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Utility of Stewart’s Approach to Diagnose Missed Complex 
Acid–Base Disorders as Compared to Bicarbonate-anion 
Gap-based Methodology in Critically Ill Patients: An 
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Ab s t r Ac t
Background: Traditional arterial blood gas (ABG) analysis may miss out on some metabolic acid–base disorders. We prospectively compared 
Stewart’s approach in critically ill patients to traditional bicarbonate-anion gap-based methods (with and without correction for albumin) to 
diagnose acid–base disorders.
Patients and methods: Five hundred ABG samples from medical or surgical patients in the ICU were analyzed with traditional bicarbonate-anion 
gap-based methodology with and without correction for albumin and Stewart’s biochemical approach. The primary outcome identification of 
additional metabolic disorders diagnosed with Stewart’s approach in comparison to bicarbonate system-based approaches. We also looked at 
the correlation between the strong ion gap (SIG) and the albumin-corrected anion gap (acAnion Gap).
Results: Stewart’s approach detected missed metabolic disorders in 58 (11.6%) blood gas results reported as “within normal limits” with the 
bicarbonate-uncorrected anion gap approach. In 50 (10%) of these ABGs, the acAnion Gap approach was able to diagnose the missed metabolic 
disorders. Thus, the albumin-corrected anion gap method had a similar diagnostic performance to Stewart’s approach, as it missed additional 
disorders in only eight (1.6%) blood gases.
Conclusion: In this study, we found that the acAnion Gap approach was similar in diagnostic performance to Stewart’s approach. We feel that 
the corrected anion gap approach can be safely used if a ready calculator for Stewart’s approach is not available. 
Keywords: Albumin-corrected anion gap, Anion gap, Bicarbonate-based ABG analysis, Stewart’s approach, Strong ion difference, Unidentified 
strong ions.
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In t r o d u c t I o n
In critically ill intensive care patients, severe acid–base disturbances 
are the norm rather than an exception.1 The most commonly used 
approach to acid–base analysis at the bedside is based on the 
bicarbonate-anion gap system. It is also widely used in most blood 
gas analyzers.

This approach however is not perfect and has been shown 
to miss metabolic acid–base disorders in critically ill patients.1 
In the bicarbonate system, the calculation of the anion gap (AG) 
contributes additional diagnostic information on unmeasured 
anions, however, it is known that hypoalbuminemia reduces its 
usefulness.2 Hence, it is recommended to adjust the anion gap to 
albumin levels (AGcorrected).3,4

Stewart’s approach to acid–base chemistry applies basic 
physicochemical principles of aqueous solutions to blood. It is based 
on fundamental laws of electroneutrality and principles of chemical 
equilibrium (laws of conservation of mass and laws of mass action).5 It 
takes into consideration the role of all the buffer molecules (including 
hemoglobin) contributing to acid–base equilibrium in the body. Since 
it accounts for all biochemical elements present in the blood, we 
considered Stewart’s approach to be the gold standard for this study.

The negative charge of plasma proteins, mainly albumin, and 
other weak acids, participate in the electroneutrality of plasma 
and contribute to the acid–base status.6,7 Albumin is the main 
contributor of total nonvolatile weak acid in plasma’s chemical 
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equilibrium, since serum globulins do not carry a significant net 
electric charge. 

Most critically ill patients have low albumin, and this creates 
an alkalinizing effect which hides excess of unmeasured anions 
(lactate or ketoacids), confounding the acid–base status of the 
plasma, thus affecting the interpretation, unless we correct the 
anion gap for low albumin.8
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The other problem with the bicarbonate approach is 
that phosphate, which serves as a nonbicarbonate buffer, is 
not accounted for.6 In critically ill cancer patients, phosphate 
concentrations are significantly increased in patients with 
hematological malignancies with tumor lysis syndrome or those 
with severe renal failure. Similarly, increased globulin levels 
in patients with plasma cell disorders, ranging from solitary 
plasmacytoma to multiple myeloma or in patients on high doses 
of polymyxin antibiotics, affect the interpretation of acid–base 
balance.9 Albumin and phosphate concentrations are accounted 
for in Stewart’s approach, unlike the traditional uncorrected 
bicarbonate approach. 

