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The constancy of the internal environment is the
condition for free and independent life.
Claude Bernard, 1813—-1878

Acid-base disorders are a major source of mor-
bidity and mortality among patients in the inten-
sive care unit (ICU). An observational cohort
study of 9,799 ICU patients found that nearly
two thirds of critically ill patients suffered from
acute Metabolic Acidosis. Mortality among those
with metabolic acidosis was 45% compared with
25% for those without it. For those with lactic
acidosis, the mortality rate was 56% [1]. It is
difficult to directly extrapolate these findings to
poisoned patients who generally have a signifi-
cantly lower mortality rate than the average ICU
patient. We do know, however, from studies of
poisonings with specific substances, such as met-
formin, ethylene glycol, and methanol, that the
presence of severe metabolic acidosis is associ-
ated with a relatively poor prognosis [2]. A review
of 22 cases of metformin overdose revealed a
median pH nadir of 7.30 and median plasma lac-
tate of 10.8 mmol/L among survivors compared
with pH 6.71 and median plasma lactate of
35.0 mmol/L among non-survivors [2]. Among
18 ecthylene glycol poisoned patients,
non-survivors had a mean admission pH of 7.05,
compared with 7.31 in survivors [3]. No patient
with a pH less than 7.10 survived. Not surpris-
ingly, most of the non-survivors presented to the
hospital late after ingestion (from 6 hto >24 h). In
a review of one-time methanol exposures with
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known time of ingestion, 22 patients presented for
care <6 h after ingestion and had an early metha-
nol level. Sixteen of these were acidotic on arrival
[4]. Blood methanol concentrations ranged from
10 to 570 mg/dL (3—178 mmol/L), and initial
arterial pH ranged from 6.90 to 7.42. All
underwent treatment with alcohol dehydrogenase
inhibitors (with or without hemodialysis). One
patient with pH 6.99 died. Three patients with
pH ranging from 7.26 to 7.32 suffered optic neu-
ropathies but survived. One patient with pH 6.90
was described as “alive” on discharge, with the
remaining 11 (pH range 7.09—7.42) noted as hav-
ing a full recovery. In summary, it appears that
severe metabolic acidosis is associated with a poor
prognosis in representative poisonings and that
time of presentation plays a significant role in
outcome. A larger study of the prognostic value
of acid—base disturbances in poisoning in general
among ICU patients would be edifying.

In poisoning, alterations of acid—base balance
may result from exogenously administered
ions, metabolic production of organic acids,
impaired mitochondrial function, renal injury,
hypoventilation, or inadequate tissue delivery of
oxygen because of respiratory or circulatory
insufficiency. Poisoned patients may suffer
acid—base disturbances due to underlying illness
or complications of their hospitalization, includ-
ing acute or chronic kidney or pulmonary disease,
side effects of therapy (crystalloids, diuretics,
hyperalimentation, vasopressors), and sepsis.
Determining which disorders of acid—base bal-
ance are present, and which are due to the toxic
exposure versus underlying illness or complica-
tions, is not always straightforward. Thus, it is
incumbent on critical care physicians caring for
poisoned patients to be well versed in the evalua-
tion and management of disorders of acid-base
equilibrium.

In the last edition of this text, a “quiet revolu-
tion” was ongoing in acid—base disorder analysis,
as exemplified by increasing attention to the work
of Stewart with respect to electroneutrality and the
strong ion gap. In the intervening period, numer-
ous evaluations of the Stewart method have been
undertaken, rendering examples of complex
acid-base disorders discerned by quantitative
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acid-base chemistry that might have been missed
by the standard approach using base excess. It is
fair to say that this issue remains highly contro-
versial, with two very staunch camps, the “bicar-
bonate-based camp” and the “Stewart camp.”
According to Rastegar, the Stewart approach
has been largely ignored by nephrologists and
renal physiologists while being embraced by
anesthesiologists and intensivists [5]. He opines
that the Stewart method provides no advantages
over the traditional method in terms of prognosis.
While numerous small prospective studies have
compared these methods, large multicenter com-
parisons are lacking, and so the argument is not
likely to be settled soon. It may be said, however,
that the Stewart approach has led even the tradi-
tionalists to reexamine the importance of the
influence of nonvolatile buffers, such as albumin,
as well as the effects of dilution on the standard
base excess and on the anion gap, resulting in
new corrective formulas even in the “traditional
camp.” On the quantitative acid—base side, inves-
tigators have attempted to distance themselves
from tedious formulas and exhaustive analyses,
offering simplified formulas and confining their
components to plasma elements that most often
undergo significant alteration. Al-Jaghbeer and
Kellum argue that the two approaches are com-
plementary and not contradictory [6]. Both
approaches to acid—base analysis are discussed
in this chapter.

Rapid Review of Key Factors
in Acid-Base Equilibrium

Acid-base balance under physiological condi-
tions is the simple sum of the production of
organic acids occurring in metabolism and their
elimination or neutralization by the body’s buffer
systems. The first line of defense is the respiratory
buffer system. Carbon dioxide, produced by the
metabolism of carbohydrates, forms carbonic acid
(H,CO3) when combined with water:

H* + HCO;™ «~ H,COj3 «~ CO,+H,0
Y]

Pulmonary Clearance
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This is considered an “open system” because
moderate increases in CO, are normally elimi-
nated by a compensatory increase in minute
volume. Acidosis stimulates respiratory chemore-
ceptors to produce an increase in ventilation,
hence shifting this equation to the right and thus
reducing the acidosis. However, severe acidosis
may actually impede ventilation and lead to a
vicious cycle that may result in death unless rap-
idly corrected.

Plasma proteins and phosphate stores in the
bone serve as a second line of defense against
acid—base abnormalities. The important role of
these buffer systems will be discussed further
with the “strong ion” approach. A strong ion
refers to one that generally exists in a dissociated
or nearly dissociated form (Na®, K, CI~, and
others). The kidneys play a critical role in
acid-base balance via regulation of strong ions.

All forms of acid-base disorders may be
observed in a poisoned patient. However, given
its frequent presence in serious poisonings, the
majority of this chapter will be devoted to meta-
bolic acidosis.

Toxicant-Induced Respiratory Alkalosis
and Acidosis

Respiratory alkalosis and acidosis are direct
reflections of increased and decreased ventilation,
respectively. Ventilation may be altered through
changes in tidal volume, respiratory rate, and gas
exchange across the alveoli or by combinations
thereof. These disorders may be of central or
peripheral origin. Stimulation of the central ner-
vous system may result in tachypnea or hyperpnea
and subsequent respiratory alkalosis. Salicylates
[7], nicotine [8], and caffeine [9] are examples of
agents that stimulate respiratory centers. Opiates
decrease the respiratory rate by depressing the
central respiratory and brainstem regulatory cen-
ters, [10] but also reduce ventilation through
peripheral effects, such as non-cardiogenic pul-
monary edema and increases in thoracic muscle
tone [11]. Benzodiazepines and barbiturates like-
wise have both central effects (y-aminobutyric
acid-mediated depression in the medulla
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oblongata) and peripheral effects (muscle weak-
ness resulting in upper airway obstruction and/or
respiratory muscle inefficacy); however, the
peripheral effects appear to be of greater clinical
importance [12]. Inadequate ventilation may also
result in inadequate oxygenation and thereby lead
to anaerobic glycolysis and lactate production.
Thus, combined respiratory and metabolic acido-
sis is not uncommon in poisoning by toxicants
that interfere with ventilation. Clinical diagnosis
of these disorders is rather straightforward and
based on physical examination and arterial blood
gases, particularly PaCO,.

Toxicant-Induced Metabolic Alkalosis

Chemical-induced metabolic alkalosis is rela-
tively rare. The milk-alkali syndrome, character-
ized by hypercalcemia, metabolic alkalosis, and
renal failure, was common in the early to
mid-twentieth century, when a common remedy
of peptic ulcer disease consisted of hourly admin-
istration of milk with a “Sippy” powder (sodium
bicarbonate with calcinated magnesia or bismuth
subcarbonate) [13]. Nowadays, it is seen most
often in elderly women taking calcium supple-
ments for osteoporosis and among patients taking
calcium antacids and is rightfully known as
calcium-alkali syndrome [13, 14]. It has also
been reported in betel nut chewers who use
calcium-rich oyster shell paste in its preparation
[15]. Laxatives taken in excess can give rise to
hypokalemia and metabolic alkalosis [16, 17], as
can diuretics [18, 19] and licorice [20, 21]. A
non-exhaustive list of toxicants responsible for
metabolic alkalosis is found in Table 1.

Toxicant-Induced Metabolic Acidosis

Acute metabolic acidosis is found in 64% of crit-
ically ill patients. Its presence is associated with
an almost twofold rise in mortality [1].
Al-Jaghbeer and Kellum divide the causes of aci-
dosis into (1) increased anion gap and (2)
non-anion gap, consisting of renal, gastrointesti-
nal, and iatrogenic causes (Box 1). While
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Table 1 Toxicants reported to cause metabolic alkalosis

Selected
Agent Classification references
Amikacin Aminoglycoside [22]
antibiotic
Calcium carbonate | Antacid [23]
Chlorthalidone Diuretic [24]
Ethacrynic acid Diuretic [19, 25]
Furosemide Diuretic [25]
Gamma- Anesthetic [26]
hydroxybutyrate
Gentamicin Aminoglycoside [27, 28]
antibiotic
Laxative Laxative [16, 17]
Licorice Candy [20, 21]
(glycyrrhizin)
Neo-Mull-Soy Soy-based infant [29]
(removed from formula
market)
Potassium sodium Antiurolithiasis [30]
citrate agent
Sodium acetate Antacid, [31]
electrolyte
solution
Sodium Antacid, [32]
bicarbonate electrolyte
solution
Sodium lactate Antacid, [33]
electrolyte
solution
Tobramycin Aminoglycoside [34]
antibiotic

poisoned patients may suffer from any of these
causes of metabolic acidosis, we will primarily
focus on toxicant-induced etiologies.

