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Abstract
The Stewart approach-the application of basic physical-
chemical principles of aqueous solutions to blood-is an 
appealing method for analyzing acid-base disorders. 
These principles mainly dictate that pH is determined 
by three independent variables, which change primarily 
and independently of one other. In blood plasma in 
vivo these variables are: (1) the PCO2; (2) the strong 
ion difference (SID)-the difference between the sums 
of all the strong (i.e. , fully dissociated, chemically 
nonreacting) cations and all the strong anions; and (3) 

the nonvolatile weak acids (Atot). Accordingly, the pH and 
the bicarbonate levels (dependent variables) are only 
altered when one or more of the independent variables 
change. Moreover, the source of H+ is the dissociation 
of water to maintain electroneutrality when the 
independent variables are modified. The basic principles 
of the Stewart approach in blood, however, have been 
challenged in different ways. First, the presumed 
independent variables are actually interdependent as 
occurs in situations such as: (1) the Hamburger effect 
(a chloride shift when CO2 is added to venous blood 
from the tissues); (2) the loss of Donnan equilibrium (a 
chloride shift from the interstitium to the intravascular 
compartment to balance the decrease of Atot secondary 
to capillary leak; and (3) the compensatory response to 
a primary disturbance in either independent variable. 
Second, the concept of water dissociation in response to 
changes in SID is controversial and lacks experimental 
evidence. In addition, the Stewart approach is not 
better than the conventional method for understanding 
acid-base disorders such as hyperchloremic metabolic 
acidosis secondary to a chloride-rich-fluid load. Finally, 
several attempts were performed to demonstrate 
the clinical superiority of the Stewart approach. 
These studies, however, have severe methodological 
drawbacks. In contrast, the largest study on this issue 
indicated the interchangeability of the Stewart and 
conventional methods. Although the introduction of 
the Stewart approach was a new insight into acid-base 
physiology, the method has not significantly improved 
our ability to understand, diagnose, and treat acid-base 
alterations in critically ill patients.

Key words: Acid-base metabolism; Stewart approach; 
Base excess; Bicarbonate; Anion gap; Strong ion 
difference; Strong ion gap

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: In this article, we comprehensively reviewed 

MINIREVIEWS

World Journal of
Critical Care MedicineW J C C M

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.5492/wjccm.v4.i1.62

World J Crit Care Med  2015 February 4; 4(1): 62-70
ISSN 2220-3141 (online)

© 2015 Baishideng Publishing Group Inc. All rights reserved.

February 4, 2015|Volume 4|Issue 1|WJCCM|www.wjgnet.com 62



the evidence that has been used to argue for the 
superiority of the Stewart approach over the traditional 
method for the analysis of acid-base metabolism in 
critically ill patients. The basic principles of the Stewart 
approach have severe weaknesses. In addition, the 
contribution of this method to the understanding of 
mechanisms is minor; furthermore, from a clinical 
standpoint, the Stewart approach has no advantage 
for diagnostic or prognostic purposes compared to 
the analysis based on bicarbonate, base excess, and 
albumin-corrected anion gap.
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INTRODUCTION
Acid-base disorders are usually found in critically ill 
patients. Thus, the understanding and identification 
of these derangements is crucial to the practice 
of critical-care medicine. Without a doubt, the 
Stewart approach is an appealing method to analyze 
acid-base metabolism. The so-called quantitative 
physicochemical approach has triggered opposing 
opinions that seem to be related more to passion 
than to science. The Stewart approach was con-
ceived as a method to revolutionize our ability to 
understand, predict, and control what happens 
to hydrogen ions in living systems[1], whereas the 
method has instead been characterized as absurd 
and anachronistic[2].

The goal of this review is to comprehensively 
discuss the evidence supporting the conclusion that 
the Stewart approach, although innovative and 
attractive, does not significantly contribute to the 
diagnosis of acid-base abnormalities in critically ill 
patients.

