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Abstract Purpose: To determine
whether Stewart’s approach can
improve our ability to diagnose acid–
base disorders compared to the tradi-
tional model. Methods: This
prospective cohort study took place in
a university-affiliated hospital during
the period of February–May 2007.
We recorded clinical data and acid–
base variables from one hundred
seventy-five patients at intensive care
unit admission. Results: Of the 68
patients with normal standard base
excess (SBE) (SBE between -4.9 and
?4.9), most (n = 59; 86.8%) had a
lower effective strong ion difference

(SIDe), and of these, 15 (25.4%) had
SIDe \ 30 mEq/L. Thus, the evalua-
tion according to Stewart’s method
would allow an additional diagnosis
of metabolic disorder in 33.7%
patients. Conclusions: The Stewart
approach, compared to the traditional
evaluation, results in identification of
more patients with major acid–base
disturbances.
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Introduction

Acid–base disorders are common in critically ill patients,
and they are generally associated with greater morbidity
and mortality [1]. Methods that allow understanding the
nature of these disorders, and consequently identifying
approaches that can avoid and/or correct them can be
extremely important [2].

The traditional evaluation adapted from Henderson
and Hasselbach, which includes the determination of the
anion gap (AG), standard base excess (SBE) and bicar-
bonate (HCO3

-), is the most widely used method to
identify the presence and degree of metabolic acidosis [2,
3]. One advantage of this method is that it is easy to
understand and apply in common clinical situations [2].
This evaluation can quantify an acid–base disorder, but it
supplies little information regarding its source [4].
Moreover, it may grossly oversimplify complex metabolic
derangements. The calculation of AG does not control
changes in PaCO2 and albumin [5]. The calculation of

SBE requires a normal concentration of body water,
electrolytes and albumin, limiting its accuracy in most
critically ill patients [3–5].

An alternative evaluation to this conventional model is
the mathematical model based on physicochemical prin-
ciples described by Peter Stewart [6, 7] in 1981 and
modified by Figge et al. [8, 9]. This model proposes three
variables that independently determine the concentration
of hydrogen ions (H?) and, consequently, the pH. These
variables are the strong ion difference (difference between
fully dissociated anions and cations, SID), the total weak
acid concentration (especially albumin and phosphate)
(Atot) and PaCO2 [10]. The essence of Stewart’s model is
the understanding that only these three variables are
important. Neither H? nor HCO3

- can be changed if one
of these three variables is not changed. This method
allows quantifying the components of the acid–base dis-
orders individually and thus offer a better understanding
of pathogenesis [11]. The principles of the model have
been applied to derive mathematical adjustments of AG
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and SBE in order to correct the presence of hypoalbu-
minemia, lactate and other unmeasured anions [12–14].

Using physicochemical evaluation, a few studies
showed that traditional analysis often fails to identify
acid–base disorders in the population of critically ill
patients [3–5, 15]. In addition, it has been suggested
that the identification of unmeasured anions offers
greater prognostic value than the traditional indices [3,
5, 16, 17].

Although several recent studies have discussed the
contributions of Stewart’s method, many uncertainties
remain as to the diagnostic value of physicochemical
evaluation. The main objective of this study is to find out
whether the diagnostic evaluation of acid–base disorders
in a population of critically ill patients can be improved
using Stewart’s method compared to the traditional
model. Some results of this study have previously been
published as an abstract [18].

Methods

This prospective cohort study took place in a single
Intensive Care Unit (ICU) with 25 adult medical-sur-
gical beds at a university hospital in Porto Alegre,
Brazil. All the patients admitted to the ICU during the
period of February–May 2007 were included in the
study. Patients were excluded if they did not have all
the laboratory variables needed for the acid–base
evaluation proposed and/or remained in the ICU for
less than 24 h.

The study was approved by the Institutional Ethics
Committee. Since the laboratory tests and data collected
in this study are part of routine clinical practice, informed
consent was waived.

Arterial and venous blood samples were drawn for
blood gases and a serum biochemical panel, respectively.
The samples were collected simultaneously when the
patient was admitted, with a maximum interval of 1 h
between collections for the tests.

