1). If the
rise in the anion gap exceeds the fall in the bicarbonate, a
metabolic alkalosis is said to be present in addition to the
high anion gap acidosis. Conversely, if the fall in the bicar-
bonate exceeds the rise in the anion gap, mixed hyperchlo-
remic and high anion gap acidoses are said to coexist.
Although this analysis is useful in the case of large discrep-
ancies, in more subtle cases it is confounded by theoretical
and practical considerations.”"

The classical approach to acid-base disorders described
earlier has been challenged recently by proponents of
a physical-chemistry approach described originally by
Stewart.'” According to this method, the pH of the blood
depends on the ionization of water by the difference in the
concentration of so-called strong ions (the strong ion dif-
ference, or SID). The SID offers a quantitative approach to
measuring the degree of acidosis in hyperchloremic meta-
bolic acidosis. Although there is evidence that this approach
may offer prognostic capabilities in patients with severe
sepsis and septic shock with hyperchloremic metabolic aci-
dosis, the complexity of the equations for calculating the
SID may make this method cumbersome in clinical set-
tings.'” The main utility of this construct in the critical care
setting seems to be its explanation of a hyperchloremic
metabolic acidosis in patients who receive large volumes of
isotonic saline.

TREATMENT OF METABOLIC ACIDOSIS

Treatment of metabolic acidosis is aimed at reversing the
adverse consequences of acidemia. Treatment of hyperchlo-
remic metabolic acidosis is straightforward. In cases of acute
metabolic acidosis, treatment depends on successful therapy
of the underlying cause (e.g., diarrhea) and correction of
the bicarbonate deficit, usually in the form of sodium bicar-
bonate. One can estimate the bicarbonate deficit as follows:

HCOy™ deficit = ([HCO{ Jinal — [HCO{]mma])
X (volume of distribution of HCO;")

The difficulty in accurately estimating this value arises from
two factors: First, the apparent volume of distribution of
bicarbonate varies more than twofold—from 50% of body
weight to 100% of body weight—and is inversely propor-
tional to the initial bicarbonate concentration.'” Second,

there are often many simultaneous processes in a critically
ill patient that tend to ameliorate or exacerbate the meta-
bolic acidosis, such as vomiting, shock, and liver failure. In
order to avoid overshoot alkalemia, it is prudent to estimate
the volume of distribution to be 50% of the body weight"’
and to target an increase in the bicarbonate concentration
of no more than 8 mmol/L over 12 to 24 hours.

Sodium bicarbonate generally is considered to be the
alkalinizing agent of choice for severe acidemia. Alternative
alkalinizing agents such as citrate, acetate, and lactate,
which under normal circumstances are oxidized in the liver
to bicarbonate, should not be used to treat acidemia in
patients with suspected or confirmed hepatic impairment
or circulatory compromise. The sodium bicarbonate should
be administered as a continuous infusion, the concentration
of which should be guided by the patient’s serum sodium
concentration. Bolus injection of undiluted ampules of
sodium bicarbonate (1000 mmol/L) should be used with
great restraint and only in patients with the most severe
acidemia because of the risk of hyperosmolality. Large
volumes of any bicarbonate solution can lead to volume
overload, a reduction in the ionized calcium concentration
(see “Hypocalcemia”), and increased generation of CO..
This last effect will tend to cause a respiratory acidosis in
patients with ventilatory insufficiency. Plasma electrolytes
and blood gases must be monitored frequently to guide
adjustments in the composition of the solution and its rate
of infusion.

Tris (hydroxymethyl)aminomethane, or THAM, is an
amino alcohol that buffers without generating CO,. It has
the advantage, therefore, of avoiding a superimposed respi-
ratory acidosis. It has been used successfully in animals and
humans with various metabolic acidoses.'™!"” It is eliminated
by the kidney, and thus should be used with caution in the
setting of renal insufficiency. Risks include hyperkalemia,
hypoglycemia, and hepatic necrosis (in neonates).’