APPROACHES TO ACID-BASE 
METABOLISM: THE TRADITIONAL AND 
THE STEWART APPROACHES
Acid-base disorders can conceivably be described by 
different methods: First, by a traditional approach, 
in which the metabolic component of acid-base 
physiology is based on the analysis of plasma 
concentrations of bicarbonate (HCO3

-)[3]. This basis 
be further completed with the use of base excess 
(BE)[4]. Despite considerable argument over which 
parameter is better[5-9], both are usually employed 
in clinical practice, and all blood-gas analyzers 
include both calculations. Anion gap (AG) constitutes 

an additional diagnostic contribution[10], though 
hypoalbuminemia might preclude its usefulness. For 
this reason, many researchers have recommended 
to adjust AG to the albumin level (AGcorrected)[11-16].

An alternative approach is the application of basic 
physical-chemical principles of aqueous solutions 
to blood[1]. Some of the bases of this so-called 
Stewart approach are: (1) the protons of medium 
come from dissociation of the water to maintain 
electroneutrality; (2) the pH is determined by three 
parameters called “independent variables” because 
they change primarily and independently of each 
other (Figure 1). In blood plasma in vivo these 
variables are: (a) the PCO2; (b) the “strong ion 
difference” (SID), i.e., the difference between the 
sums of all the strong (fully dissociated, chemically 
nonreacting) cations (Na+, K+, Ca2+, Mg2+) and all 
the strong anions (Cl- plus other strong anions such 
as ketones and lactate); (c) the concentrations of 
nonvolatile weak acids (Atot), that is, the sum of their 
dissociated and undissociated forms. Accordingly, 
neither the pH nor the bicarbonate (dependent 
variables) can be altered unless one or more of 
the independent variables change; and (3) The 
assessment of the metabolic component of acid-base 
physiology relies on the analysis of plasma SID and 
Atot.

According to the Stewart approach, metabolic 
acidosis only occurs if the SID decreases or the 
Atot increases. On the contrary, metabolic alkalosis 
develops only if the SID increases or the Atot 
decreases.

In addition, the Stewart method allows the 
quantification of the magnitude of each acid-base 
disorder comparing actual values of the SID and 
the Atot with normal reference values. Moreover, the 
approach also allows the computation of the effect of 
each individual component (Na+, K+, Ca2+, Mg2+, Cl-, 
strong ion gap (SIG), albumin, and phosphate) on 
the SID and Atot. The Stewart-approach supporters 
argue that the strength of the method lies in being 
essentially quantitative because the technique 
not only measures the magnitude of the deviation 
of all variables from the normal range but is also 
mechanistic, as it provides a clear idea of the causes 
of the acid-base disorders[1].
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Figure 1  Independent determinants of pH according to the Stewart approach.



DRAWBACKS OF THE PRINCIPLES 
UNDERLYING THE STEWART APPROACH
Although the Stewart method constitutes an inter-
esting analysis of acid-base metabolism, some of 
the underlying principles have been questioned:(1) 
Stewart stated that the protons of the environment 
come from the dissociation of the water. For example, 
low SID increases H+ secondary to water dissociation. 
This concept, however, is controversial and lacks of 
experimental evidence; and (2) are the variables 
SID, PCO2 and Atot really independent of one another? 
An independent variable is defined as one that 
influences the system but is not influenced by the 
system. The term “system” here, refers to any single 
aqueous compartment (plasma, the interstitium, 
the intercellular, or cerebrospinal fluids). Within this 
scenario, PCO2, Atot, and SID fulfill the criteria for 
independent variables because those parameters 
directly influence the dissociation reactions that 
generate weak electrolytes, while they themselves 
are determined by distinctly separate control 
mechanisms[1]. The Stewart analysis, however, 
involves a single-compartment model and therefore 
does not take into account exchanges with red blood 
cells or with the interstitium as occurs when dealing 
with whole blood; the latter being considered as 
a tricompartmental model (intersititium, plasma, 
erythrocytes). In such a setting, PCO2, SID and 
Atot are not completely independent from each 
other[17-20], where this lack of independence is 
exemplified by the following situations: (1) PCO2/
SID interaction: The Hamburger effect or “chloride 
shift” is defined as the exchange between Cl- and 
HCO3