Box 1 Causes of Metabolic Acidosis (Modified
from Al-Jaghbeer and Kellum [6])
Increased anion gap
Renal failure
Ketoacidosis
Diabetic
Alcoholic
Starvation
Metabolic errors
Lactic acidosis
Toxicants (see also Table 2)
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Methanol

Ethylene glycol

Paraldehyde 5-oxoproline (pyroglutamic

acid)

Sepsis
Hyperchloremic (non-anion gap)
Renal tubular acidosis
Gastrointestinal

Diarrhea

Small bowel/pancreatic drainage
latrogenic

Parenteral nutrition

Saline

Carbonic anhydrase inhibitors

Anion-exchange resins

Many toxicants provoking acidosis increase
the anion gap. Ingested mineral acids (toilet
bowl cleaners, battery acid) may serve as exoge-
nous sources of metabolic acidosis. Toxic alco-
hols and glycols, including methanol and
ethylene glycol, are notable causes of metabolic
production of organic acids. Interference with
mitochondrial function results in lactate produc-
tion. Anti-retroviral medications and cyanide are
well known for their ability to induce lactic aci-
dosis. Agents causing profound cardiovascular
collapse, such as chloroquine and colchicine,
may give rise to acidosis through diminished
perfusion, as well as other mechanisms. In
Table 2, the reader is provided with selected
references for a non-exhaustive list of toxicants
that may induce metabolic acidosis. In-depth dis-
cussion of individual toxicants is beyond the
scope of this chapter. Related chapters in this
text pertaining to specific substances should be
consulted.

Clinical Suspicion of Acid-Base
Disorders

Vigilance is required to promptly detect and treat
acid—base disorders. The finding of altered mental
status or abnormal vital signs should always invoke
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Table 2 Toxicants reported to cause metabolic acidosis

Selected

Agent Classification references
1-Benzylpiperazine (BZP) Sympathomimetic, stimulant drug of abuse [35]
2,5-Dimethoxy-4-bromoamphetamine Sympathomimetic, stimulant and hallucinogenic [36]
(DOB) drug of abuse
3,4-Methylenedioxymethamphetamine Sympathomimetic, stimulant drug of abuse [37, 38]
(MDMA)
Acetaminophen (paracetamol) Analgesic, antipyretic [39]
Acetazolamide Carbonic anhydrase inhibitor [40]
Acetonitrile Solvent, chemical intermediate [41]
Acetylene Welding gas [42]
Aminocaproic acid Hemostatic [43]
Amphetamine and substitutions Sympathomimetic, stimulant drugs of abuse [37, 44]
Arginine Amino acid [45]
Aspirin (acetylsalicylic acid) and Analgesic, antipyretic [7]
salicylates
Azide, sodium Herbicide, fungicide, fumigant, bactericide, [46, 47]

chemical intermediate, preservative, propellant
Boric acid Insecticide [48]
Carbon monoxide Asphyxiant, chemical [49-52]
Cathinones, substituted Stimulant drugs of abuse [53]
Chlorine Disinfectant, halide [54]
Citalopram Antidepressant [55]
Cocaine Anesthetic, sympathomimetic, stimulant drug of [56, 57]

abuse
Cyanide (HCN and salts) Asphyxiant, chemical [58-61]
Detergent sacs, single use (SUDS) Detergent, laundry and surfactants [62, 63]
Diazepam Sedative hypnotic [64]
Dicamba Herbicide [65]
Didanosine Antiviral, nucleoside analogue [66, 67]
Diethylene glycol/triethylene glycol Glycol, solvent, brake fluid [68-71]
Endosulfan Organochlorine insecticide [72, 73]
Ethanol Alcohol [74]
Ethylene glycol Antifreeze, solvent [70, 75, 76]
Ethylene glycol monobutyl ether (EGBE, | Solvent, glass cleaner [70, 77-79]
butoxyethanol, butyl cellosolve)
Ethylene glycol monomethyl ether Solvent, antifreeze [80]
(EGME, methoxyethanol, methyl
cellosolve)
Etomidate Anesthetic [81-84]
Fialuridine Antiviral, nucleoside analogue [85, 86]
Flumequine Antimicrobial, fluoroquinolone [87]
Formalin (40% formaldehyde in water) Tissue fixative, embalming fluid [88]
Formic acid Organic acid [89, 90]
Hydrogen sulfide Petroleum production, decomposition of sulfur- [91,92]

containing organic matter
Iron Mineral supplement [93, 94]
Isoniazid (INH) Antimicrobial, antitubercular [95, 96]
Lorazepam Sedative hypnotic [97-99]
Mephedrone Sympathomimetic, stimulant drug of abuse [100]

(continued)
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Table 2 (continued)

Agent

Methamphetamine
Methyl alcohol (methanol)

Methylone

Nalidixic acid

Neem oil

Nitroprusside, sodium
Nortriptyline
Olanzapine

Parathion

Phenol
Phentermine—topiramate
Phosphoric acid
Phosphorus, elemental
Potassium chloroplatinite
Propionitrile

Propofol

Propylene glycol

Smoke, fire (see cyanide and carbon

monoxide above)
Sodium chloride
Stavudine
Teniposide
Theophylline
Thiamine deficiency
Toluene

Topiramate

Treosulfan (dihydroxybusulfan)
Trimethoprim/sulfamethoxazole
Valproic acid

Xylenol

Zidovudine
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Selected
Classification references
Sympathomimetic, appetite suppressant, stimulant [101]
drug of abuse
Solvent, antifreeze, chemical intermediate, paint [70, 102]
remover
Sympathomimetic, stimulant drug of abuse [103]
Antimicrobial, quinolone [104]
Tree oil used in cosmetics, organic gardening [105, 106]
Antihypertensive, vasodilator [107]
Cyclic antidepressant [108]
Antipsychotic, atypical [109]
Pesticide, organophosphate [110]
Disinfectant, aromatic organic solvent [111,112]
Appetite suppressant drug combination [113]
Metal cleaner, toilet bowl cleaner [114]
Pesticide, fireworks [115]
Photographic toner solution [116]
Cyanogen [117,118]
Anesthetic [119]
Solvent, pharmaceutical adjuvant [71, 98, 99]
Environmental toxicant [58, 61, 120]
Electrolyte [121-123]
Antiviral, nucleoside analogue [124]
Anticancer chemotherapeutic agent [125]
Thioxanthine bronchodilator [126]
Vitamin [127]
Solvent, aromatic organic, paints, thinners, lacquers, | [128]
adhesives
Anticonvulsant [129]
Anticancer chemotherapeutic agent [130]
Antimicrobial, sulfonamide [131]
Anticonvulsant [132]
Phenolic detergent [133]
Antiviral, nucleoside analogue [134, 135]

consideration of an acid—base disturbance. Clinical
findings may be subtle early in the pathophysio-
logic process, so habits as elemental as truly
counting the respiratory rate may make the differ-
ence in early recognition of these disorders. A
thorough examination may detect sentinel breath
odors (ketones, paraldehyde, and cyanide), altered
respiration (hyperpnea, Kussmaul respirations),
cyanosis, pressure sores or bullae suggestive of

rhabdomyolysis, etc. Clinical signs and symptoms
are insensitive, however, so laboratory screening is
necessary in all critically ill patients. While point-
of-care diagnostic devices have simplified life for
the clinician, a multitude of conditions can alter
their readings [136—139]. Definitive evaluation of
acid-base disorders is based on carefully selected
data provided by the chemistry and toxicology
laboratories.
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Laboratory Diagnostic Tools
in Acid-Base Balance

Gaps in Our Knowledge of Acid-Base
Disturbances

This double entendre is not original [140] but
reflects our incomplete comprehension of
acid—base disorders in spite of years of studies
and discussions regarding the use of various
gaps — base excess, anion, delta, and osmol.
Each of these tools, their potential utility, and
their shortcomings will be discussed, followed
by a discussion of the quantitative approach to
acid-base balance, which introduces the more
recent strong ion gap.

Given the ubiquity of its use in clinical medi-
cine, the most frequently available laboratory
indicator of acidosis is the serum -electrolyte
panel. For this reason, anion and delta gaps will
be discussed before base excess and osmol gaps.

Anion Gap

The serum anion gap (AG) remains a useful but
only moderately sensitive tool in the initial eval-
uation of potential acid—base disturbances. It suf-
fers from numerous limitations, which will be
discussed. If the clinician is aware of these limi-
tations and adjusts for them accordingly, the AG
provides one of the most rapidly available tools in
the evaluation of acid—base disorders.
In its most basic form,

AG = Measured serum cations
— Measured serum anions

Because the most important anions after chloride
and bicarbonate (protein, inorganic phosphate,
and sulfate) are not routinely measured in a
serum electrolyte panel, a “normal” AG exists.
The presence of additional unmeasured anions
(often organic acids) creates an “increased”
AG. The most commonly used calculation for
AG is (using mmol/L units for the anions/cations)
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AG =Na' — ({CI"} + {HCO5~}) (2)

An alternative, though less frequently used,
equation adds [K ] to the first term. Extremes of
potassium may affect the AG and should be kept
in mind; however, the discussion that follows will
be based on (Eq. 2). Although its calculation is
remarkably simple, its interpretation is not always
straightforward.

Because of the body’s requirement for
electroneutrality, an increase in unmeasured
anions (the AG) should be compensated by an
equal decrease in serum bicarbonate or chloride,
although in almost all circumstances, the compen-
sation is reflected in a decrease in the bicarbonate
concentration [141]. Thus, the first evaluation of
the calculated AG should be its relationship to
serum bicarbonate. In the simplest case, AG
increases in an amount equivalent to the fall in
bicarbonate. However, this does not always occur.
For example, in the case of diabetic ketoacidosis
(DKA), a discordance is often found [142], with
AG being smaller than predicted based on the
decrease in bicarbonate. Extensive tubular elimi-
nation of ketone bodies, along with concomitant
retention of chloride, may result in a component
of hyperchloremic metabolic acidosis, thus
decreasing the AG. The hyperchloremic compo-
nent of acidosis increases over the course of DKA
[143], probably in part due to the large amount of
sodium chloride typically administered in DKA.
Large-volume fluid resuscitation with isotonic
saline can induce acidosis because the equimolar
concentrations of sodium and chloride in normal
saline (155 mmol/L) will increase plasma chloride
to a greater extent than plasma sodium, thus
decreasing the serum bicarbonate concentration
[144]. A review of several studies on acidosis
induced by chloride-rich crystalloids appears in
the discussion on treatment [123].

The limitations of the AG fall into two general
categories: (1) analytic and (2) physiologic.