The treatment of choice for lactic acidosis is reversal of
the underlying cause of the acidosis (see Box 57.3). Pending
resolution of the underlying disorder, however, the intensiv-
ist is often confronted with an unstable patient who is pro-
foundly acidemic. Treatment at this stage is controversial.”"’
The debate has focused on the potentially deleterious
effects of bicarbonate administration in lactic acidosis.”’ In
addition to the effects mentioned earlier, bicarbonate in
animal models of lactic acidosis has been associated with
increased lactate generation, reduction in intracellular pH,
increased venous Pco,, and reduction in cardiac output.
(This last effect correlates well with the reduction in ionized
calcium concentration.'”) Studies in humans likewise show
no improvement in cardiac output, morbidity rate, or mor-
tality rate with bicarbonate.” Continuous venovenous
hemodialysis (e.g., CVWHD) may be a promising tool for
treating lactic acidosis, because it provides large amounts of
bicarbonate without the risks of volume overload or hypo-
calcemia. There are several reported cases of successful
treatment of metformin-associated lactic acidosis using con-
tinuous hemodialysis.”"** Because of its superior short-term
clearance compared with continuous renal replacement
therapy, however, conventional hemodialysis remains the
preferred treatment for metformin intoxication.” Treat-
ment of DKA and the acidoses associated with other intoxi-
cations are discussed in Chapters 58 and 68, respectively.
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METABOLIC ALKALOSIS
DEFINITION AND CLASSIFICATION

Metabolic alkalosis is a process leading to accumulation of
extracellular bicarbonate that, if unopposed, will result in
an increase in the plasma pH (alkalemia). It can be caused
either by a gain of bicarbonate or a loss of fixed acid from
the ECF. The causes of metabolic alkalosis have been
described.” In its pure form, it is accompanied by hypoven-
tilation (CO, retention).’

From a pathophysiologic perspective, metabolic alkalosis
is divided into those factors that generate the alkalosis and
those factors that maintain or perpetuate it.”** Metabolic
alkalosis is generated by addition of bicarbonate to the
blood. This can occur either by loss of acid from the body
or by addition of exogenous alkali. Loss of acid may be from
the stomach (e.g., vomiting or nasogastric suction) or
kidney. Renal acid loss is enhanced by a high rate of sodium
delivery to the distal nephron, high circulating mineralocor-
ticoid levels, potassium depletion, and high rates of
ammoniagenesis.

Because of the kidney’s prodigious ability to excrete bicar-
bonate, however, addition of bicarbonate to the blood is not
sufficient to cause a sustained metabolic alkalosis. Some
mechanism(s) to maintain the alkalosis must prevail. The
most common mechanism contributing to the maintenance
of metabolic alkalosis is volume depletion, either absolute
or relative (e.g., congestive heart failure), which (1) reduces
glomerular filtration, (2) enhances tubular bicarbonate
reabsorption, and (3) causes secondary hyperaldosteron-
ism, further enhancing urinary acidification. Another
common perpetuating factor is potassium depletion, which
stimulates proton secretion at several sites along the
nephron.”*

Patients with metabolic alkalosis and signs of volume
expansion—especially hypertension—usually have excess
mineralocorticoid as the explanation for the metabolic alka-
losis. Aldosterone and glucocorticoids (other than dexa-
methasone) stimulate renal loss of acid and potassium, and
thereby generate and maintain the alkalosis.

Most cases of clinically significant metabolic alkalosis
are maintained by loss of chloride or potassium. Although
total body sodium (and hence, volume) derangements
are not directly responsible for the generation and mainte-
nance of the metabolic alkalosis, potassium and chloride
depletion are commonly seen in settings of volume deple-
tion or excess. Therefore, from a clinical standpoint, it is
useful to approach the patient with metabolic alkalosis
centering on the history and physical examination, with
special attention to the ECF volume status, followed by
sequential analysis of blood chemistries.”” Causes of meta-
bolic alkalosis are shown in Box 57.4. One entity unique to
critically ill patients is posthypercapnic metabolic alkalosis.
This syndrome is caused by abrupt treatment (usually
with tracheal intubation and mechanical ventilation) of a
chronic respiratory acidosis. The renal bicarbonate reten-
tion that compensated for the chronic respiratory acidosis
persists (because of volume depletion) after restoration of
a normal Pco,, resulting in the high pH and high plasma
bicarbonate characteristic of metabolic alkalosis. The key to
the diagnosis is the history and sequential analysis of blood
chemistries.”*