- caused by the addition to the venous plasma 
of CO2 produced by the cellular metabolism[17-20]. 
In this condition, the increase in plasma PCO2 and 
HCO3

- is associated with the entrance of chloride 
in red blood cells, with the ensuing reduction in 
the plasma Cl-. As a consequence of this process, 
the blood Cl- becomes lower in the venous than in 
the arterial blood; (2) Atot/SID: The loss of Donnan 
equilibrium describes the shift of chloride from the 
interstitium to the intravascular compartment. This 
change is produced in order to balance the decrease 
in Atot secondary to an albumin transudation from 
the intravascular space in patients with capillary 
damage and thus an increased permeability[21]; 
and (3) the compensatory response to a primary 
disturbance in either independent variable: In these 
situations, an adjustment in other variables occurs. 
For example, hypercapnia causes an increased H+, 
which is compensated by a decrease in Cl-[22] along 
with an increase in the SID. On the other hand, 
the compensatory response to reduction in Atot 
(hypoproteinemia) is a decrease in SID, secondary 
to an increase in Cl-[23]. The net result of these 
complementary changes in these theoretically 
independent variables is an amelioration of the effect 

of the primary disorder on H+.
In summary, contrary to the principles of Stewart 

approach, SID, PCO2 and Atot can be considered 
not completely independent from each other within 
certain particular settings (e.g., blood plasma in 
vivo).

UNDERSTANDING THE MECHANISMS OF 
ACID-BASE ALTERATIONS
A relevant question has to do with an understanding 
of the mechanisms that underlie the development 
of hyperchloremic metabolic acidosis after fluid 
resuscitation with chloride-rich solutions. The 
traditional approach states that acidosis is caused 
by a dilution of plasma HCO3

-[24-26]. This classical 
dilution concept regarding bicarbonate is rejected by 
the proponents of Stewart’s approach, who highlight 
the mechanistic insight into acid-base physiology as 
the method’s main strength and principal advantage 
over the traditional model. Therefore, the Stewart 
approach provides a “strong-ion”-based explanation 
for the mechanism of dilutional acidosis. They argue
that dilutional acidosis is explained by a decrease in 
the SID[1,27-31].

This issue has been comprehensively studied 
by other researchers[32,33]. Based on simulations of 
dilution studies along with in vitro experiments, they 
tried to clarify the chemical mechanism responsible 
for dilutional acidosis. Consequently, they examined 
the effects of diluting normal extracellular fluid 
with different solutions both in a closed system 
(i.e., a system not exchanging matter with the 
environment, such as venous blood before reaching 
the lung) and in a system open to gases (i.e., 
one capable of equilibrating with the PCO2). They 
observed that dilution of extracellular fluid did not 
lead to any detectable change in the H+ when the 
system was closed. The explanation was that all 
the determinants of the H+, SID, PCO2 and Atot were 
equally diluted so that their relative proportions did 
not change. In actuality, the decrease in the SID 
(leading to acidosis) was exactly balanced by the 
decrease in the CO2 content and noncarbonic buffers 
(leading to alkalosis). As a consequence, the pH 
did not change. On the contrary, acidosis was only 
found when the system was open to the gases with 
normal PCO2 (40 mmHg). In this situation, the CO2 
entered into the system because of the differing 
tensions between the gas phase and the diluted 
solution until the PCO2 was equilibrated. Therefore, 
the excess of protons observed in this dilutional 
acidosis came from CO2 hydration to carbonic acid 
(Figure 2). In other words, the chemical mechanism 
of the dilutional acidosis in blood plasma involves the 
dilution of an open CO2/HCO3

- buffer system, where 
the buffer base (i.e., the HCO3

-) is diluted but not 
the buffer acid (the CO2).
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mechanism of dilutional acidosis, and consequently 
the Stewart approach does not provide any mech-
anistic insight into acid-base disorders[33]; and (2) 
according to the traditional model, the acidosis is 
explained by the increase in the PCO2 in the face of 
a dilution of the buffer’s base.