We hypothesized that owing to these omissions; important 
metabolic acid–base abnormalities can be missed with the 
traditional approach, in critically ill patients.10–13 We, therefore, 
conducted this study to see if Stewart’s approach was better 
than the bicarbonate system-based approaches, in the ability to 
diagnose disorders in arterial blood gases (ABGs) labeled as normal, 
after analyzing them with both traditional approaches, in critically 
ill patients.

PAt I e n ts A n d Me t h o d s
This prospective observational study with a review of patient 
charts and investigations was carried out in the intensive care unit 
(ICU) of a tertiary referral cancer center. The institutional review 
board approval was obtained, which waived off written informed 
consent. Data from five hundred ABG samples were randomly 
collected from patients admitted to our mixed medical-surgical 
ICU admissions over a period of 3 months (May 1, 2013–July 31, 
2013). The patient’s demographic data, medical record number, 
presenting pathology, acute medical issues, and comorbidities 
were recorded. For the purpose of the study, only the data from 
the ABG collected simultaneously with biochemical investigations 
was analyzed. The values from these results were used as inputs 
for Stewart’s calculator.

The pH, PO2, and PCO2 values were measured with the blood gas 
analyzer (radiometer: COBAS B221, ROSCHE diagnostics). Samples 
of separated plasma were analyzed for Na+ and K+, Ca2+ and Mg2+, 
Cl−, inorganic phosphate, total protein, serum albumin, urea, uric 
acid, creatinine (DECMAN COULTER AU 2700), and hemoglobin 
(SIEMENS ADVIA 2120).

Bicarbonate Approach
Using the measured pH and PCO2, the HCO3

− was calculated by the 
blood gas analyzer using the Henderson–Hasselbalch equation. A 
sequential stepwise approach to acid–base analysis was performed; 
firstly for anion gap without correction for albumin, and then with 
anion gap corrected for albumin. Delta gap and delta ratio were 
calculated for all blood gas samples to identify mixed disturbances. 
The results were then compared with Stewart’s approach (see 
Supplementary Material). 

Stewart’s Approach
Stewart’s approach calculations were performed by using a 
validated, downloaded spreadsheet calculator, Acid–Base 
Calculator V10.8.xls from the website www.acid–base.org (see 
Appendix). The calculator accepts laboratory data (pH, PCO2, 
[Na]+1, [K]+1, [Cl]−1, protein, phosphate, hemoglobin, urea, uric 
acid, sulfate, and other ionic concentrations) as inputs and displays 
a report which quantifies the three independent parameters 

that are known to control acidity, i.e., SID, ATOT, and PaCO2 (see 
Supplementary Material).

The pro forma used for data collection can be seen in Table 1. 
Normal values of parameters and reference ranges taken for 
analysis are mentioned in Table 2. Table 3 shows the parameters 
and their range in the study sample. The diagnoses arrived at with 
traditional approaches (anion gap without and with correction 
for albumin) were then compared with the results of Stewart’s 
approach. 

The blood gases labeled as within normal limits by the 
bicarbonate-uncorrected anion gap methodology were evaluated 
for any missed disorders picked up by the corrected anion gap 
and Stewart’s approach. The primary outcome for the study was 
the proportion of additional disorders diagnosed using Stewart’s 
approach and the corrected anion gap approach.

A proportion of blood gases with hyperlactatemia (lactate  
levels >2  mmol/L), hypoalbuminemia (albumin <34  g/L), and 
metabolic alkalosis secondary to hypoalbuminemia (reduced ATOT 
with normal SID), was calculated.