Analytic Limitations and Errors
Early published normal ranges of AG values,
12 £ 4 mmol/L [145], continue to be used by
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many clinicians. However, these values now rep-
resent, in many hospitals, a significant
overestimate because of changes in technology
that occurred in the 1980s. Ion-specific electrode
methodology has largely replaced flame photom-
etry for measurement of sodium and chloride,
leading to an increase in normal values of chloride
of 2-6 mmol/L, with a concomitant decrease in
the normally expected AG. Winter and colleagues
[146] found a normal AG of approximately
6 mmol/L, with 95% confidence intervals of
3—11 mmol/L in a group of 120 blood donors.
This difference from previous normal values
may seem small, but as the authors point out, if
the true normal AG is 6 mmol/L, a patient with
10 mmol/L of added organic acid and thus an AG
of 16 mmol/L would, by generally accepted stan-
dards, have a normal AG. In a group of
222 patients with normal renal function and albu-
min, Sadjadi [147] found an AG of
6.6 + 2 mmol/L, almost identical to that demon-
strated in the study of Winter and coworkers.
Failure to take this change into account may result
in failure to diagnose acidosis. Using a “normal”
range of 12 £ 4 mmol/L, Iberti and colleagues
found that 50% of critically ill patients with lactic
acidemia in the range of 5-9.9 mmol/L and 79%
of those with lactate concentrations 2.5-5 mmol/L
had AG values less than 16 mmol/L. Applying the
current lower ranges of AG would clearly
improve sensitivity. Sadjadi and colleagues more
recently retrospectively reviewed the charts of
409 veterans with a glomerular filtration rate
> 60 mL/min/1.73 m?> body surface area and
serum albumin > 4 g/dL. They found a mean
anion gap of 7.2 + 2 mEq/L. This compares
with 299 patients in the same study with lactic
acidosis (lactate > 4 mEq/L) and 68 patients with
end-stage renal disease on dialysis, in whom
the mean anion gaps were 12.5 mEg/L and
12.4 mEq/L, respectively [148]. Aword of caution
is in order, however. Lolekha points out that to
interpret the anion gap accurately, one must use an
analyzer-specific reference range. He and his col-
leagues found slightly differing anion gaps on
four auto analyzers, using blood samples from
healthy volunteers [149]. Anion gap values may
also vary significantly according to the laboratory
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providing the measurements [150]. Finally, clini-
cians must also be aware that some laboratories
have altered the calibration of the chloride-
measuring instrument so that the normal ranges
of chloride and AG in those institutions remain
closer to “classic” published values. Thus, it is
imperative that clinicians discuss this issue with
laboratory medicine specialists in their own insti-
tutions to ensure that the normal ranges provided
by the laboratory have, in fact, been verified in
that laboratory.

Kraut and Nagami [151] attempted to deter-
mine the sensitivity of the AG in detecting lactic
acidosis through a literature review. Unless the
AG is corrected for serum albumin, the sensitivity
ranged from 39% to 63% for serum lactate greater
than 2.5 mmol/L. With correction for albumin, the
sensitivity range improved to 75-94% demon-
strating two salient points: (1) if the anion gap is
to be useful, it should be corrected for serum
albumin and (2) if one is truly concerned about
lactic acidemia, a serum lactate should be
obtained. One last word about the anion gap,
which applies to lab tests in general: a single,
normal AG is just that — a unique, not analytically
infallible, test obtained at a point in time. In con-
trast, poisonings are dynamic processes which
may radically modify the kinetics of absorption,
distribution, metabolism, and excretion. Jacob
et al. recently reported two cases of life-
threatening salicylate poisoning with apparently
normal anion gap due to a false increase of mea-
sured chloride in the presence of high serum salic-
ylate levels on some analyzers [152]. Herres and
colleagues reported a fatal case of salicylate poi-
soning who presented with a deceptively mild
elevation in anion gap and initially undetectable
serum salicylate concentration. Failure to repeat
the anion gap in a timely manner, to trend salicy-
late concentrations until they were clearly declin-
ing, and to carefully observe the patient in an
acute medical setting contributed to his ultimate
demise [153].

Physiologic Limitations

Serum albumin. Whereas the potential for abnor-
mal proteins (such as cationic multiple myeloma
proteins) to alter the AG is widely appreciated, the
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critical role of normal proteins such as albumin
remains largely ignored. Albumin constitutes the
largest component of unmeasured anions under
normal physiologic conditions, with inorganic
phosphate and sulfates representing most of the
remainder. Calculation of the AG without consid-
eration of serum albumin may be justifiable in
normal healthy patients, but it is certainly not
acceptable in the critically ill. Figge and
coworkers found marked hypoalbuminemia in
96% of 152 critically ill patients, with values
< 20 g/L (normal range 44 + 3 g/L) in 49%.
Each g/L decrease in serum albumin caused the
observed AG to underestimate the total concen-
tration of unmeasured anions by 0.25 mmol/L
[154]. A severely malnourished patient may have
a significant AG virtually obscured because of the
influence of hypoalbuminemia [155]. The AG
may be corrected for hypoproteinemia as follows:

AGcorrected =Na® — ({Cli} + {HCO3})
+ 0.25 x ({Normal albumin g/L}
— {Observed albumin g/L})
3)

If albumin values are reported in grams per deci-
liter, the factor is 2.5. Hyperalbuminemia from
severe dehydration (cholera) may reach signifi-
cant enough concentrations to contribute to meta-
bolic acidosis [156].

Water excess/deficit. Significant loss or gain of
free water will alter serum sodium and chloride
by the same percentage but not by the same
absolute amount, which will clearly alter the
AG [140]. The effect of hyponatremia (water
excess) on the AG has been clinically
documented [140, 157]. Decaux and Musch
compare the electrolytes and anion gap in various
states of hypoosmolality (Table 3) [158]. Correc-
tions for the effects of water excess/deficit are
taken into account in calculation of the strong ion
gap (to be discussed) but have not generally been
applied to the AG. A prospective look at the
value of such a correction in patients with meta-
bolic acidosis is needed.

Assumptions regarding lactate in the anion
gap. The presence of an increased AG acidosis
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not explained by the presence of ketoacids, renal
failure, or historical and laboratory evidence of
toxicant ingestion is often assumed to be due to
lactate. However, Gabow and colleagues found
that a measured increase in lactate of greater than
4 mmol/L was present in only 9 of 21 patients
(43%) meeting these criteria, thus illustrating the
potential for error in such an assumption
[145]. Conversely, Dorwart and Chalmers found
normal AGs in 32 of 45 patients with plasma
lactate levels between 2.5 and 9.9 mmol/L
[159]. Thus, if lactic acidemia is in the differen-
tial diagnosis, lactate should be quantified. This
is particularly important in poisoning, where
measurement of exogenous anions such as
oxalate or formate is not always readily avail-
able. Quantification of lactate may not only
provide clues to the diagnosis but also increase
or decrease the suspicion of the presence of
other unmeasured anions and should thus be
considered an integral part of the laboratory
evaluation.

Readers should be aware of other worrisome
analytical problems related to lactate. Multiple
authors have reported falsely elevated plasma lac-
tate in the setting of glycol poisonings. In the case
of ethylene glycol overdose, the glycolate metab-
olite can cross-react with the recombinant
L-lactate oxidase, resulting in a marked false
increase in measured lactate [160—165], poten-
tially obscuring the diagnosis of ethylene glycol
poisoning. D-lactate, a by-product of propylene
glycol, can also be falsely recognized by lactate
analyzers as L-lactate [166].

Role of potassium in the anion gap. Serum
potassium, as mentioned earlier, is often
“discarded” in calculating the AG because the
range of serum potassium in most patients is
small enough that potassium variations cause
only a minimal change in the calculated gap.
Nonetheless, there are circumstances (e.g., digi-
talis and toluene poisoning or acute renal failure)
in which extremes of serum potassium may occur
and render its consideration in calculation of the
AG more important. Furthermore, a reduction in
“normal” mean AG (absent the potassium) from
12 to 6 mmol/L renders the variation in potassium
of greater importance in terms of percent change
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Table 3 Clinical and biological data generally allowing differentiation between appropriate and inappropriate Anti-DH
secretion in patients with hypoosmolality® (Adapted from Decaux and Musch [158] with permission)

Appropriate diuresis

Inappropriate diuresis

Hypervolemic
Parameter (TTECV; |[EABV) | Hypovolemic (| ECV; |[EABV) Euvolemic (TECV; TEABV)
History Chronic heart Extrarenal losses (e.g., gastrointestinal, Drugs (e.g., carbamazepine, SSRI)
failure, cirrhosis, sweating, burns, third space) Neurologic diseases (e.g.,
nephrosis Renal losses (e.g., Addison, diuretics, encephalitis, strokes)
bicarbonaturia, salt-losing nephropathy, Pulmonary diseases (e.g.,
cerebral salt-wasting syndrome) tuberculosis, pneumonia)
Cancer (e.g., oat cell carcinoma)
Endocrine (e.g., hypothyroidism,
pituitary hypocorticism)
BP Low Low Normal
Edema + — —
Plasma anti- | T 1%
DH
Plasma l 1 l
sodium
Plasmaurea | NL-T NL-T NL-|
Plasma NL-T NL-T NL-|
anion gap
Urine ) T )
osmolality
Urine <30 <30° >30¢
sodium
(mEg/L)
Fractional <0.5 <0.5¢ >0.5¢

excretion of
sodium (%)

a4nti-DH antidiuretic hormone, ECV extracellular volume, EABV effective arterial blood volume, NL normal, SSR/

selective serotonin reuptake inhibitor

Anti-DH is low in nephrogenic syndrome of inappropriate antidiuresis (nephrogenic syndrome of inappropriate
antidiuresis or syndrome of inappropriate secretion of antidiuretic hormone type D)

“Unless salt depletion is of renal origin
9If salt intake is normal

in AG. Regardless of whether potassium is
included in the calculation used, it exerts an elec-
trical force as a strong ion.

Hyperphosphatemia. Because the contribution
of inorganic phosphates to the normal AG is mod-
erate and because normal phosphate concentra-
tions are generally about 1.0 & 0.2 mmol/L,
hypophosphatemia results in a negligible change
in the AG. On the other hand, conditions that
result in hyperphosphatemia, such as phosphate
enema intoxication, may result in an increased AG
[167, 168]. Thus, hyperphosphatemia must be
added to the differential diagnosis of an increased
AG.

Delta Gap

Another method of evaluating acid—base disor-
ders is to compare the change in AG with
the change in alkaline reserve [141]. This relation-

ship is expressed as the “delta gap,” which is
defined as:
AGap = AAG — AHCO;™ “)

where AAG is the observed AG minus the upper
normal limit of the AG and AHCO; ™ is the lower
normal HCO; ™ minus the observed HCO; . The
normal range for the delta gap is 0 & 6. As
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mentioned previously, the body must maintain
electroneutrality, so an increase in unmeasured
anions (the AG) should be compensated by an
equal decrease in serum bicarbonate [141].
Therefore, for a simple increased AG acidosis,
the delta gap should be 0. A significantly positive
(greater than +6) delta gap suggests the presence
of metabolic alkalosis. A significantly negative
(less than —6) delta gap suggests hyperchloremic
acidosis. Because normal values for electrolytes
(and AGs) vary among hospitals, depending on
the methodologies used, it is imperative to calcu-
late these values on the basis of local norms.
Wrenn demonstrated through a series of clinical
cases that the delta gap can assist in the detection
of mixed acid-base disorders that would go
unsuspected on the basis of evaluation of the
AG alone. It is not foolproof, however, as illus-
trated by one case in which a patient with a
normal AG (4 mmol/L), a normal delta gap
(—2 mmol/L), and a bicarbonate concentration
of 19 mmol/L actually had a combination of
anion gap metabolic acidosis, HCMA, and met-
abolic alkalosis from volume contraction
[141]. While this simple calculation remains a
useful screening tool for distinguishing and
mixed acid-base disorder from isolated anion
gap acidosis [169], one should not rely entirely
on either the AG or the delta gap in the evaluation
of potential acid—base disorders [140].