CLINICAL USEFULNESS OF THE 
STEWART APPROACH IN CRITICALLY 
ILL PATIENTS
Although the principles of the Stewart approach 
have weaknesses and this method does not offer 
clear advantages for explaining mechanisms, several 
attempts have been made to show the superiority 
of that approach over conventional analysis in the 
diagnosis of acid-base alterations in critically ill 
patients.

The first question is if the SID is really different 
from the buffer base concentration (BB). The SID is 
actually equal to the buffer base described more than 
half a century ago. Consequently, the BE becomes 
the deviation of SID from its normal value. The SID 
and the BB are mirror images of each other[34].

Nevertheless, Fencl et al[35] studied a series of 152 
critically ill patients and concluded that the Stewart 
approach allowed a detection and quantification of all 
the various individual components of even the most 
complex acid-base disturbances seen in critically ill 
patients[35]. In that study, the Stewart approach was 
able to detect metabolic acidosis in 20 patients with 
normal HCO3

- and in 22 patients with normal BE. 
Low SID was unnoticed by changes in BE, because 
the low SID acidosis was masked by the alkalinizing 
effect of hypoalbuminemia. The AGcorrected, however, 
adequately identified all patients with elevated 
unmeasured anions. For this reason, a correct use 
of the traditional approach would have allowed a 
similar diagnosis. In addition, in normal volunteers, 
the SIG, the variable from the Stewart approach 
that quantifies unmeasured anions, was 8 mEq/L, 
which is an extremely high value. The expected 
values should have been close to zero. This finding 
suggests the presence of some methodological error.

In another study, Boniatti et al[36] concluded 
that their main result was the demonstration of a 
greater sensitivity on the part of physicochemical 
evaluation in identifying acid-base disorders in 
critically ill patients[36]. An evaluation according 
to the Stewart method allowed an additional 
diagnosis of a metabolic disorder in 34% of the 
cases, because of the greater sensitivity of the SID 
compared to BE. These results, however, might 
have been expected because of the methodological 
limitations of the study. The authors considered as 
normal BE values from -5 to 5 mmol/L, while the 
normal SID was arbitrarily defined as values from 

Stated in brief, the Stewart and the traditional 
approaches may account for these results[32,33]: (1) 
according to Stewart’s approach, since the SID and 
the Atot remain unchanged after opening the system 
to gases, the only determinant of the decrease in 
the pH is the increase in PCO2 or, more precisely, the 
increase in CO2 content. Therefore, the change in 
the SID - it being merely a mathematical construct 
- is not the cause of dilutional acidosis, but rather 
a marker for the dilutional process. In addition, the 
increase in water dissociation is not the chemical 
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38 to 42 mmol/L. Consequently, the diagnosis of 
metabolic acidosis required a decrease in the BB of 
5 mmol/L, when the BE was used as the criterion. 
In contrast, a reduction of only 2 mmol/L in BB 
identified the presence of metabolic acidosis when 
the SID was used. Therefore, the use of a more 
sensitive threshold for the diagnosis of metabolic 
acidosis by means of SID completely explained the 
results. This study has several other limitations - 
such as not measuring the arterial blood gases and 
electrolytes simultaneously, the negative values 
of SIG that were frequently found, the arbitrary 
choice of normal ranges, and the failure to evaluate 
the agreement between the acid-base variables of 
both approaches. Finally, the authors presented 
two cases to illustrate the diagnosis of metabolic 
acidosis by means of the Stewart approach (Table 
1), but unfortunately those two were misinterpreted. 
Actually, the authors mistakenly chose patients with 
respiratory alkalosis instead of metabolic acidosis. 
The presence of the low SID was the result of the 
renal compensation for a respiratory alkalosis, which 
condition was the primary diagnosis of their cases, 
as indicated by the high pH and low PCO2 values. As 
previously shown, the use of the Stewart approach, 
without consideration of the metabolic response 
to a primary respiratory disorder can lead to an 
incorrect diagnosis in 15% of the cases[37]. Indeed, 
the examples cited here adequately and definitively 
illustrate the very drawbacks of the Stewart 
approach, instead of its advantages.