Box 57.4 Causes of Metabolic Alkalosis

Intravascular Volume Depletion, Absolute or
“Effective”

Gastrointestinal acid loss
Vomiting or nasogastric suction
Villous adenoma
Chloride diarrhea

Renal acid loss
Diuretics (loop, thiazide)
Bartter syndrome
Gitelman syndrome
Magnesium depletion
Posthypercapnic state
Congestive heart failure
Hepatic cirrhosis/ascites

Intravascular Volume Expansion
High renin, high aldosterone
Renal artery stenosis
Accelerated hypertension
Renin-secreting tumor
Low renin, high aldosterone
Primary aldosteronism
Low renin, low aldosterone
Cushing syndrome or disease
Exogenous mineralocorticoid
Apparent mineralocorticoid excess syndrome
Liddle syndrome
Renal insufficiency
Exogenous alkali load
Milk-alkali syndrome

Adapted from Palmer BF, Alpern RJ: Metabolic alkalosis. J Am Soc
Nephrol 1997;8(9):1462-1469.

CLINICAL CONSEQUENCES

Alkalemia in critically ill patients is associated with increased
mortality rate.”” Patients with combined metabolic and
respiratory alkalosis have a higher mortality rate than those
with respiratory alkalosis alone, and mortality rate in alkale-
mia is roughly proportional to the pH.?” Although no causal
relationship between alkalemia and mortality rate has been
established, the pathophysiology of alkalemia is far from
benign.”

First, metabolic alkalosis suppresses ventilation, causing
CO, retention and relative hypoxemia.” Second, alkalemia
acutely increases hemoglobin’s oxygen affinity (Bohr effect).
Third, respiratory alkalosis causes vasoconstriction, particu-
larly in the cerebral circulation.” All these processes tend
to decrease tissue oxygen delivery.” (Note that chronic alka-
lemia inhibits 2,3-diphosphoglycerate synthesis, allowing
normalization of the oxyhemoglobin desaturation curve,
mitigating tissue hypoxia to some extent.) These alterations
in tissue oxygen delivery could be responsible at least in
part for some of the clinical manifestations of metabolic
alkalosis.

Because alkalemia causes a decrease in ionized calcium
concentration (see discussion under “Calcium Homeosta-
sis”), many of the neuromuscular manifestations of meta-
bolic alkalosis overlap with those of hypocalcemia, including
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paresthesias, tetany, and a predisposition to seizures.! The
acutely diminished tissue oxygen delivery to the brain may
contribute to initial confusion and obtundation seen with
metabolic alkalosis.

Metabolic alkalosis often is accompanied by hypokalemia
and hypomagnesemia. Thus, there is an association between
alkalosis and arrythmias,” but an independent effect
of the alkalosis on cardiac arrythmogenesis has not been
established.

Increases in blood lactate concentration may occur in
patients with metabolic alkalosis due to upregulation of
phosphofructokinase and thus glycolysis, and because of
tissue hypoxia (see earlier).® With severe metabolic alkalosis
(arterial pH above 7.55), the tissue hypoxia may be so
marked that compensatory hypoventilation will be overrid-
den by hypoxic drive, resulting in a normal to low arterial
Pco, and elevated blood lactate levels (so-called “lactic
alkalosis”).”

TREATMENT

Treatment of metabolic alkalosis entails correcting the
factor(s) responsible for its maintenance and, if possible,
correcting the factor that generated the alkalosis. Once the
underlying diagnosis is clear (see Box 57.4), therapy is
usually straightforward. If the metabolic alkalosis is main-
tained by chloride depletion and ECF volume contraction,
the intravascular volume should be restored to normal,
usually with intravenous isotonic saline.”** Potassium
should be given, as KCI, to replace any deficits (see “Disor-
ders of Potassium Homeostasis”), because potassium deple-
tion perpetuates the metabolic alkalosis. If nasogastric
suction cannot be stopped, acid loss can be reduced by the
use of Hy blockers and proton pump inhibitors.