Table 1: Data collection pro forma

Patient Reg. No./age/sex

Diagnosis/comorbidities

pH/[HCO3
−] (mmol/L)/base excess (mmol/L)

PCO2 (kPa) PCO2 (mm Hg) PO2 (kPa) PO2 (mm Hg) 

Base excess, [Lactate−] (mmol/L), [Glucose] (mg/dL)

[Na+] (mmol/L), [K+] (mmol/L), [Cl−] (mmol/L)

[Ca2+] (mmol/L) (total), [Mg2+] (mmol/L)

[Phosphate−] (mmol/L) [Sulphate2−] (mmol/L) 

[Total protein] (g/L) [Albumin] (g/L) 

[Uric acid] (mmol/L) [Creatinine] (mg/dL) [Urea] (mg/dL) 
[Hb] (g/L) 
Anion gap 

Albumin-corrected anion gap

Delta gap/delta gap (Alb corrected)

Delta ratio/delta ratio (albumin-corrected)

SIG/SID/ATOT

Results

Traditional approach

Traditional approach corrected for albumin

Stewart’s approach
This pro forma was used to collect data and enter the analysis of blood gases  
with all three approaches

Table 2: Normal reference ranges for ABG analysis

Parameter Reference range
pH  7.4 ± 0.05
HCO3     24 ± 2 mEq/L
PaCO2     40 ± 5 mm Hg
SID (strong ion difference)     35 ± 2 mEq/L
Anion GAP      12 ± 2 mEq/L
SIG/NUI (net unmeasured ions)        ±3 mEq/L
Albumin 40 ± 6 g/L
ATOT (weak acid concentration)     17 ± 2 mEq/L
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The 95% limits of agreement between the two parameters, 
the albumin-corrected AG, and strong ion gap (SIG) were −2.38 
to 17.01 with a mean difference of 7.31 (Fig. 1). These wide limits 
suggest poor agreement. Since the expected difference between 
these parameters should be 12 (normal AG 12 and SIG 0), these 
findings suggest that with the recorded data, one could not reliably 
predict the value of each of these parameters from the other. We 
also calculated the correlation between the albumin-corrected 
anion gap (acAnion Gap) and the SIG (Stewart’s approach), as they 
both indicate the presence of unmeasured ions. A correlation 
was moderate with Pearson’s r = 0.51 and a significant regression 
coefficient of 0.576 (p <0.001) (Fig. 2). This suggests that the 
corrected anion gap and SIG which are measurements of similar 
entities moved in the same general direction but not perfectly.

Table 3: Parameters with their range in the study sample

Parameters Range
pH     7.2 ± 0.37
PCO2 (mm Hg) 63.4 ± 51
PO2 (mm Hg)   245 ± 210
HCO3

− (mmol/L)      26 ± 16.6
Base excess (mmol/L)    1.1 ± 18
Lactate (mmol/L)      8.1 ± 7.8
Glucose (mg/dL)      20 ± 19
Na+ (mmol/L)  148 ± 12
K+ (mmol/L)      5.2 ± 3.9
Mg++ (mmol/L)       3.1 ± 2.8
Cl− (mmol/L)  104.5 ± 24.5
Calcium++ (mmol/L)       2.9 ± 1.7
Phosphate (mmol/L)       2.6 ± 2.4
Total protein (g/L)    54 ± 30
Albumin (g/L)    29 ± 20
Uric acid (mmol/L)    8 ± 7.9
Creatinine (µmol/L)    435 ± 425
Urea (mmol/L)       55 ± 54
Hb (g/L)   105 ± 70
Anion gap (mmol/L)       15 ± 21
Albumin-corrected anion gap (mmol/L)    20.5 ± 19.5
Delta gap (mmol/L)     3 ± 21
Delta gap (albumin-corrected)     7 ± 21
Delta ratio      −9 ± 50
Delta ratio (albumin-corrected)           7 ± 21
Strong ion gap (mEq/L)      −3 ± 26
Strong ion difference (mEq/L)       47 ± 27
ATOT (mEq/L)       18 ± 10

Table 4: Summary of acid–base disorders diagnosed by the three 
approaches

ABG disorders details No. of ABGs
Number of ABG’s with hyperlactatemia (>2 mmol/L)   181 (36.2%)
Number of ABG’s with severe hyperlactatemia 
(>5 mmol/L)

  31 (6.2%)

Number of ABG’s with hypoalbuminemia (<34 g/L)  453 (90.6%)
Number of ABG’s with severe hypoalbuminemia 
(<20 g/L)

 109 (21.8%)