Blood gases were analyzed to measure pH and PaCO2

(Rapilab 865, Chiron Diagnostics). A venous blood
sample was analyzed to measure Na?, K? and Cl- (Ion-
selective electrode, Roche Diagnostics), Ca2? (ortho-
cresolphthalein colorimetric technique, Roche
Diagnostics), Mg2? (xylidil blue colorimetric technique,
Roche Diagnostics), PO4

- (ultraviolet-phosphomolybdate
colorimetric technique, Roche Diagnostics), albumin
(bromcresol green colorimetric technique, Roche Diag-
nostics) and lactate (kinetic colorimetric, Roche
Diagnostics). The samples were processed within 2 h
after collection and were not stored on ice.

Bicarbonate and SBE were calculated using the Hen-
derson-Hasselbach and Siggaard-Andersen equations,
respectively [19–21]. Based on the SBE, the metabolic

status of the patients was classified as acidosis (SBE B
-5.0), normal (SBE between -4.9 and ?4.9) or alkalosis
(SBE C ?5.0). The AG was calculated by the standard
formula: AG = [Na?] ? [K?] - [Cl-] - [HCO3

-],
with an elevated AG defined as greater than or equal to
17 mEq/L [3, 5]. This reference value varies from 12 to
18 mEq/L in other studies [4, 10, 15, 22]. The corrected
AG was also calculated (AGcorr) to compensate for the
patient’s albumin, phosphate and lactate concentrations,
using the formula: AGcorr = AG - (2[albumin in g/dL] ?
0.5[phosphate in mg/dL]) - lactate [23].

Physicochemical analysis was performed using the
Stewart equations [7] modified by Figge et al. [9] to
consider the effects of plasma proteins. First the apparent
strong ion difference was calculated (SIDa): SIDa =
[Na?] ? [K?] ? [Mg2?] ? [Ca2?] - [Cl-] - [lactate]
(all concentrations in mEq/L). The effective strong ion
difference (SIDe) was then calculated. This equation
considers the contribution of plasma weak acids (PaCO2,
albumin and phosphate) to the electroneutrality of plasma.
The formula for SIDe, as determined by Figge et al.[9],
is: SIDe = 1000 9 2.46 9 10-11 9 PaCO2/(10-pH) ?
[alb] 9 (0.123 9 pH - 0.631) ? [phosphate] 9 (0.309 9
pH - 0.469). In this equation PaCO2 is measured in
mmHg, albumin (alb) in g/L and phosphate in mmol/L.
The normal variation for SIDe was defined as 38–42
mEq/L.

The difference between SIDa and SIDe should be
equal to zero if there is electroneutrality in plasma. This is
expressed as strong ion gap (SIG) by utilizing the formula
SIG = SIDa - SIDe. A positive value represents the
presence of unmeasured anions which must be included to
explain the measured pH. An elevated SIG value SIG was
defined as [2 mEq/L [24].

According to the physicochemical approach, as pro-
posed by Fencl et al. [15], a metabolic disturbance may be
caused by two types of change: abnormal SID and
abnormal concentrations of non-volatile weak acids.

We decided to use the absolute value of the anions
(chloride, lactate and unmeasured anions), instead of
classifying the type of metabolic acidosis according to the
predominant anion. In many cases, more than one anion
contributes significantly to metabolic acidosis, which
makes it difficult to interpret this classification.

Besides the laboratory variables, demographic and
clinical data were collected. The Acute Physiology and
Chronic Health Evaluation (APACHE) II [25] and Sepsis-
related Organ Failure Assessment (SOFA) [26] scores
were calculated on admission. Organ dysfunction was
defined as a SOFA score [2 points in the organ systems
evaluated—cardiovascular, respiratory, neurological,
hematological, renal and hepatic. All the patients were
followed to determine length of stay and mortality in ICU
and in the hospital.

Statistical analysis: the data are presented as
mean ± SD. Linear regression and Bland-Altman analysis

1378



were used to evaluate the relationship between continuous
variables, and r2 and the P value were quoted. Student
t-tests were used to assess which of the quantitative vari-
ables were related to survival. The entire statistical analysis
was performed using the commercially available statistical
program SPSS 15.0 (SPSS, Chicago, IL). A value of
P \ 0.05 was considered statistically significant.