Base Excess

Base excess (BE) was the first “gap” to be pro-
posed as a useful approach to the evaluation of
acid—base disturbances [170]. It is calculated as
follows, but is often provided with the results of
the blood gas analyzer:

BE = 1.2({HCO5™ } —22.9) 5)
The multiplier 1.2 takes into account the approx-
imately 25% of buffer capacity not provided by
the carbon dioxide/bicarbonate system. HCO; ™ is
the “standard” bicarbonate, which is the concen-
tration of bicarbonate in plasma when whole
blood has been equilibrated at a PaCO, of
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40 mmHg, oxyhemoglobin saturation of 100%
and temperature of 37 °C. Once the pH is mea-
sured, the standard bicarbonate can be obtained
directly from (Eq. 6), the Henderson—Hasselbalch
equation:

HCO3

H=610 + log————23
P + 198 5.C0O, % 0.030

(6)

The normal mean of standard bicarbonate is
229 mEq/L, so this value is subtracted in
(Eq. 5) from the product to obtain the BE. A BE
less than —5 mEq/L is thought to be consistent
with metabolic acidosis. Salem and Mujais have
warned against the use of this theoretical bicar-
bonate concentration when calculating the AG
(in lieu of total CO,) because rapidly changing
conditions in apparent values of pK’ (the pH at
which equal concentrations of the acid and base
forms of a buffer are present — range: 5.8-6.3)
may result in calculated errors in HCO; ™ as high
as 50% [140]. Others have likewise called atten-
tion to this problem [171, 172]. Furthermore,
excess heparin in blood gas samples may
decrease PaCO; by up to 25% which also distorts
the calculated bicarbonate value [140]. The
effects of heparin volume on PaCO, have
recently been shown to vary with syringe vol-
ume, needle size, and sample volume [173]. It
stands to reason that the BE, determined on the
basis of calculated bicarbonate, also risks misin-
terpretation. In addition to the risk of analytical
and calculated errors, the BE is dependent on
anumber of other factors “assumed” to be normal
in this simple calculation: normal water content,
electrolytes, and albumin. As pointed out by
Balasubramanyan and colleagues, changes in
these values will alter the calculated BE indepen-
dent of changes in lactate, bicarbonate, or
unmeasured anions [174].

Quantitative Acid-Base Analysis: The
Strong lon Gap

The strong ion approach to acid—base manage-
ment appears to be the most fundamentally
sound from the perspective of physical chemistry
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[175]. This method, originally described by Stew-
art [176] and refined by Fencl and Leith [177],
relies on the fact that systems operate under a
number of restraints imposed by physical laws
that must always and simultaneously be met:

1. Electroneutrality must always exist: the sum of
all positive charges must always be equal to the
sum of all negative charges.

2. Dissociation equilibria of all incompletely dis-
sociated substances must always be satisfied.

3. Mass is conserved; that is, the total concen-
tration of an incompletely dissociated sub-
stance can always be accounted for as the
sum of the concentrations of its dissociated
and undissociated forms. The hydrogen ion
concentration in blood is held within a very
tight range, 36—43 nmol/L, because this range
is critical to the maintenance of appropriate
protein function (enzymes, pumps, etc.) and
thus cellular function [175]. The source of
hydrogen ions is the dissociation of water. Dis-
sociation of water into hydrogen and hydroxyl
ions is determined by three independent
determinants (each can be changed indepen-
dently of the others): the strong ion difference
[SID], PaCO,, and the total weak acid concen-
tration (Ator).

The first independent variable is [SID], or the
net electrical charge difference of the strong ions
(i.e., those that are completely or nearly
completely dissociated). This variable comprises
the strong cations (Na*, K*, Ca®", Mg*") and the
strong anions (C1~ and other strong anions of low
pK, such as lactate and ketoacids), which are
likewise almost completely dissociated at physio-
logic pH. The second independent variable is
PaCO,, which, of course, varies with ventilation.
The third independent variable is Ator, the sum of
weak acids [HA] and their anions [A™]. The weak
acids are primarily composed of proteins (mainly
albumin) and inorganic phosphates [Pi~]. Kellum
and coworkers [178] point out that weak acids
[HA] without their anions are not an independent
variable because their equilibrium with A~
changes with alterations in [SID] and PaCO,.
Looking at Fig. 1, one observes that the [SID]
can also be calculated by adding the [HCO5 ] to
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Table 4 Classification of primary acid-base disturbances

Acidosis | Alkalosis
1. Respiratory TPaCO, | |PaCO,
1. Nonrespiratory (metabolic)
1. Abnormal [SID]*
a. Water excess/deficit® L[SID], T[SID],
|[Na"] 1[Na"]
b. Imbalance of strong
ions
i. Chloride excess/ L[SID], T[SID],
deficit T[Cl7] L[C17]
ii. Unidentified anion L[SID], -
excess T[SIG]
2. Nonvolatile weak acids
a. Serum albumin T[Alb] L[Alb]
b. Inorganic phosphate T[Pi] LIP°

Adapted with permission from Fencl and Leith [177]
Changes in acid-base balance are controlled by changes in
three independent variables — PaCO,, the strong ion differ-
ence, and total weak acids. As such, these disorders may be
classified on the basis of their underlying cause or causes.
Assessment of these three variables can explain even com-
plex acid—base disorders

Discerned by abnormal [Na']

“Because inorganic phosphate concentrations are normally
low (~1 mmol/L), hypophosphatemia has a negligible
effect on acid—base balance

Alb plasma albumin concentration, [P;] plasma inorganic
phosphate concentration, [SID], difference between the
sums of all the strong (fully dissociated, chemically
nonreacting) cations (Na', K*, Ca**, Mg*") and all the
strong anions (Cl™ and other strong anions), [S/G] plasma
concentration of unidentified strong anions

the [Alb ] + [Pi]. The central tenet of the strong
ion approach is that neither [H'] nor HCO3;™ can
change without a change in one or more of these
three independent variables. Neither H™ nor
HCO;™ is a strong ion. Strong ions cannot be
created or destroyed to satisfy electrical neutrality,
but hydrogen ions can be generated or consumed
by changes in water dissociation [178]. Likewise,
bicarbonate production or consumption is a result
of changes in the three independent variables.
Thus, the “classic” approach of looking at
HCO; ™ is in a sense backward, in that we are
examining the end result rather than the underly-
ing cause of the disturbance. Acid—base distur-
bances may be classified according to the
underlying change in these three independent var-
iables (Table 4).
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Fig. 1 Electroneutrality QUANTITATIVE ACID-BASE BALANCE
must be maintained in blood
plasma; thus, the sum of 160
positive charges must equal Ca 2+
the sum of negative charges.
Hydroxyl, carbonate, and 140
protons are not shown E SID
because their e mSIG
concentrations are in the 120
nanomolar to micromolar m SID
range. [SIG] represents HCO3-
unidentified strong anions 100 )
(lactate, sulfate, keto acids, m Pi-
others). [SID], strong ion 1 m Ab—
difference (Adapted from o 80
Fencl et al. [155]) ' u Cl-
m Ca 2+
60 m Mg 2+
m K+
40 m Na+
20
0
CATIONS ANIONS
Figure 1 demonstrates that [SID] is equivalent [SIG] = [Na'] + [K'] + [Ca“]
to the following: N (3)
& + [Mg*] - [cI7] - [SID]

[SID] = [HCO;7] +0.28 x [Alb —, g/L]

+ 1.8 x [Pi, mmol/L] (7)
[HCO; ] is obtained from arterial blood gas mea-
surements, and the effects of albumin (g/L) and
inorganic phosphate (mmol/L) are based on their
direct measurement in serum. This formula is a
simplification and uses factors of 0.28 and 1.8 to
correct for the actual charge (in mEq) provided by
albumin and inorganic phosphates. If your labo-
ratory provides [Pi] in mg/dL, the factor for [Pi] is
0.6 rather than 1.8.

The strong ion gap [SIG], sometimes
expressed as [XA ], is comparable to the anion
gap in that it consists of strong anions other than
CI™ (lactate, ketoacids, and other organic anions
such as toxic metabolites or sulfate), some of
which are not readily measured in plasma. [SIG]
is thus derived as

where [SID] is obtained from (Eq. 7). Water
excess or deficit, determined on the basis of an
abnormal [Na'], will alter [C1~] and [SIG], both
of which must be corrected:

[Cl_] Cl_]observed
X ([NaJr]normal/ [Na+]obsewed)

®

corrected [

Correction of chloride allows one to determine the
plasma excess or deficit in chloride.

[SIG] SIG] calculated

X ([Na+]normal/ [NaJr]observed)
(10)

corrected [

Although this series of steps is a bit more
demanding in time and cost than is the calculation
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of AG, it allows recognition of complex acid—base
disturbances that might be missed by simple exam-
ination of BE or AG [155]. Through Monte Carlo
simulation, Antsey estimated the 95% confidence
interval of normal [SIG] to be 3.9 + 6.4 mEq/L
[179]. Gunnerson and colleagues have shown that
the [SIG] is substantially higher in stable ICU
patients compared with healthy controls, possibly
representing occult acid-base disorders or simply
metabolic differences among the critically ill.
In this small study of 15 healthy adults and
15 stable adult patients just before ICU discharge,
the mean [SIG] was 1.4 £ 1.8 mEqg/L versus
5.1 £2.9 mEq/L, respectively [180]. Like the
anion gap, it appears the [SIG] varies from one
laboratory to another and from one instrument to
another, so that local norms must be established.

There are now several approaches to using
quantitative acid—base chemistry clinically. In
the first approach, one calculates the strong ion
gap [SIG], which, similar to the AG, identifies the
presence of unmeasured anions. This multi-
equation approach has been criticized as too com-
plex for the bedside such that simplified equations
have been developed. Examples of these will fol-
low. The second approach provides corrections to
BE based on strong ion theory. Each approach has
been shown to provide advantages over the use of
the classic AG and BE.