Kaplan et al[38] performed a controlled study to 
show that the clinical use of the Stewart approach 
improved the accuracy of acid-base diagnosis and 
reduced the possibility of an inappropriate fluid 
loading. For this purpose, one-hundred consecutive 
trauma patients admitted to a surgical ICU were 
prospectively allocated to care by either one phy-

sician who was to use the Stewart approach or 
four other practitioners who would employ the 
conventional method. The diagnoses and interven-
tions made by the “conventional physicians” were 
reviewed by the “Stewart physician”. The results 
showed that the conventional approach missed a 
lot of diagnoses. Moreover, the acid-base balance 
normalized sooner (3.3 ± 3.4 d vs 8.3 ± 7.4 d) and 
fewer volume expansions were given through the 
use of Stewart approach. The ostensible conclusion 
was that the physician who used the Stewart 
approach more correctly diagnosed and treated the 
patients compared to the other four physicians who 
only utilized the conventional method. Nevertheless, 
the criteria used by these physicians were not 
presented in the study, and the Stewart physician 
himself determined what was right or wrong 
without any established definition. For example, 43 
of the 50 patients treated by the physicians who 
used the traditional analysis were unnecessarily 
volume-expanded because of the presence of 
hyperchloremic metabolic acidosis. The Stewart 
approach, however, would not have been needed for 
that diagnosis. Consequently, the absence of a well-
defined methodology precludes any conclusion from 
this trial.

Some studies have assessed SIG as a potential 
tool, not only for the measurement of anions but 
also as a surrogate of tissue hypoperfusion and a 
predictor of outcome. A theoretical advantage of SIG 
over AG is that the parameter remains stable and 
reliable, even in cases of extreme variations in the 
PCO2 and pH[39].

Kaplan et al[40] studied the acid-base deter-
minants of the outcome in trauma patients with 
major vascular injuries and concluded that SIG 
was a better predictor of mortality than AG[40]. 
Regrettably, these conclusions were not supported 
by the findings. The area under the ROC curve and 
the confidence intervals for SIG, BE and AG were 
quite similar. Therefore, these acid-base variables 
showed the same prognostic ability.

Other studies performed in pediatric critically 
ill patients came to similar conclusions[41,42]. The 
SIG was more strongly associated with mortality 
than traditional variables such as BE, AG, or lactate 
levels. Nevertheless, a proper evaluation of the 
unmeasured anions by the traditional method was 
not performed because the AG values were not 
corrected with respect to albumin levels.

A study by Funk et al[43] investigated the 
association between the SIG and the long-term 
outcome after cardiac arrest, in patients treated with 
therapeutic hypothermia[43]. The authors concluded 
that the SIG, measured 12 h after the return of 
spontaneous circulation, was an independent 
predictor of outcome. The AG and the SIG were 
strongly correlated, but the predictive capacity of the 
AG was not tested. Surprisingly, an editorial entitled 
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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
     BE (mmol/L) -0.7 -3.8
     AG (mmol/L)  12.4 6.3
     SID (mmol/L)  29.9 28.8
     SIG (mmol/L)    4.5 -1.4

Table 1  Examples of acid-base disorders

BE: Base excess; AG: Anion gap; SID: Strong ion difference; SIG: Strong 
ion gap. Modified from Boniatti et al[36].
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“Another Nail in the Coffin of Traditional Acid-base 
Quantification” was published along with this same 
study[44].