Treating patients with metabolic alkalosis in the setting
of volume overload and diminished effective circulating
volume (e.g., congestive heart failure, hepatic cirrhosis) is
more challenging, because saline infusion is contraindi-
cated. Unless hyperkalemia is present, chloride should be
replenished with KCI supplementation. In rare cases of con-
curent hyperkalemia, acetazolamide (a carbonic anydrase
inhibitor) may be of benefit as it produces a bicarbonate
diuresis. Acetazolamide should be avoided in patients with
hypokalemia, because the alkaline diuresis will cause renal
potassium wasting.”* Another potential complication of
acetazolamide administration, particularly in patients with
impending ventilatory failure, is worsening of hypercapnia
owing to inhibition of red blood cell carbonic anhydrase
and impaired CO, transport.”” Hydrochloric acid infusion,
as a 0.1 to 0.25 N solution, has been used with success in
patients with severe metabolic alkalosis (pH > 7.55 and sys-
temic instability such as encephalopathy or cardiac arrhyth-
mia®") refractory to conventional measures.””" Correction
of the metabolic disturbances has been reported with infu-
sion of 0.25 N HCI at 100 mL/hour over about 12 hours.”!
Extreme care must be taken to ensure that the infusion
catheter is properly positioned within the vena cava, because
the solution is highly caustic. Plasma chemistries must be
monitored frequently in order to avoid overcorrection. If
renal function is severely impaired or medical therapy is not
possible, hemodialysis against a low-bicarbonate bath may
be used.**

In states of primary mineralocorticoid excess, an aldoste-
rone antagonist such as spironolactone should be used until
the underlying abnormality can be corrected. Other
potassium-sparing diuretics, such as amiloride and triam-
terene, are useful as well and are essential in managing the
rare patient with Liddle syndrome.

POTASSIUM HOMEOSTASIS
NORMAL POTASSIUM PHYSIOLOGY

Disorders of potassium (K) homeostasis are common in
hospitalized patients and may be associated with severe
adverse clinical outcomes, including death.”” Prevention
and proper treatment of hyper- and hypokalemia depend
on an understanding of the underlying physiology.

The total body potassium content of a 70-kg adult is
about 3500 mmol, of which only 2% (about 70 mmol) is
extracellular.”™ This uneven distribution reflects the large
potassium concentration gradient between the intracellular
(Ki=140 mmol/L) and the extracellular (Ke = 4.5 mmol/L)
space, a gradient that is maintained by the intrinsic ion
permeabilities of cell membranes and by Na'/K™-ATPase,
the sodium-potassium pump.” The Ke:Ki ratio largely
determines the resting membrane potential of cells and
thus is crucial for proper function of excitable tissues
(muscle and nerve).” Small absolute changes in Ke will
perturb the ratio significantly. Therefore, disturbances of Ke
(measured as changes in plasma potassium concentration,
or Px) may have serious, even fatal, consequences mainly in
the form of excitable tissue dysfunction.

It is not surprising, therefore, that the extracellular potas-
sium concentration is tightly regulated. In fact, two separate
and cooperative systems participate in potassium homeosta-
sis. One system regulates external potassium balance: the total
body parity of potassium elimination with potassium intake.
The other system regulates internal potassium balance: the
distribution of potassium between the intracellular and
extracellular fluid compartments. This latter system pro-
vides a short-term defense against changes in the plasma
potassium concentration (Px) that might otherwise result
from total body potassium losses or gains.

REGULATION OF INTERNAL POTASSIUM BALANCE

Internal potassium balance serves to protect against changes
in Ke; potassium tends to move out of cells during potas-
sium depletion and into cells following potassium intake.
This process tends to prevent drastic alterations of Ke : Ki.”"”
The factors that influence internal potassium balance
include hormones, acid-base status, plasma tonicity, exer-
cise, and cell integrity (Box 57.5).

The direction and magnitude of an acid-baserelated
change in P depend on the nature and the duration of the
disturbance. The most consistent and pronounced relation-
ship between changes in pH and Pk occurs in acute mineral
(hyperchloremic) acidosis, where there is a strong inverse
relationship between these two variables.”* Interestingly,
hypokalemia is seen with prolonged mineral acidosis in
patients with normal renal function and reflects increased
renal potassium excretion.” Unlike mineral acidoses,
however, even severe acute organic (high anion gap)
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Box 57.5 Factors Affecting Internal
Potassium Balance