Fencl and colleagues [155] compared the
Stewart method to classic methodology (calcula-
tion of the anion gap and base excess) in a
study involving nine healthy subjects ([SIG]
mean + S. D. = 8 + 2) and 152 intensive care
unit patients. 96% of patients had serum albumin
concentrations less than or equal to three standard
deviations below the mean of the control subjects.
In 20 and 22 patients, respectively, the base excess
and plasma bicarbonate were normal. The Stewart
method detected complex acid—base disturbances
among many of these, in some cases grave. The
authors conclusively demonstrated that reliance
on the AG (particularly if not corrected for albu-
min) or BE results in false interpretation of the
acid-base status of critically ill patients. The
strong ion approach, though requiring a few
more direct laboratory measurements, is compre-
hensive and thus more sensitive.
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Durward et al. obtained arterial blood samples
on admission and at 24 h in 85 children undergo-
ing surgery for congenital heart disease. An ele-
vated strong ion gap (>3 mEq/L) was present in
41% of children on admission and 52% at 24 h.
Both the strong ion gap and lactate increased with
surgical complexity. [SIG] was superior to lactate
in predicting mortality [181].

Moviat et al. conducted a prospective, obser-
vational multicenter study in Dutch ICU patients.
137 of 312 consecutive patients (44%) who had
normal pH, normal base excess, and normal
PaCO, underwent arterial blood sampling. Strong
ion gap was calculated from three consecutive
arterial blood samples. These patients were
found to have mixed acid—base disorders due to
hyperchloremia and hypoalbuminemia, in spite of
normal blood gas parameters [182].

Zheng and colleagues [183] studied 78 patients
with metabolic acidosis with or without acute kid-
ney injury (AKI). They analyzed physicochemical
parameters at 24 and 72 h, at 1 week, 1 month, and
3 months on survival after AKI. Mortality was
higher in AKI group with higher anion gaps and
strong ion gaps. The AG was strongly associated
with mortality at 1 and 3 months after acute kidney
injury. However, an elevated [SIG] most strongly
predicted mortality at 24 h, 72 h, 1 week, 1 month,
and 3 months post acute kidney injury.

Applying Strong lon Theory to the Base
Excess
The corrected base excess approach to using clini-
cal quantitative acid-base chemistry is illustrated
by Balasubramanyan and colleagues [174]. They
used three equations of Fencl and Leith [177] to
calculate a corrected BE that takes into account the
fact that free water, changes in chloride concentra-
tion, and albumin all affect BE. First, the effect on
BE caused by free water (BEg,) is calculated as
BEfy = 0.3 x ({Na'} — 140) (11)
Changes in BE accounted for by chloride are
calculated as

BEq = 102 — Cl,,, (12)
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where Cl ., is the corrected chloride:
Cl~ x 140/Na". Finally, the effect of albumin
on BE (BE,};,) is calculated as
BE,, = 34 x (4.5 — albumin) (13)

where albumin is reported in grams per deciliter.

The “classic” BE, as calculated from plasma
bicarbonate, is really the sum of these three com-
ponents plus a component attributable to
unmeasured anions, BE,:

BE = BE;,, + BEc) + BEy, +BEy,  (14)

If one subtracts the first three from reported BE,
one obtains BE,, or BE caused by unmeasured
anions:

BE., = BE — (BEfy + BEci + BEy,)  (15)

In his study of 255 children in whom arterial
blood gases, electrolytes, and albumin were mea-
sured simultaneously, Balasubramanyan demon-
strated that BE,, predicts increases in plasma
lactate concentration better than BE and, further-
more, that it is a better predictor of mortality than
either BE or the lactate concentration [174].

Story et al. [184] further simplified the
Fencl-Stewart methodology based on the premise
that a change in the sodium-chloride component
of the [SID] will change the base excess directly.
Assuming a normal median sodium of 140 mEq/L
and a normal median chloride of 102 mEq/L, the
median difference is 38 mmol/L. The simplified
version of the equation for sodium minus chloride
effect on base excess is thus

Sodium — chloride effect (mEq/L) (16)

= [Na] — [CI"] — 38

The albumin likewise has a direct effect on the

base excess as the principal contributor to plasma

total weak acid concentration. The simplified

Fencl-Stewart equation for albumin effect is as
follows:

Albumin effect (mEq/L)

= 0.25 x [42 — albumin (g/L)] (17)
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This was tested prospectively in a non-
randomized ICU study of 300 patient samples.
In the samples, they compared the agreement
between the more complex Fencl-Stewart equa-
tions and their simplified versions using
Bland—Altman analyses. They concluded that the
simplified equations agreed well with the more
complex equations. The authors proposed analy-
sis of blood gases using the following four steps:
(1) obtain standard base excess (mmol/L) from a
blood gas machine; (2) calculate sodium-chloride
effect (mEq/L) = [Na']—[Cl7]-38; (3) calculate
albumin effect (mEq/L) = 0.25 x [42 — albumin
(g/L)]; and (4) calculate unmeasured ion effect:

Unmeasured ion effect (mEq/L)

= standard base excess — sodium  (18)

— chloride effect — albumin effect.

Employing these four steps, Ahmed and col-
leagues performed a randomized, prospective,
interventional trial among 300 patients with
“abdominal sepsis.” Patients were randomized to
receive 20 mL/kg of either normal saline or
Ringers lactate over 30 min. Patients in the normal
saline arm had a significant drop in pH and base
excess, whereas Ringers lactate patients did not.
See Fig. 2. This was largely explained by the
sodium-chloride effect on base excess. Dilution
of serum albumin caused a partial correction of
acidosis, creating a metabolic alkalosis. This
mixed acid-based disorder would not have been
recognized by the standard base excess approach
or the anion gap approach but was detected by the
Fencl-Stewart method [185].

The studies of Balasubramanyan [174], Fencl
[155], and their colleagues provide evidence that
critical care patients warrant an aggressive evalu-
ation of acid—base status.

Osmol Gap

Osmolality is an expression of the number of
particles in a given weight of solvent. Thus, each
molecule of a substance, regardless of its molec-
ular weight, contributes exactly the same as a
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Fig. 2 Infusion of electrolyte solutions of varying SID  infusion of 20 mlkg of either normal saline (NS) or
will, according to the strong ion theory, variably alter the  Ringer’s lactate (RL) over 30 min. NS has an [SID] of
pH, base excess, and the concentrations of the strong 0 mmol/L ([Na']—{Cl"] = 154 — 154 = 0 mmol/L),
ions themselves. These panels represent the effects of  whereas RL has an SID of 28 mmol/L ([Na'] + [K'] +
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molecule of another substance to osmolality. The
vast majority of circulating osmols consist of
sodium (and its associated anions), glucose, and
urea. The presence of unanticipated osmols
(osmol gap) is a potentially useful signal of the
presence of a toxic alcohol. The true utility of the
osmol gap in poisoned patients has been
questioned, perhaps unfairly, on the basis of
poor sensitivity [186]. However, in true clinical
circumstances, the sensitivity of the osmol gap for
“toxic alcohol” poisoning is 90% [187]. The
osmol gap is calculated as

OG = MO - CO 19)
where MO is the measured osmolality and CO
the calculated (anticipated) osmolarity. The small
difference between osmolality and osmolarity is
ignored in the calculation of the osmol gap. There
are normally a limited number of unmeasured
osmols, so a small gap is expected. In the context
of a poisoned patient, the OG is most commonly
measured in an attempt to determine whether sub-
stantial concentrations of circulating exogenous
osmols are present. Generally, the presence of
excess measured osmols in a poisoned patient
will be due to alcohols or glycols, such as ethanol,
methanol, isopropanol, ethylene glycol, or pro-
pylene glycol, the last often present because of
its widespread use in therapeutically administered
medications. Since alcohols are volatile, MO for
them should be determined by freezing-point
depression to ensure that they are not liberated
during determination of osmolality. This is not
as much of a concern with glycols. The relative
contributions of several molecules of interest to
MO are indicated in Table 5. It should be

<
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emphasized that the figures in this table are
theoretical and should be used only as a rough
guide to expected changes in osmolality or, con-
versely, plasma concentration. Osmolality is mea-
sured in mOsm/kg H,O. Numerous formulas have
been used for calculation of this gap, and one
popular formula for the predicted serum osmolal-
ity, proposed by Dorwart and Chalmers, [159]
follows:

Standard International [SI] units
CO = 1.86[Na*] + [Glucose] + [BUN] + 9,
(20a)

where concentrations of sodium, glucose, and
blood urea nitrogen (BUN) are expressed in
mmol/L.

Mass Units
CO = 1.86 [Na*] + [Glucose/18]

+ [BUN/2.8] + 9,

(20b)

where sodium is expressed in mmol/L and glucose
and urea in mg/dL [159].

Purssell and colleagues [189] derived an
osmol gap formula using linear regression with
the blood ethanol concentration taken into
account and then validated it in convenience
samples from 128 patients. This formula is
based on that of Mahon et al. [190], who used a
multiplier of 2 for Na+ rather than 1.86. Purssell
added a correction factor of 1.25 in SI units for
the contribution to osmolality by ethanol. Given
the frequency with which ethanol is found in
poisoned patients, its presence should be con-
firmed and included in the calculation. Thus,
adding the Purssell ethanol correction factor,

Y

Fig. 2 (continued) [Ca*"] [CIT]=130 + 4+3
— 109 = 28 mmol/L). Panel A. Changes in pH following
infusion of normal saline or Ringer’s lactate. Panel B.
Changes in serum base excess, sodium, chloride, and
anion gap following infusion of normal saline or Ringer’s
lactate. Panel C. Changes in standard base excess, sodium
minus chloride effect, albumin effect, and unmeasured
anion effect on base excess following infusion of normal
saline or Ringer’s lactate (Adapted from Ahmed et al. [185]
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Table 5 Contributions of some solutes to serum osmolality

1 mg/dL blood or plasma
concentration of
substance will increase

the osmol gap by
Molecular | approximately

Substance weight (mOsm/kg)
Acetone 58.1 0.17

Ethanol® 46.1 0.22

Ethylene 62.1 0.16

glycol

Isopropanol | 60.1 0.17

Methanol 32.1 0.31
Propylene 76.1 0.13

glycol

1 mOsm/kg increase
in the osmol gap
corresponds to an

estimated
concentration of 1/

CF® | AIOG® | (mg/dL) CFY | AIEC®
5.8

1.20 ]0.26 4.6 0.83 |[3.82

1.00 |0.16 6.2 1.0 6.20
6.0

1.07 |.033 32 093 |2.98
7.6

Serum concentration (mg/dL) = (osmol gap) x molecular weight/10. These calculated figures may be misleading and

should be interpreted carefully

“See the text for revised calculations of ethanol concentration

®Conversion factors, as proposed by Khajuria and Krahn [188]

°Adjusted estimate of increase and osmol gap (multiply column 3 by column 4)
9Reciprocal of conversion factors, as proposed by Khajuria and Krahn [188]
°Adjusted estimate of increase in concentration (multiply column 6 by column 7)

one arrives at a formula for CO, corrected for
measured blood ethanol (CO.qrected):