Results

Two hundred and twelve patients were included in the
study. Thirty-seven of the patients were excluded because
they did not have all the laboratory variables needed, or
because they stayed in the ICU less than 24 h. Thus, 175
patients were included for final analysis. The demographic,
clinical and outcome variables are shown in Table 1.

Table 2 shows the variables measured and calculated
to evaluate the acid–base disorders.

Metabolic acidosis (SBE B -5.0) was found in 103
(58.9%) patients, whereas metabolic alkalosis (SBE
C ? 5.0) was found in only 4 (2.3%) patients. The
presence of unmeasured anions defined by elevated SIG
([2 mEq/L) was identified in 149 (85.1%) patients, while
hyperlactatemia (lactate [2 mmol/L) was found in only
77 (44.0%) patients. Hyperchloremia (chloride C
110 mEq/L) was found in 101 (57.7%) patients. Six
patients (3.4%) presented a negative SIG which may
indicate the presence of unmeasured cations, although we
have to consider possible measurement errors before
adopting this assumption.

Of the 68 patients with normal SBE (SBE between
-4.9 and ?4.9), most (n = 59; 86.8%) had a lower SIDe,
and of these, 15 (25.4%) had SIDe \30 mEq/L. Con-
versely, of the 103 patients with metabolic acidosis
according to the traditional method based on SBE, all also
had a lowered SIDe. Thus, evaluation according to
Stewart’s method would allow an additional diagnosis of
metabolic disorder in 59 (33.7%) patients.

Table 3 shows two examples of metabolic disorder
detected using the Stewart method. In patient 1, admitted to
ICU due to septic shock, we did not identify a metabolic
disorder using the traditional evaluation (normal HCO3,
AG and SBE). However, when we applied the Stewart
method, we noticed that SIDe is reduced by approximately
10 mEq/L. This major metabolic acidosis is explained
mainly by hyperchloremia and by unmeasured anions
(SIG = 4.5 mEq/L). SBE misses this disorder due to the
alkalinizing effect of hypoalbuminemia and hypophos-
phatemia. Alkalemia is the result of hypocapnia.

In patient 2, admitted to the ICU during the postop-
erative period of elective neurosurgery, once again we did
not identify a metabolic disorder when we analyzed the
values of HCO3, SBE and AG. The reduction of SIDe by
approximately 11 mEq/L is almost exclusively the result

of hyperchloremia (lactate is within normal limits and
SIG is not elevated). Here the negative value of SIG may
mean an error in measurement or the presence of
unmeasured cations, which is rare even in critically ill
patients. In any case, we know that there is no elevation of
unmeasured anions to explain metabolic acidosis in this
patient. This metabolic disorder is not identified by the
traditional method due, once again, to the alkalinizing
effects of hypoalbuminemia. Acidosis is mitigated by
hypocapnia.

We could identify only two patients in whom hyper-
phosphatemic acidosis was present without any other
cause of metabolic acidosis. The two patients were in
renal failure. Hypoalbuminemia (B35.0 g/L) was present
in 142 (81.1%) patients.

SIG and AGcorr showed a very good correlation
(r2 = 0.82; P \ 0.001) and good agreement by Bland-
Altman analysis, with 170 of 175 (97.1%) data points
contained within 2 SD of the mean (mean -0.33, 95%
confidence interval (CI) -2.32–1.65).