Factors Causing Cellular Potassium Influx
Insulin

B.-Adrenergic receptor agonist
(Metabolic alkalosis)*

Factors Causing Cellular Potassium Efflux
Cell ischemia/lysis

Exercise

Plasma hypertonicity

o-Adrenergic receptor agonist

(Metabolic acidosis)*

*Factors shown in paretheses have a minor or variable effect. See text.

acidoses are not usually associated with hyperkalemia.*'"**

Indeed, organic acidoses, such as lactic acidosis, actually
tend to cause cellular potassium uptake.' Nonetheless,
factors coincident with the acidosis may alter Px. For
example, mesenteric ischemia may result in both lactic aci-
dosis (from anaerobic metabolism) and hyperkalemia. Even
the hyperkalemia so commonly seen in patients with DKA
does not result from the acidemia; rather, it appears to be
a consequence of the characteristic insulin deficiency and
hyperglycemia (see discussion of hypertonicity in the next
paragraph).*! Respiratory disturbances typically alter Py less
than metabolic disturbances. Alkaloses, respiratory or meta-
bolic, have less effect on Py than their corresponding acido-
ses.” Bicarbonate administration, which was once thought
to reduce the Py by stimulating cellular potassium uptake,"
is now known to have very little if any immediate effect on
internal potassium balance,"” except perhaps in patients
with preexisting severe metabolic acidosis.” It is clear,
however, that longstanding alkalemia causes urinary potas-
sium losses that may over time result in profound potassium
depletion.™

Hypertonicity, as seen with hypertonic fluid administra-
tion" or diabetic hyperglycemic states,” leads to hyperkale-
mia, probably as a result of potassium efflux from cells by
way of solvent drag. Fatal hyperkalemia has been attributed
to this phenomenon in diabetic patients with end-stage
renal disease (ESRD).”

Exercise causes a transient shift of potassium out of cells.
Clinically significant hyperkalemia may result from exer-
cise®™ (and clinically misleading local venous hyperkalemia
results from fist clenching during phlebotomy™).

REGULATION OF EXTERNAL POTASSIUM BALANCE

In contrast to the prodigious capacity of the kidney to
excrete potassium,’y"‘” renal potassium conservation is imper-
fect and explains why significant potassium depletion and
hypokalemia may result from dietary potassium deficiency
alone.”®

Normally, 90% to 95% of dietary potassium is eliminated
through the kidney, and only about 5% to 10% through the
intestine. It is the kidney that is almost entirely responsible
for matching potassium output to potassium intake in order
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to maintain total body potassium constant.”” The majority
of potassium excreted by the kidney derives from potassium
secretion in the distal nephron (connecting tubule and col-
lecting duct).” Virtually all regulation of potassium excre-
tion takes place at this site in the nephron, under the
influence of two principal factors: the rate of flow and
sodium delivery through that part of the nephron, and the
effect of aldosterone.” Potassium secretion is directly pro-
portional to flow rate and sodium delivery through the
distal nephron, explaining in part why diuretic use often is
accompanied by hypokalemia.

Metabolic acidosis with acidemia results in inhibition
of renal potassium secretion.”! In contrast, metabolic alka-
losis and bicarbonate delivery to the distal nephron stimu-
late kaliuresis by increasing the electrochemical “driving
force” for potassium secretion.”” Other anions that are
poorly reabsorbed in the distal nephron (e.g., synthetic
penicillins) have a similar effect to stimulate potassium
secretion.”

It is well established that aldosterone participates in a
homeostatic feedback loop with Py such that increases in Py
stimulate adrenal aldosterone production, which in turn
reduces Py primarily by stimulating renal potassium excre-
tion.”” Hypokalemia is a prominent feature of primary aldo-
steronism (Conn syndrome) because the high circulating
aldosterone levels are accompanied by volume expansion
and thus a high rate of sodium delivery to the distal nephron.
When circulating aldosterone levels are high due to volume
depletion (secondary aldosteronism), the increase in distal
potassium secretion is offset by a decrease in distal nephron
flow, thus mitigating renal potassium loss. Indeed, it is only
when patients with secondary hyperaldosteronism (e.g., in
congestive heart failure or hepatic cirrhosis) are treated
with diuretic drugs that distal nephron flow is increased and
hypokalemia may ensue.