SI units
COcorrected = 2{Na+} + {GIUCOSC}

+ {BUN}—125 x {Ethanol}
(21a)

If mass units (mg/dL) are used for the latter three,
the following formula is used:

Mass Units
COcorrected = Z{Na+} + {Glucose}/18

+ {BUN}/2.8 — {Ethanol}/3.7
(21b)

Two more recent studies have studied the effect
of ethanol on the osmol gap [191, 192]. Carstairs
and colleagues gave ten healthy volunteers up to
140 mL 100% ethanol in sugar-free soda (n = 8)
or plain sugar-free soda (n = 2). The Dorwart
formula was used. The osmol gap was divided
by the blood ethanol to determine the mean coef-
ficient of ethanol’s contribution to serum osmolal-
ity, yielding 4.25 (95% CI, 4.13-4.38). This
divisor is smaller than that predicted by molecular
weight of ethanol, indicating that it contributes

more to total osmolality than predicted for an
ideal solute [191]. The study has been criticized
for proposing a mean coefficient when the under-
lying individual subjects had coefficients that
were substantially inconsistent [193]. In a much
larger study of 603 emergency department
patients, Garrard and colleagues retrospectively
reviewed patients who had concurrent ethanol,
basic metabolic panel, and measured serum osmo-
lality results available [192]. The median ethanol
concentration was 166 mg/dL (36 mmol/L). The
mean osmol gap was 47, with a significant pro-
portional relationship between ethanol and osmol
gap. The authors concluded that the contribution
of ethanol to the osmol gap is defined by the
ethanol concentration (mg/dL)/4.0 [192].

Dozens of formulas of varying performance
have been proposed for the plasma osmolality
calculation. Not surprisingly skepticism about
the value of the osmolal gap as a predictive tool
for the presence of toxic alcohols has arisen [186].
Nonetheless, many hospitals do not have access to
immediate confirmation for the presence and
quantity of toxic alcohols in the blood. They
thus depend on the anion and osmol gaps for
determining the likelihood of a toxic alcohol
exposure.
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Khajuria and Krahn [188], in an effort to derive
a formula that can be used in normal patients, as
well as in those who are hyperglycemic and/or
intoxicated, performed a series of in vitro experi-
ments and tested several formulas for the calcu-
lated osmol gap. They demonstrated that glucose
and alcohols don’t accurately predict osmolality
on the basis of their molecular weights alone. The
experiments demonstrated the need for correction
factors for glucose, ethanol, methanol, and ethyl-
ene glycol of 1.15, 1.20, 1.07, and 1.00, respec-
tively, in order to accurately predict osmolality.
The authors then tested two formulas against data
from 37 healthy volunteers (without ethanol) and
129 emergency department patients with mean
ethanol concentrations of 41.5 £+ 27.0 mmol/L.
Both formulas predicted osmolality well, in the
presence or absence of ethanol. One of the two
formulas, a modification of the Dorwart formula
[159], with potassium added follows:

ST units
CO = 1.86[Na++K+] + 1.15[Glu]

+ [Urea] + 1.2[Ethanol] + 14
(22a)

This formula yielded a mean osmol gap of
0.77 £ 3.80 mOsm/kg in healthy volunteers
(without ethanol). The mean osmol gap in patients
with ethanol present was —0.2 + 5.00 mOsm/kg,
with a reference interval of —8.04—6.50 mOsm/kg
[188], substantially narrower than that reported by
Hoffman and colleagues (—5-15 mOsm/kg, using
a different formula) [186]. This formula and that
of Siervo (see below) utilize urea in SI units rather
than BUN. However, there is 1 mmol of nitrogen
in 1 mmol of urea, so the conversion is the same as
usual if BUN is employed (i.e., divide by 2.8 to
obtain mmol/L from mg/dL):

Mass Units
CO = 1.86[Na" +K*] + 1.15[Glu/18]
+ [BUN/2.8] + 1.2[Ethanol/4.6] + 14
(22b)

One notes that the correction factor for ethanol in
this case resolves to 4.6/1.2 = 3.8, almost precisely
the correction factor proposed by Purssell [189].
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Siervo and colleagues [194] subsequently
compared 38 predictive equations, including the
Khajuria formula (minus the ethanol correction),
in a group of 186 frail older people with and
without diabetes. They found four equations
which showed reasonable agreement with mea-
sured osmolality, but that the formula with
narrowest limits of agreement was the following:

CO = 1.86|Na®™ +K*] + 1.15[Glu] +
[Urea] + 14. One immediately notes that this is
the same formula as that of Khajuria (Eq. 22a)
minus the correction for ethanol.

Martin-Calderon and colleagues [195] inde-
pendently compared 14 calculated osmolality
equations, comparing goodness of fit of the calcu-
lation with osmolality measured by freezing-point
depression among 146 healthy volunteers
(96 males/50 females). They warned that the orig-
inal Dorwart—Chalmer equation should not be
used for osmolality calculations. Like Siervo,
they did not include ethanol in their calculations.
The best fit was obtained by the same equation
adjusted for use of mass units:

CO = 1.86[Na* +K"] + 1.15[Glu/18]
+ [BUN/2.8] x + 14

* BUN/2.8 was substituted for urea/6 for use in
the USA, where measurement of urea is uncom-
mon. Thus, while prospective confirmation of its
validity in a wide variety of patients with normal
values, hyperglycemia, elevated blood ethanol,
and/or toxic alcohols is needed, this formula
(adding the correction for ethanol) clearly looks
promising.

One other issue of importance to the calcula-
tion of the osmol gap is that of “pseudohypo-
natremia”  associated with hyperglycemia.
Pseudohyponatremia is an accurate description
of the volume exclusion effect of very elevated
triglycerides or protein when sodium is measured
by indirect methods. The move to specific ion
electrodes has largely eliminated this issue. The
decrease in sodium seen with hyperglycemia is
not pseudohyponatremia, but rather a shift of
water from the intracellular space to the plasma
induced by the osmotic effect of glucose, such that
the sodium in the vascular compartment is indeed
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decreased by dilution. The specific ion electrode
for sodium provides accurate measurements even
in the presence of elevated glucose; thus, there is
no reason to “correct” the sodium for elevated
glucose in calculating the osmol gap [196].

So, what is one to do with these different equa-
tions for calculated osmols? First, inquire from
your laboratory whether they have determined
the normal osmol gap in your patient population.
As Purssell warns, the calculation of the osmolal
gap at the bedside without knowledge of how the
calculation works in that environment is poor
practice and subject to serious error [189]. Of the
published equations, the Khajuria (Egs. 22a and
22b) appear to offer very close correlation with
measured osmols. In the end, it is important to
remember that assuming the presence or absence
of a toxic alcohol on the basis of the osmol gap,
regardless of formula, is not ideal. It is imperative
to understand that the range of “normal” osmol
gaps will vary significantly, depending on the
calculation chosen and on laboratory equipment
used for the analysis. The osmol gap appears to be
most reliable when it exceeds 25 mOsm/kg [197],
although a more recent paper reports excellent
sensitivity down to 10 mOsm/kg [187]. Because
of variations in the results (and normal values)
obtained depending on the formula used, the rel-
atively small number of osmols produced by a
toxic concentration of ethylene glycol (a blood
concentration of 25 mg/dL [4 mmol/L] is equiva-
lent to only ~4 mOsm/kg see Table 5), and the
possibility of missing even severe very early or
late manifestations of ethylene glycol or methanol
toxicity, the osmol gap should be interpreted with
caution. Small or absent anion or osmol gaps may
be obtained after severe toxic alcohol poisoning,
depending on the extent of absorption and metab-
olism that have taken place since the ingestion.
Therefore, both anion and osmol gaps must be
viewed with prudence and do not completely
rule out such poisonings. If any clinical suspicion
exists, a direct measurement of the possible
offending alcohols or glycols should be obtained
and strong consideration given to initiation of
blockade of alcohol dehydrogenase (ADH).
When the osmol gap is elevated in the case of
methanol poisoning, the osmol gap may be
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followed to assess treatment progress. Jacobsen
and colleagues have reported on 28 patients from
a recent methanol outbreak, in whom the osmol
gap predicted in a linear fashion the methanol
concentration, with a correlation coefficient of
0.94 [198]. This same group demonstrated good
correlation between serum methanol and osmol
gaps during hemodialysis, concluding that, in the
absence of serum methanol analyses, the osmol
gap is useful to assess indication for and duration
of dialysis in methanol poisoned patients [199].

An unvalidated algorithm in which the various
gaps are used for evaluation of acid—base disor-
ders is presented in Fig. 3. Suggestions for use of
the anion and delta gaps are found in Figs. 4 and 5,
respectively. A side-by-side comparison of the
Stewart and modified anion gap-base excess
methodologies is found in Fig. 6.

Arterial Blood Gases

Interpretation of arterial blood gases in a poisoned
patient does not differ significantly from that in
other patients and is therefore not discussed in
detail here. It is worthwhile, however, to note
that according to the strong ion theory, the change
in pH induced by a change in PaCO, will vary
depending on [SID] and Ator, thus indicating that
PaCO, is important not only in respiratory acido-
sis but also in metabolic acidosis and reinforcing
the importance of evaluation of all three indepen-
dent variables [176]. The compensation formulas
for simple acid-base disorders proposed by
Narins and Emmett [200] are provided in Table 6.
The caveats discussed above with regard to “stan-
dard” bicarbonate hold.

Treatment of Acid-Base Disorders

The sine qua non of therapy for acid—base disor-
ders is correction of the underlying cause of the
disorder. Attention to the patency of the airway
and adequacy of ventilation and oxygenation can-
not be overemphasized.

In terms of metabolic derangements, the strong
ion theory significantly simplifies the task of
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Clinical
suspicion for
acid—base disorder
and/or patient
acuity

Obtain:

Na*, K*, CI~, CO,,Alb™
Evaluate AG corrected for albumin
(Eq 3), Delta gap (Eq 4)
Consider osmol gap for suggestive
history*, increased AG or AMS
Consider ABG, lactate

Etiology of

Obtain:

ABG, Na*, K*, CI~, CO2,
Ca?*, Mg?*, Pi~, Alb™, lactate
Consider quantitative analysis of
specific toxicants based on history

acid-based
disorder clear?