Number of ABG’s with metabolic alkalosis caused by 
severe hypoalbuminemia*

 12 (2.4%)

ABG disorders missed by uncorrected anion gap  
approach in ABGs labeled as normal by corrected 
anion gap approach

50 (10%)

ABG disorders missed by uncorrected anion gap  
approach, picked up by Stewart’s approach 

      58 (11.6%)

ABG disorders missed by corrected anion gap  
approach, picked up by Stewart’s approach

      8 (1.6%)

*Stewart’s approach helped identify and understand metabolic alkalosis 
caused by severe hypoalbuminemia. These patients had a positive base  
excess and elevated HCO3

− and did not have an elevated SID or abnormal 
sodium concentration, suggesting alkalosis was not due to the presence of a 
positively charged species or water deficit but due to severe hypoproteinemia  
being the cause of a reduced ATOT

Statistical Analysis
We did not perform a formal sample size calculation; since there 
is scarce data available about how many disorders may be missed 
with the traditional approaches as applied to ABG analysis and 
included 500 ABGs as a convenience sample. Statistical analysis was 
performed with Stata/IC v16 (College Station, TX) software. Linear 
regression, correlation coefficients, and Bland and Altman analyses 
were performed between SIG and corrected anion gap to explore 
the relationship between these variables as they both represent 
unmeasured ions.14 A p-value of <0.05 was taken to be statistically 
significant for the linear regression. 

re s u lts
In this study, a total of 500 ABG samples were collected from 128 
patients. Of these 44 were females (34.4%) and 84 males (65.6%). The 
age ranged from 1.5 to 80 years (mean 42.4 years). There were 80 
(61%) patients with solid organ malignancies, while the remaining 
(48 patients, 39%) had hematological malignancies. 

Stewart’s approach picked up missed metabolic disturbances in 58 
(11.6%) ABG results; which appeared to be normal with the uncorrected 
anion gap approach, and in 8 (1.6%) blood gases labeled normal 
with corrected anion gap approach. The bicarbonate-uncorrected  
anion gap approach missed metabolic disorders in 10 and 11.6% 
of ABGs when compared with either bicarbonate-corrected anion 
gap or Stewart’s approach, respectively (Table 4). Fig. 1: Linear regression plot between acAnion Gap and SIG
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when compared to the corrected anion gap approach. Thus, 
the diagnostic performance of the albumin-corrected anion 
gap approach was similar to Stewart’s approach. McAuliffe 
suggested that hypoproteinemia (hypoalbuminemia) causes 
metabolic alkalosis, hiding the metabolic acidosis caused by 
unmeasured anions if the traditional bicarbonate method is 
used. Stewart’s approach will however lead to correct diagnosis 
and also the traditional method once we correct the anion gap 
for low albumin.15

Stewart’s approach uses actual values of all parameters such 
as protein, phosphate, chloride, hemoglobin, urea, uric acid, and 
does not have any compensation rules or formulae. It provides 
a complete description of the acid–base status of an individual. 
In our study, Stewart’s approach diagnosed extra acid–base 
disorders in 11.6% of blood gas samples reported as normal with 
the uncorrected anion gap approach.

Dubin et  al .  compared Stewar t ’s approach with the 
bicarbonate and Base Excess method for evaluating acid–base 
disorders in 935 critically ill patients. It detected metabolic 
disorders, such as metabolic acidosis in 14% of patients who 
had normal bicarbonate and base excess. However, when the 
anion gap was corrected for albumin levels, the difference 
came down to only 1%. This is similar to our findings.10 In 
another study, Fencl et  al. compared Stewart ’s approach 
with bicarbonate and base excess/base def icit methods 
in 152 critically ill patients. Of these, 96% of patients had 
hypoalbuminemia. They looked at patients who had normal base 
excess or plasma bicarbonate concentration to see if Stewart’s 
approach could diagnose the missed metabolic acid–base  
disturbances. They found that in 14% of the samples when the 
anion gap was corrected for hypoalbuminemia, the hidden 
abnormalities became manifest. Overall, Stewart’s and corrected 
anion gap approaches gave close in their diagnostic ability and 
there was a good correlation between the anion gap and SIG.11 

While these studies have shown an exceptionally high degree 
of correlation of anion gap and SIG, however in our study the 
correlation was only moderate, which may have been due to 
potential differences in patient population, illness severity, or 
pathology.