Magnesium deficiency is associated with renal potassium
wasting and may result in severe potassium depletion.”
Because magnesium, like calcium, acts to stabilize excitable
membranes, the deleterious effects of hypokalemia on the
myocardium are magnified by concurrent hypomagnesemia
(see “Clinical Manifestations” later).%

The effect of dexamethasone (a pure glucocorticoid) to
enhance renal potassium excretion appears to result entirely
from hemodynamic changes that cause an increase in glo-
merular filtration rate and distal flow rate. All other gluco-
corticoids tend to further stimulate potassium secretion in
proportion to their mineralocorticoid activity.””

DISORDERS OF POTASSIUM HOMEOSTASIS

Disorders of potassium homeostasis may be conveniently
divided according to the duration of the disturbance: acute
(<48 hours’ duration) or chronic. Such a distinction is par-
ticularly applicable to the medical intensive care setting
where blood chemistries are sampled frequently and a
patient’s condition and therapy may change radically over
a short time. In addition, the approach to treatment varies
according to the acuity of the disturbance. The treatment
of acute disturbances is largely independent of their cause,
whereas the rational treatment of chronic disturbances
depends on understanding their pathogenesis.
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Box 57.6 Causes of Acute Hyperkalemia

Excessive Potassium Intake
Oral

Intravenous

Blood transfusion

Cardioplegic solutions

Transcellular Potassium Shift
With acute renal failure
Rhabdomyolysis
Tumor lysis syndrome
Tissue infarction
Mesenteric
Limb
Hypertonicity
Hyperglycemia
Metabolic acidosis
Drug-induced
Digitalis intoxication
Succinylcholine
Hyperkalemic periodic paralysis
Pseudohyperkalemia
Thrombocytosis
Leukocytosis
In vitro hemolysis
Fist clenching with phlebotomy

ACUTE HYPERKALEMIA (BOX 57.6)
Excessive Potassium Intake

Given an acute potassium load, a normal individual will
excrete about 50% in the urine and transport about 90% of
the remainder into cells over 4 to 6 hours.”' It is possible to
overwhelm this adaptive mechanism such that if too much
potassium is taken in too quickly, significant hyperkalemia
will result. Such events are almost always iatrogenic (i.e.,
overly aggressive potassium replacement therapy).” One’s
ability to tolerate a potassium load declines with disordered
internal balance (see later) and impaired renal potassium
excretory capacity.”” In such circumstances, an otherwise
tolerable increase in potassium intake may cause clinically
significant hyperkalemia: Doses of oral potassium supple-
ments as small as 30 to 45 mmol have resulted in severe
hyperkalemia in patients with impaired external or internal
potassium homeostasis.”

KCI, used as a supplement, is the drug most commonly
implicated in acute hyperkalemia.”*” Banked blood repre-
sents a trivial potassium load under most circumstances,
because a unit of fresh banked blood, either whole or
packed cells, contains only about 7 mmol of potassium.ﬁﬁ
(The potassium concentration in banked blood does
increase substantially as the blood ages, however.””) Thus,
severe hyperkalemia would result only from massive transfu-
sion of compatible blood.””* Infants* or patients with renal
insufficiency may develop hyperkalemia from an otherwise
tolerable transfusion.

Patients undergoing open heart surgery are exposed to
cardioplegic solutions containing KCI typically at about
16 mmol/L,” which may lead to clinically significant hyper-
kalemia in the postoperative period, especially in patients
with diabetes mellitus with or without renal failure.”
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Abnormal Potassium Distribution

Acute hyperkalemia may result from sudden redistribution
of intracellular potassium to the extracellular space. If only
2% of intracellular potassium were to leak unopposed from
cells, Px would immediately double. Fortunately, such dra-
matic circumstances are rarely encountered. Nevertheless,
smaller degrees of potassium redistribution commonly
result in clinically significant hyperkalemia.