Correct acid-base

Perform quantitative acid—base
analysis (SIG) or AG corrected BE
corrected (Figure 6)
Consider osmol gap for suggestive
history*, increased SIG or AG or AMS

disorder, if present

Fig.3 Anunvalidated algorithm (level of evidence III) for
the evaluation of acid-base disorders based on clinical
suspicion of a disorder or patient acuity. While simple
acid—base evaluation, using classic laboratory studies and
calculation of “gaps,” may suffice where suspicion of
acid—base derangements and acuity is low, quantitative
“strong ion” analysis is indicated where there is high sus-
picion of acid-base disorder or high acuity. Failure to
clarify the etiology of the disorder with simple gaps and

correction. A careful evaluation of strong ions will
determine the need for electrolyte replacement, so
reflexive administration of large volumes of solu-
tions that alter [SID], such as sodium chloride, is
avoided in the treatment of metabolic acidosis.
Hypoperfusion persisting in spite of correction
of vascular water and electrolyte deficits may
require the use of vasoactive substances. It must
be appreciated that their use may often worsen
acidosis via the production of lactate, so careful
attention to the risk—benefit ratio of their use is of
utmost clinical interest [201, 202].

Since the advent of the Stewart approach,
increasing attention has been directed at correc-
tion of strong ion differences through the use of

ABG analysis should also indicate the need for quantitative
acid—base analysis. See text and Fig. 6 for details on
calculation. Abbreviations: ABG arterial blood gas, AG
anion gap, ALB~ serum albumin, AMS altered mental
status, BE base excess, LOE level of evidence, Pi inorganic
phosphate, [SIG] strong ion gap. Level of evidence:
Corrected anion gap-1I-2, Delta gap-Ill, [SIG]-I, BE
corrected-11-1

various crystalloid solutions. Morgan and col-
leagues studied the relationship between the
strong ion difference of a diluting crystalloid and
its acid-base effects on in vitro blood dilution
[203]. They tested three solutions of varying chlo-
ride content (120, 110, and 100 mmol/L ([SID]
equals 20, 30, and 40 mEq/L respectively), as well
as 0.9% saline ([SID] equals 0) and Hartmann
solution ([SID] equals —4 mEq/L). With the
exception of the solution of 40 mEq/L [SID], for
which [SID] did not change, plasma [SID]
decreased during hemodilution. For solutions
with higher [SID], base excess increased during
hemodilution. The relationship between hemoglo-
bin concentration and both plasma [SID] and a
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Decreased
< 3 mmol/L

Consider:

Increased serum lithium
Increased serum bromide or iodide
Multiple myeloma
Severe hypomagnesemia or hypercalcemia
Hypoalbuminemia: Correct AG**
Renal transplantation
Hyponatremia

Anion Gap*

Normal
3-11 mmol/L

Increased
> 11 mmol/L

Consider:

Exogenous unmeasured anion sources
(methanol, ethylene glycol, salicylates)
Osmol gap
Endogenous unmeasured anion sources
(lactate, ketoacids)
Hyperphosphatemia: Correct AG***

Consider:

Normal acid-base status or normal AG acidosis

Calculate delta

Masking of unmeasured anions by conditions above left gap
Correct AG for hypoalbuminemia**

Treat as
appropriate

Fig. 4 Evaluation of the anion gap (AG). *AG is
calculated as [Na'] — ([C17] + [HCO;]). The normal
range of AG is 3—11 mmol/L but will vary according to
individual hospital laboratories. **Correction for
hypoalbuminemia: AG observed + 0.25 x ([Albumin,
nL] — [Albumin observed]) = AG corrected, where nor-
mal albumin is considered to be 45 g/L. ***Correction for

whole blood base excess were linear. Linear
regression revealed the [SID] of crystalloid pro-
ducing a 0 base excess/hemoglobin concentration
slope during blood dilution (in other words no
acid-base change) was 23.7 mEq/L. This same
group demonstrated in rats undergoing
normovolemic hemodilution that there is a linear
relationship between the crystalloid [SID] and the
postdilutional metabolic acid—base status [204].
The [SID] of a crystalloid balance for
normovolemic hemodilution is 24 mEq/L, identi-
cal to the standard bicarbonate.

Omron and Omron performed clinical
simulations of modeled acid-base and fluid com-
partment parameters in a 70 kg test participant at
standard physiologic state [205]. Comparing
simulated infusions of up to 10 L of normal saline
([SID] equals 0), Ringers lactate ([SID] equals 28),
Plasma-Lyte 148 ([SID] = 50), half normal saline
+75 mEq sodium HCO; ™ ([SID] = 75) and 0.15
mole/L  sodium  ([SID] = 150) with a

Etiology
clear?

Perform quantitative acid-
base analysis (SIG***)
or corrected BE
ABG
Na+, K+, Cl-, CO2
Ca2+, Mg2+, Pi-, Albumin

hyperphosphatemia: AG observed — 0.32 x ([Phosphate
observed] — [Phosphate, nL]) = AG corrected, where the
upper normal phosphate level is considered to be 5 mg/dL.
If phosphate is reported in mmol/L, simply drop the mul-
tiplier of 0.32. ABG, arterial blood gases; [SIG], strong ion
gap. Level of evidence: Corrected anion gap-11-2

hypothetical crystalloid solution of [SID] = 24.5

mEq/L, the authors demonstrated that a crystal-
loid [SID] equivalent to standard-state actual
HCO3™ (24.5 mEq/L) results in a neutral meta-
bolic acid—base status or standardized base excess
approximately equal to 0 mEq/L for infusions up
to 10 L. The larger the infused volume, the greater
the displacement of SBE from 0 mEq/L when
crystalloid [SID] and actual HCO;3™ are discor-
dant. The lower the [SID] relative to actual
HCO; ", the greater the standard base deficit; the
greater the crystalloid [SID] relative to actual
HCOj3 ™, the greater the SBE. Al L normal saline
infusion resulted in metabolic acidosis, whereas
the same infusion of Ringers lactate resulted in
metabolic alkalosis.

In 2013, Morgan [123] reviewed the subject of
the “balanced” crystalloid in the context of quan-
titative acid—base chemistry. Noting that the [SID]
of isotonic saline is 0 (equal concentrations of
sodium and chloride), Morgan makes the case
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Decreased
< -6 mmol/L

Consider:
Mixed increased AG acidosis and normal AG
acidosis
Mixed increased AG acidosis in chronic
respiratory alkalosis with compensatory
hyperchloremic acidosis
Increased AG acidosis reduced by low AG state
(bromism, lithium toxicity, hypoalbuminemia)

Obtain ABG and use Albert formula to calculate

expected PaCO2**. If measured PaCO2 is lower

than expected, a primary respiratory alkalosis is
present

Delta Gap*

Normal
-6 to +6 mmol/L

Consider:
Simple increased AG acidosis
Complex mixed acid-base
disorder

Increased
> +6 mmol/L

Mixed increased AG acidosis and primary
metabolic alkalosis
Mixed increased AG acidosis and respiratory
acidosis

Treat as
appropriate

Fig. 5 Evaluation of the delta gap. *The delta gap is
calculated as Agap = AAG — AHCO3 , where AAG =
observed AG — the upper normal limit of the AG and
AHCO3;~ = lower normal HCO;~ — observed HCO; .
The normal range for the delta gap is 0 £ 6. **Albert

that administration of large volumes of saline
over arelatively short period of time forces reduc-
tions in [SID], leading to hyperchloremic meta-
bolic acidosis, while at the same time reducing
Atot through dilution of plasma proteins and
phosphate, which gives rise to metabolic alkalo-
sis. The net result however is metabolic acidosis.
Admittedly, saline-induced acidosis is relatively
mild to moderate. Nonetheless, he underscores
that there are data suggesting that hyperchloremic
metabolic acidosis is pro-inflammatory, causing
multiorgan dysfunction. He reminds us that
reduced chloride exposure may lessen kidney
injury with a possible mortality benefit [206]. To
achieve exact balance from an acid—base perspec-
tive, it is sufficient to reduce the strong ion differ-
ence to 24 mEq/L. This can be done by replacing
chloride in an isotonic saline solution with HCO3
or a substitute such as acetate. He points out that
Ringer’s acetate solution is as close to a balanced
solution that exists currently, both from acid—base
and tonicity perspectives. He suggests that a
large, randomized clinical trial is necessary to

Etiology
clear?

Perform quantitative acid-
base analysis (SIG***)
or corrected BE
ABG
Na+, K+, CI-, CO2
Ca2+, Mg2+, Pi-, Albumin

formula: Expected PaCO, =1.5 [HCO5; ]+ 8+2.
***See text and Fig. 6 for calculation of [SIG] (XA™)
(Adapted from Wrenn [141]). Level of evidence: Delta
gap-III

establish definitively the benefits of using a bal-
anced crystalloid solution [123].

Raghunathan and colleagues carried out a ret-
rospective cohort study of patients admitted with
sepsis, comparing those who received only “no-
balanced fluids” (i.e., isotonic saline with or with-
out dextrose 5% [SID] = 0) against patients who
received some (widely variable) quantity of “bal-
anced” solutions such as Ringers lactate in 53,448
patients among 360 US hospitals [207]. While the
patients treated with balanced fluids were younger
and less likely to have heart disease or chronic
renal failure, they were more likely to receive
mechanical ventilation, invasive monitoring, col-
loids, steroids, and larger crystalloid volumes.
The authors then applied propensity matching to
arrive at two comparison groups of 3,396 matched
subjects. Receipt of balanced fluids was associ-
ated with lower in-hospital mortality (19.6%
vs. 22.8%) with mortality progressively decreas-
ing among patients receiving larger proportions of
balanced fluids [207]. While these findings are of
interest, there are clearly methodological issues.
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Stewart Method

Obtain
Na*, K*, CI, CO,, BUN, Glucose
Alb~, Pi~, Mg**, Ca**, ABG, Lactate
Consider osmol gap

Critically ill or
complex acid-
base disorder

Questions to consider:

Is the SID decreased,
suggesting hyperchloremic

Modified AG-BE Method

Obtain
Na*, K*, CI, CO,, BUN, Glucose
Alb~, Pi~, ABG, Lactate
Consider osmol gap

and research for specific toxicants acidosis?

ORIGINAL
STEWART
METHOD

STORY/AHMED
METHOD

Is the serum sodium
normal, or is there evidence
of water excess or deficit?

and research for specific toxicants

CORRECTED
ANION GAP (AGc)

CORRECTED BE
METHOD

Is the serum albumin low,

Calculate SID
Correcting for alb-
and Pi~ (Eq. 7)

Obtain standard
BE from ABG

acidosis?

Calculate Na*—CI-
effect (Eq. 16)

Calculate SIG
(Eq. 8)

Calculate CI”
excess/deficit
(Eq. 9)

Calculate albumin
effect (Eq.17)

producing a metabolic
alkalosis and masking (Eq.2) Ae

Is the SIG or AG, increased,
suggesting unmeasured
anions?

Is the increase in the SIG or
AG accounted for by an

Calculate

standard AG Obtain BE from

Correct AG for
albumin (Eq. 3)

Calculate effect of
free H20 (Eq.11)

Calculate effect of
Cl- (Eq. 12)

Calculate Delta
gap (Eq. 4)

increase in lactate?