We compared the traditional and Stewart 
approaches in a series of 935 critically ill patients 
and in 7 healthy volunteers in order to demonstrate 
that the Stewart approach does not offer any 
diagnostic or prognostic advantage[37]. With the use 
of an analysis based on HCO3

-, BE and AGcorrected, only 
1% of the patients with low SID acidosis were left 
undiagnosed. In contrast, diagnosis by the Stewart 
approach was normal in 2% of the patients in whom 

metabolic acidosis was identified by the criteria of 
decreased HCO3

- and BE, and increased AGcorrected. 
Moreover, in normal volunteers, BE and SID, and 
AGcorrected and SIG were strongly correlated, exhibiting 
narrow limits of agreement (Figure 3). Something 
similar occurred in the critically ill patients (Figure 
4). In addition, the prognostic ability of the different 
acid-base parameters was similar. The results 
from this study suggest that the approaches are 
rather similar in terms of diagnostic and prognostic 
performance.

Another relevant issue with the Stewart approach 
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Figure 5  Arterial pH, and bicarbonate levels in patients with severe hyperlactatemia. Values for (A) arterial pH, (B) PCO2, and (C) bicarbonate ([HCO3
-]) in patients with severe 

hyperlactatemia, with normal or low base excess. aP < 0.05 vs the other group.

Figure 6  Strong-ion difference, sodium-corrected chloride, albumin, and nonvolatile weak acid levels in severe hyperlactatemia patients. Values for (A) the 
effective strong-ion difference (SIDeffective), (B) sodium-corrected chloride levels (Cl-corrected), (C) the albumin concentration, and (D) nonvolatile weak acid (Atot) levels in 
patients with severe hyperlactatemia, with normal or low base excess. aP < 0.05 vs the other group. SIDeffective: Effective strong-ion difference.
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is the poor reproducibility with respect to the 
determination of its variables. A study analyzed 179 
routine blood samples from consecutive patients 
over a 3-mo period. The determinations were 
performed by two automated blood-chemistry 
analyzers. An analysis of the agreement obtained 
indicated a lack of reproducibility among the 
simultaneous measurements as illustrated by the 
wide 95% limits of agreement: 10 mmol/L for SID 
and 12 mmol/L for SIG[45].

Finally, we demonstrated a similar diagnostic 
performance for the two approaches in a complex 
metabolic disorder[46]. Of the patients admitted to 
the ICU with severe hyperlactatemia (lactate levels 
≥ 4 mmol/L), some 20% had normal pH, HCO3

-, and 
BE - but also normal SID. This finding was explained 
by the simultaneous presence of hypochloremic 
metabolic alkalosis. Equimolar changes had occurred 
in the variables of the two approaches that had 
allowed the identification of the mixed metabolic 
alteration. The Stewart approach showed normal 
SID values together with a low chloride level, while 
the traditional analysis indicated an increase in the 
difference between the changes in AG and HCO3

- 
(Figures 5 and 6). Consequently, the Stewart and 
conventional approaches were able to describe this 
complex acid-base disorder in a similar way.

CONCLUSION
The Stewart approach has allowed a new insight 
into acid-base physiology. Unfortunately, the 
introduction of that method did not result in relevant 
advantages, compared to the judicious use of HCO3

-, 
BE, and AGcorrected either for an understanding of the 
mechanisms of acid-base alterations or for diagnosis 
or prognosis. Furthermore, the Stewart approach 
is cumbersome, requires more determinations 
and calculations, and is more time-consuming and 
expensive. On the basis of the compelling evidence 
that we have discussed here, in order to improve 
acid-base evaluation we only need to continue with 
the proper use of the old tools.
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