Among the most impressive syndromes associated with
acute hyperkalemia are those involving rapid cell lysis. The
tumor lysis syndrome results from treatment of chemosensitive
bulky tumors with release of intracellular contents, includ-
ing potassium, into the ECF.” Extreme hyperkalemia even
causing sudden death™ has featured prominently in some
series of patients. Most of such patients were in renal failure
from acute uric acid nephropathy, thus impairing their
ability to excrete the potassium load.” Rhabdomyolysis, either
traumatic or nontraumatic, may result in sudden massive
influx of potassium to the extracellular space.” Hyperkale-
mia is present in about 40% of patients upon presentation
with thabdomyolysis” and is more common among patients
whose course is complicated by oliguric acute renal failure.”
Rhabdomyolysis is commonly associated with the use of
alcohol” and cocaine.”” Extreme hyperkalemia in this latter
context has been reported.m Statin drugs are frequently
associated with rhabdornyolysis,79 rarely causing extreme
hyperkalemia.”” Other circumstances that may result in
redistributive hyperkalemia include severe extensive burns,
hemolytic transfusion reactions, and mesenteric ischemia or
infarction.

Pharmacologic Agents

Two drugs may rarely cause acute hyperkalemia by redis-
tribution: digitalis glycosides and succinylcholine. Massive
digitalis overdose has been associated with extreme hyper-
kalemia.”* Succinylcholine depolarizes the motor end
plate and in normal individuals causes a trivial amount
of potassium leak from muscle, resulting in an increase
in Px by about 0.5 mmol/L.* In patients with neuromus-
cular disorders, muscle damage, or prolonged immobi-
lization, however, muscle depolarization may be more
widespread, causing severe hyperkalemia.*’ Prolonged use
of nondepolarizing neuromuscular blockers in critically
ill patients may predispose to succinylcholine-induced
hyperkalemia.”

Hyperkalemic Periodic Paralysis

This rare syndrome of episodic hyperkalemia and paralysis
is caused by a mutation of the skeletal muscle sodium
channel, inherited in an autosomal dominant pattern.gﬁ
Attacks may be precipitated by exercise, fasting, exposure
to cold, and potassium administration, and prevented by
frequent carbohydrate snacks. Attacks are usually brief and
treatment consists of carbohydrate ingestion. Severe attacks
may require intravenous glucose infusions.®’

Acute Renal Failure

Hyperkalemia accompanies acute renal failure in 30% to
50% of cases. It is seen most commonly in oliguric renal
failure. Contributing factors include tissue destruction
(e.g., tumor lysis syndrome, rhabdomyolysis) and increased
catabolism.™
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Pseudohyperkalemia

Pseudohyperkalemia refers to a measured potassium level
that is higher than that circulating in the patient’s blood.
It has a number of possible causes. First, it may be caused
by efflux of potassium out of blood cells in the test tube
after phlebotomy. This may be seen in a serum specimen
in cases of thrombocytosis® or leukocytosis,” when the
clot causes cell lysis in vitro. These days, many clinical labo-
ratories measure electrolytes in plasma (unclotted) speci-
mens. Even under these conditions, extreme leukocytosis
may cause pseudohyperkalemia if the specimen is chilled
for a long time before the plasma is separated, leading to
passive potassium leak from cells.” Hemolysis during speci-
men collection will falsely raise P or plasma potassium con-
centration by liberating intraerythrocyte potassium. Second,
if the patient’s arm is exercised by fist clenching with a
tourniquet in place before the specimen is drawn, the
sampled blood potassium concentration will rise signifi-
cantly as a result of local muscle release of intracellular
potassium.”

ACUTE HYPOKALEMIA

Hypokalemia that develops over hours is virtually always the
result of redistribution of potassium from the extracellular
to the intracellular space. The causes of acute hypokalemia
are summarized in Box 57.7. Selected causes are discussed
as follows.

Treatment of Diabetic Ketoacidosis

It is well recognized that patients presenting in DKA are
always severely depleted in total body potassium as a result
of glucose-driven osmotic diuresis, poor nutrition, and vom-
iting during the development of DKA.** Paradoxically, most
patients in DKA have a normal P upon admission.” Insulin
deficiency and hyperglycemia appear to account for the
preservation of a normal Py despite severe total body potas-
sium depletion.” Once therapy for DKA is instituted,
however, Py typically plummets as potassium is rapidly taken
up by cells. Potassium replacement at rates up to 120 mmol
per hour have been reported, with total potassium supple-
mentation of 600 to 800 mmol within the first 24 hours of

Box 57.7 Causes of Acute Hypokalemia

Treatment of diabetic ketoacidosis
Refeeding syndrome
Rapid cell production
Vitamin B;, treatment of pernicious anemia
GM-CSF treatment of leukopenia
Pharmacologic agents
B.-Adrenergic receptor agonists
Epinephrine
Soluble barium salts
Hypokalemic periodic paralysis
Familial
Sporadic
Thyrotoxic
Pseudohypokalemia

GM-CSF, granulocyte-macrophage colony-stimulating factor.
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treatment.” Hypokalemia in this setting may lead to respira-
tory arrest.”