Calculate
Unmeasured ion
effect (Eq.18)

Calculate water
excess/deficit
(Eq.10)

If not, what other organic
acids could be responsible?

Calculate effect of
alb- (Eq. 13)

See Figure 4
Anion gap

Glycolate? Formate? Beta

Yields SIG
corrected

Yields SIG
equivalent

Fig. 6 Evaluation of patients with perceived complex
acid—base disorders. Both Stewart physicochemical
methods and modifications of the anion gap and base
excess methodology have been proposed in recent years.
The choice of methodology remains controversial, so mul-
tiple methods of acid—base analysis are provided here.

Thus, a large randomized controlled trial of well-
defined balanced versus unbalanced fluids is
clearly needed.

The comparison of Ringers lactate to normal
saline and abdominal sepsis patients by Ahmed
and colleagues has already been cited. Figure 2
demonstrates significant differences in pH and
base excess induced by relatively modest
(20 mL/kg) infusion volumes of 0 [SID] solutions
such as normal saline.

The specific (i.e., other than supportive) treat-
ment of acid-base disorders remains controver-
sial. For many years, the cornerstone of treatment
of metabolic acidosis, with the exception of DKA,
was the administration of bicarbonate, sometimes
in very large quantities. Correction of abnormal
pH (excess H") via administration of bicarbonate

hydroxybutyrate?

Calculate BE
attributable to UA
(Eq. 14/15)

See Figure 5
Delta gap

Abbreviations: A/b~albumin, ABG arterial blood gas,
AG, corrected anion gap, BUN blood urea nitrogen, [SID]
strong ion difference, [S/G] strong ion gap, UA
unmeasured anions. Level of evidence: Corrected anion
gap-11-2; Delta gap-III; [SIG]-L; BE corrected-1I-1

appears logical on the surface. However, Graf and
colleagues [208] pointed out evidence that admin-
istration of bicarbonate may actually worsen intra-
cellular acidosis, which led to proposals by some
that we should “ban bicarbonate” in the treatment
of acidosis [209]. Whether this rapid swing of the
pendulum in the opposite direction was warranted
depends on the belief that all metabolic acidosis is
alike and should therefore be treated similarly.
One might question, however, whether the acido-
sis produced by metabolic conversion of methanol
is equivalent to the lactic acidosis produced in
septic shock. Kellum has pointed out that when
treatment is based on [SID], the need for bicar-
bonate therapy becomes clear [175]. If the disor-
der involved is characterized by decreased or
normal sodium, administration of sodium in the
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Table 6 Formulas for expected compensation in simple
acid—base disorders

Disorder Formula

Metabolic Change in PaCO, = 1.2 x change in
acidosis HCO;™

Metabolic Change in PaCO, = 0.6 x change in
alkalosis HCO;™

Acute Change in HCO3~ = 0.1 x change in
respiratory PaCO,

acidosis

Acute Change in HCO3~ = 0.2 x change in
respiratory PaCO,

alkalosis

Chronic Change in HCO3;™ = 0.35 x change in
respiratory PaCO,

acidosis

Chronic Change in HCO;~ = 0.5 x change in
respiratory PaCO,

alkalosis

Adapted from Narins and Emmett [200]

Changes represent differences from normal values for
PaCO, (40 mmHg) and HCO3™ (24 mEq/L). See text for
cautions regarding standard HCO3 ™

form of bicarbonate may in fact be warranted.
However, it is in reality the sodium concentration
(the strong ion) that is being addressed. If one
accepts the Stewart theory, bicarbonate will actu-
ally be determined by the three independent vari-
ables (strong ions, PaCO,, and weak acids/salts).
Only by increasing sodium relative to chloride can
sodium bicarbonate “repair” metabolic acidosis.
Thus, when sodium is already increased, there is
no role for bicarbonate therapy [175]. Other con-
siderations make the use of sodium bicarbonate
potentially appropriate in metabolic acidosis of
toxic origin. Alkalinization of the urine has a
demonstrated beneficial effect on the distribution
of salicylates and barbiturates by hastening elim-
ination and diminishing CNS penetration. Sodium
administration (as bicarbonate or hypertonic
saline) appears to be effective as well in the treat-
ment of cyclic antidepressant-related dysrhyth-
mias, which may be associated with metabolic
acidosis [210-212]. In summary, although bicar-
bonate should no longer be viewed as the “uni-
versal antidote” for metabolic acidosis, its use
should not be summarily abandoned in all cases
of acidosis. Kraut and Madias have recently pro-
vided recommendations for calculation of
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bicarbonate requirements in severe lactic acidosis
(pH < 7.10), diabetic ketoacidosis (pH < 7.0),
and non-gap metabolic acidosis (pH < 7.20)
when attempts at correcting the underlying disor-
der have been unsuccessful:

Bicarbonate requirement = desired [HCO; ™| —
present serum [HCO3™] x bicarbonate space,
where bicarbonate space = [0.4 + (2.6/ HCOg’D
x body weight (kg) (23)

The authors further recommend that, in order to

minimize potential complications of bicarbonate

administration, therapy should be initiated based

on calculation using bicarbonate space of 50%

body weight (kg); if this is not successful in

achieving desired serum [HCO; ], administer
larger quantities of bicarbonate based on
bicarbonate space calculated from the above

formula [213].

The use of the strong ion approach allows us to
not only recognize the often multiple underlying
causes of acid-base disorders but also correct
them. Hypoalbuminemia contributing to severe
metabolic alkalosis may warrant replacement
therapy. Chloride excess leading to acidosis may
be addressed by hemofiltration or the use of a
weak base such as tris(hydroxymethyl)
aminomethane (THAM, or tromethamine). The
presence of a strong ion gap (excess unmeasured
anions) calls for therapy to reduce their produc-
tion or facilitate their removal [175].

THAM has been proposed as an alternative to
sodium bicarbonate, because it reduces arterial
hydrogen ion concentration without producing
CO, and penetrates cells easily, reducing intracel-
lular acidosis [214]. Weber and colleagues studied
THAM in 12 patients undergoing permissive
hypercapnia for ARDS [215]. Patients who
received THAM experienced less myocardial
depression and lessened effects of hypercapnia
on arterial pressure and mean pulmonary arterial
pressure. Marfo and colleagues reported the case
of a patient with severe lactic acidosis secondary
to highly active antiretroviral therapy successfully
treated with THAM [216]. Several studies have
shown promising results in selected patient
populations [217, 218], but additional studies are
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needed. Kraut and Madias recommend consider-
ation of THAM in patients with lactic acidosis,
diabetic ketoacidosis, or non-gap metabolic aci-
dosis in patients when CO, retention is present or
incipient. They estimate THAM requirements
using the following formula:

0.3 M THAM requirement (in ml)
= body dry weight (kg)
x base deficit (mEq/1) x 1.1,

(24)

where base deficit = desired serum [HCO;3 | —
actual serum [HCO; ] [213].

Finally, extracorporeal treatments may be of
interest in acidosis of toxic etiology
[219-221]. Hemodialysis can correct not only
the plasma bicarbonate (the result of the underly-
ing disturbance in strong ion imbalance) but also
some strong ion abnormalities (hyperkalemia).
Furthermore, it has the capacity to remove a num-
ber of endogenous (lactate, pyruvate) and exoge-
nous (methanol and metabolites, ethylene glycol
and metabolites) compounds of low molecular
weight and limited volume of distribution.

Based on admittedly limited data (mostly case
reports), the Extracorporeal Treatments in Poison-
ing (EXTRIP) workgroup has recommended extra-
corporeal removal of metformin in the case of
severe poisoning (plasma lactate > 20 mmol/L
[180 mg/dl], pH < 7.0, shock, failure of stan-
dard support measures, and decreased level of con-
sciousness) [222]. EXTRIP has also recently
released recommendations for extracorporeal treat-
ment for valproic acid (VPA) poisoning. Intermit-
tent hemodialysis is recommended for valproic
acid poisoning when at least one of the following
criteria for severe poisoning is present: VPA con-
centration >1,300 mg/L (9,000 pmol/L), the pres-
ence of cerebral edema, or shock; suggestions for
extracorporeal treatment include a VPA concentra-
tion >900 mg/L (6,250 pmol/L), coma or respira-
tory depression requiring mechanical ventilation,
acute hyperammonemia, or pH < 7.10 [223].
Note, however, that some degree of
hyperammonemia is common with even minor
VPA toxicity. Thus, the hyperammonia should be
significant if that is the only reason the patient is
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being considered for extracorporeal drug elimina-
tion. Cessation of extracorporeal treatment (ECTR)
is indicated when clinical improvement is apparent
or the serum VPA concentration is between 50 and
100 mg/L (350-700 pmol/L). Intermittent hemodi-
alysis is the preferred ECTR in VPA poisoning. If
hemodialysis is not available, then intermittent
hemoperfusion or continuous renal replacement
therapy is an acceptable alternative. EXTRIP has
recommended extracorporeal treatment for acet-
aminophen (APAP) poisoning in the case of mito-
chondrial dysfunction as reflected by early
development of altered mental status and severe
metabolic acidosis preceding liver failure
[224]. They point out that extracorporeal treatment
should be reserved for those rare situations when
the efficacy of N-acetylcysteine (NAC) cannot be
definitively demonstrated. Specific recommenda-
tions for extracorporeal treatment include: an
APAP  concentration over 1,000 mg/L
(6,600 pmol/L) if NAC is not administered, signs
of mitochondrial dysfunction and an APAP con-
centration over 700 mg/L (4,630 mmol/L) if NAC
is not administered, and signs of mitochondrial
dysfunction and an APAP concentration over
900 mg/L (5,960 mmol/L) if NAC is administered
(level of evidence [LOE] = III). Intermittent
hemodialysis (HD) is the preferred ECTR modality
in APAP poisoning [LOE] = III.

Summary

Acid-base disorders in poisoned patients may be
of multiple toxic and nontoxic etiologies. A care-
ful history and physical examination are neces-
sary to suspect the disorder, and a thorough
laboratory evaluation is required to distinguish
the probable etiology. Reliance on simple calcu-
lations such as anion or osmol gaps may result in
errors, including missed diagnosis. A systematic
approach using multiple diagnostic tools, includ-
ing the quantitative (strong ion) method, will
decrease the likelihood of errors. Treatment is
largely supportive. Bicarbonate or THAM therapy
is useful in selected cases but should be based on a
quantitative analysis of acid—base derangements
rather than being a rote response to abnormal
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laboratory values. Hemodialysis may also be of
benefit in selected patients, again relying on the
patient’s clinical condition as a guide to therapy.
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