Table 1 Demographic and clinical variables and outcome

N 175

Age, years 55.9 ± 18.1
Gender, male n (%) 93 (53.1)
APACHE II 20.8 ± 8.0
SOFA score at admission 6.2 ± 3.8
Reason for ICU admission
Sepsis, n (%) 48 (27.4)
Cardiovascular, n (%) 12 (6.8)
Respiratory, n (%) 36 (20.6)
Neurologic, n (%) 26 (14.9)
Gastrointestinal, n (%) 5 (2.9)
Postoperative, n (%) 45 (25.7)
Miscellaneous, n (%) 3 (1.7)

Type of admission, n (%)
Medical 112 (64.0)
Elective surgery 42 (24.0)
Emergency surgery 21 (12.0)

Place prior to admission, n (%)
Ward 50 (28.6)
Emergency room 48 (27.4)
Operating theater 60 (34.3)
Another hospital 17 (9.7)

ARDS at admission, n (%) 7 (4.0)
Shock at admission, n (%) 55 (31.4)
Renal dysfunction at admission, n (%) 25 (14.3)
Hepatic dysfunction at admission, n (%) 11 (6.3)
Mechanical ventilation at admission, n (%) 90 (51.4)
Mechanical ventilation, in evolution, n (%) 127 (75.6)
Dialysis, in evolution, n (%) 37 (21.1)
ICU stay, days 9.3 ± 13.3
Mortality in the ICU, n (%) 44 (25.1)
Hospital mortality, n (%) 64 (36.6)
Predicted hospital mortality (%) 37.5
Standardized mortality ratio (CI 95%) 0.97 (0.76–1.24)

APACHE II acute physiology and chronic health evaluation
(APACHE) II, SOFA score sepsis-related organ failure assessment
(SOFA) score, ARDS acute respiratory distress syndrome, ICU
intensive care unit
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Discussion

The main result of this study is that it demonstrates the
greater sensitivity of physicochemical evaluation in
identifying acid–base disorders in critically ill patients.

A diagnostic evaluation based on HCO3
-, AG and

SBE is commonly used to interpret the acid–base

disorders. In uncomplicated clinical situations, this tra-
ditional evaluation may be satisfactory [15]. In critically
ill patients, however, this method can oversimplify the
complex metabolic disorders present, and so is generally
inadequate in explaining them [3, 10]. In the present
study, evaluation using the physicochemical method,
compared with the traditional evaluation based on SBE,
allows an additional diagnosis of metabolic disorder in
approximately one-third of the patients. In the two
patients mentioned, the SBE failed to identify important
metabolic disorders due to the alkalinizing effect of
hypoalbuminemia and hypophosphatemia. In both cases,
there was hyperchloremic acidosis. A possible advantage
would be a change in fluid replacement: we might use a
more balanced solution, such as ringer lactate, instead of
saline solution that might perpetuate this metabolic
acidosis. Fencl et al. had already demonstrated that SBE
fails as a measure of metabolic acidosis when there is a
change in the plasma concentration of the nonbicar-
bonate buffers, an almost universal disorder in critically
ill patients [15]. However, in a recent publication, Dubin
et al., when adding AGcorr to the traditional model,
concluded that both methods are equivalent in diagnos-
ing acid–base disorders [22], which is partially in accord
with our results. The contribution of AGcorr to the acid–
base evaluation, already demonstrated previously [15],
was also seen in our study. However, the traditional
model neglects the value of albumin in acid–base dis-
orders [1] and AGcorr should be seen as derived from the
principles of physicochemical evaluation [3]. In our
opinion it is not right to conclude from the use of this
variable that the Stewart model does not offer a diag-
nostic advantage.

In this study we did not evaluate possible changes in
treatment based on a change in the diagnostic evaluation,
which, in our opinion, would be a real diagnostic advan-
tage. The clinical consequences established using a
different acid–base approach is what really matters and
should be assessed. This advantage is at least theoretical,
since there is proof of greater sensitivity in identifying
major acid–base disorders and a better understanding of
their causes.

A controversial point is the prognostic value of iden-
tifying unmeasured anions. Several studies found a
significant association between SIG and mortality [3, 5,
16, 17, 27], while others did not [4, 22, 28]. As also
suggested by Rocktaeschel et al. [28] these contradictory
findings may be due to the methodology used. A small
number of patients, a small number of deaths, differences
in the formulas used for the variables calculated, differ-
ences in the technology used to measure the variables,
different times of blood sample collection, different fluids
used for resuscitation, in addition to differences in the
populations included make it difficult to compare the
studies.