Refeeding

A situation analogous to DKA arises during aggressive
refeeding after prolonged starvation or with aggressive
“hyperalimentation” of chronically ill patients. The glucose-
stimulated hyperinsulinemia and tissue anabolism shift
potassium into cells, rapidly depleting extracellular potas-
sium.” Death in the setting of refeeding has been reported
and may be partly due to rapid cellular uptake of other ions
(e.g., phosphorus, magnesium).”

Pharmacologic Agents

Specific By-adrenergic receptor agonists (e.g., albuterol) may
cause electrophysiologically significant hypokalemia, espe-
cially when given to patients who are potassium depleted
from the use of diuretic drugs.”” Epinephrine, given intrave-
nously in a dose about 5% of that recommended for cardiac
resuscitation, causes a fall in P by about 1 mmol/L.” Such
a dose achieves plasma levels of epinephrine comparable to
those seen after acute myocardial infarction and may explain
the transient hypokalemia following resuscitation from
cardiac arrest even without the use of exogenous epineph-
rine (postresuscitation hypokalemia).”'” A rare cause of
severe hypokalemia is poisoning with soluble barium salts
such as chloride, carbonate, hydroxide, and sulfide. Soluble
barium salts are used in pesticides and some depilatories,
which may be ingested accidentally or intentionally.'"”" Thio-
pentone, a barbiturate used to induce coma for refractory
intracranial hypertension, is associated with redistributive
hypokalemia in the majority of treated patients within 12
hours of initiating therapy.'”

Hypokalemic Periodic Paralysis

Three forms of this rare syndrome have been described:
familial, sporadic, and thyrotoxic.'”'"* All have in common
attacks of muscle weakness accompanied by acute hypoka-
lemia caused by cellular potassium uptake. Death may occur
due to ventilatory failure or cardiac dysrhythmias. The famil-
tal variety—resulting from a skeletal muscle calcium chan-
nelopathy*—is inherited in an autosomal dominant pattern,
with onset of clinical manifestations typically in the second
decade of life. Attacks may occur after carbohydrate or salt
ingestion or exercise. Administration of potassium orally or
intavenously will abort an acute attack but is ineffective in
preventing attacks.'” The sporadic variety of hypokalemic
periodic paralysis is identical to the familial form except for
the absence of a hereditary pattern. Thyrotoxic periodic
paralysis was first described in Asians but is now recognized
to be nearly ubiquitous.'” The usual onset of symptoms is
in the third decade. Severe hypophosphatemia may accom-
pany the hypokalemia.'” Treatment of the disorder is the
same as treatment of hyperthyroidism.

Pseudohypokalemia

Severe leukocytosis may cause spuriously low plasma
potassium concentrations if blood cells are left in con-
tact with the plasma for a long time at room tempera-
ture or higher. This phenomenon results from ongoing
cell metabolism in vitro with glucose and potassium
uptake.” Unexpected hypokalemia and hypoglycemia in
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the setting of leukocytosis should alert the clinician to this
phenomenon.

CHRONIC HYPERKALEMIA
Renal Failure

Patients with chronic kidney disease tend to maintain a
normal Py until renal function declines to about 10% of
normal.'” Aldosterone and insulin both appear to play a
role in the extrarenal potassium adaptation in chronic
kidney disease."”” This explains why patients with chronic
kidney disease who are mineralocorticoid or insulin defi-
cient have a particular predisposition to hyperkalemia.'”

Mineralocorticoid Deficiency

Mineralocorticoid deficiency may result from global adrenal
insufficiency (Addison’s disease) or from selective defects in
the renin-angiotensin-aldosterone axis (see Chapter 59).
Hyperkalemia in the setting of unexplained hypotension
should immediately raise one’s suspicion for adr