Table 2 Acid–base variables

Variables Survivors
n = 111

Non-survivors
n = 64

P

pH 7.35 ± 0.10 7.32 ± 0.13 0.064
PaCO2 (mmHg) 35.3 ± 12.8 31.8 ± 10.1 0.065
Sodium (mmol/L) 140.2 ± 5.9 143.4 ± 6.2 0.001
Potassium (mmol/L) 4.1 ± 0.87 4.2 ± 0.80 0.470
Calcium (mg/dL) 7.53 ± 1.04 6.96 ± 1.03 0.001
Magnesium (mmol/L) 0.54 ± 0.14 0.53 ± 0.13 0.855
Phosphate (mmol/L) 1.24 ± 0.57 1.32 ± 0.60 0.396
Albumin (g/L) 29.6 ± 7.0 23.3 ± 8.1 \0.001
HCO3 (mmol/L) 19.1 ± 5.5 16.5 ± 6.1 0.005
SBE (mmol/L) -5.7 ± 5.4 -8.6 ± 7.1 0.005
Lactate (mmol/L) 2.5 ± 1.9 2.8 ± 2.3 0.242
Chloride (mmol/L) 109.4 ± 8.6 115.1 ± 9.0 \0.001
AG (mmol/L) 16.1 ± 5.3 16.6 ± 5.6 0.619
AGcorr (mmol/L) 5.8 ± 4.6 7.0 ± 4.7 0.106
SIDa (mmol/L) 35.5 ± 6.7 32.9 ± 7.0 0.015
SIDe (mmol/L) 29.6 ± 6.6 25.1 ± 7.0 \0.001
SIG (mmol/L) 5.9 ± 4.8 7.8 ± 4.8 0.013

HCO3 serum bicarbonate, SBE standard base excess, AG anion gap,
AGcorr anion gap corrected for albumin, phosphate and lactate, SIDa

apparent strong ion difference, SIDe effective strong ion difference,
SIG strong ion gap

Table 3 Examples of acid–base disorders

Patient 1 Patient 2

Measured variables
Sodium (mmol/L) 151 146
Potassium (mmol/L) 3.4 3.8
Calcium (mg/dl) 7.0 7.2
Magnesium (mmol/L) 2.0 1.8
Phosphate (mmol/L) 1.0 2.0
Albumin (g/L) 27.0 27.0
Chloride (mmol/L) 121 124
pH 7.48 7.43
PaCO2 (mmHg) 29.0 30.2
Lactate (mmol/L) 2.0 1.3

Derived variables
HCO3 (mmol/L) 21.5 20.0
SBE (mmol/L) -0.7 -3.8
AG (mmol/L) 12.4 6.3
SIDa (mmol/L) 34.4 27.4
SIDe (mmol/L) 29.9 28.8
SIG (mmol/L) 4.5 -1.4

HCO3 serum bicarbonate, SBE standard base excess, AG anion gap,
SIDa apparent strong ion difference, SIDe effective strong ion dif-
ference, SIG strong ion gap
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Limitations

This study has a few limitations. First, the number of
patients included is small. Second, the laboratory tests
were not measured in the same blood sample; an arterial
sample was used for blood gases and a venous sample for
the other tests, although both were collected simulta-
neously. Other studies used a similar methodology,
apparently without major changes in the results [3, 5, 17].
Furthermore, this is a methodology for laboratory tests
that is commonly used in clinical practice. Third,
although the variables were collected at the time of
admission, the mean time of hospitalization before the
ICU was 8.4 days. Thus, the effects of fluid resuscitation
on the results obtained cannot be ruled out. Although no
gelatins are used at our hospital, it is not known whether
other fluids can also change the SIG. Fourth, the exclusion
of 37 (17.4%) patients may have meant some bias in the
results, although these were probably less severely ill

patients (hospitalized for less than 24 h, or without the
necessary laboratory tests) and, consequently, provided a
small contribution. Finally, we did not use healthy vol-
unteers to determine the normal reference values. These
values were selected from other studies that adopted this
methodology. This may be a problem due to differences
in laboratory methods.

Conclusions

We found that the physicochemical evaluation, compared
to the traditional evaluation, results in identification of
more patients with major acid–base disturbances, which
may have an impact on the intervention offered to these
patients.
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