Chaiyakulsil et  al. obtained 1,338-paired measures from 130 
critically ill pediatric patients over a 2-year period. They excluded 

The base excess of extracellular fluid (BE ECF) indicates the 
nonrespiratory, i.e., metabolic component in acid–base disorders 
(normal −2 to +2  mEq/L), while the strong ion difference (SID) 
indicates the balance between the anions and cations. The normal 
SID is 0, i.e., the SID is neutralized by unmeasured anions. The 95% 
limits of agreement between the base excess and SID were also 
wide at 33.52–53.99 (mean difference of 43.76), indicating possibly 
that they cannot be used interchangeably. The correlation, however, 
was stronger with Pearson’s r = 0.69, and the regression coefficient 
was 0.712 (p <0.001) (Figs 3 and 4). 

Fig. 2: Bland-Altman plot of acAnion Gap and SIG

Fig. 3: Linear regression plot between BE ECF against SID

dI s c u s s I o n
We found that Stewart’s approach detected acid–base disorders 
in complex critically ill patients missed by the uncorrected anion 
gap bicarbonate method, i.e., in 50 (10%) 58 blood gas samples, 
the acAnion Gap approach was able to correctly diagnose the 
missed metabolic disorders. Hence, Stewart’s approach identified 
additional disorders in only eight (1.6%) blood gas samples, 

Fig. 4: Bland-Altman plot of BE ECF and SID
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diagnosed by Stewart’s approach will affect the patient outcomes. 
Future studies should evaluate the effect of treatment directed 
towards additional anomalies picked up using Stewart’s approach 
and patient outcomes.

su P P l e M e n tA ry MAt e r I A l 
All the supplementary material from Supplementary 1–6 tables are 
available online on the website of www.IJCCM.org.
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AP P e n d I x

Appendix 1: The Calculator for ABG Analysis with 
Stewart’s Approach
Ready Excel spreadsheet calculator (Acid–Base Calculator V10.8.xls 
from Dr Peter Lloyd of Hawke’s Bay Hospital, Hasting, New Zealand) 
was used for the interpretation of the blood gas with Stewart’s 
approach. 

This was a free public access download from the website 
acidbase.org where it was made available by Dr Ross Freebairn (the 
Medical Director for Intensive Care Services at Hawke’s Bay Hospital, 
Hasting, New Zealand).

The calculator accepts laboratory data as inputs and displays 
a report, which quantifies the three independent parameters that 
are known to control acidity. These parameters are the SID, which 
summarizes the strong or fully dissociated electrolytes, the total 
weak acid concentration (Atot−), which summarizes the nonvolatile 
weak or partially dissociated electrolytes, and the partial pressure 
of carbon dioxide (PCO2). 

It quantifies the three independent factors that control acidity, 
calculates the concentration and charge of unmeasured ions, and 
displays graphically the value of the independent factors, the 
predicted acidity, the measured acidity, and the net concentration 
of unmeasured ions. Thus, it produces a report based on these 
calculations and displays a Gamblegram depicting measured ionic 
species. 

The minimum data set required is pH, PCO2, [Na]+1, [K]+1, [Cl]−1, 
but it also takes protein, phosphate, hemoglobin, urea, uric acid, 
sulfate, and other ionic concentrations.

The strong ion calculator takes the concentrations of the 
measured strong electrolytes (and in the case of calcium and 
magnesium converts the concentration into ionic strength). The 
only strong ion that is not routinely available for analysis in modern 
medical laboratories is sulfate. Its concentration can increase greatly 
in renal failure.
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Appendix 2: Data Entry Page for the Spreadsheet Calculator
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Appendix 3: Example of Report Obtained from the Spreadsheet Calculator

The values of the three independent parameters are displayed 
at each corner of a triangle. The direction and degree to which 
variation of each parameter individually affects the acidity are 
displayed in brackets. The individual results that contributed to 

the calculation of the independent parameters are tabulated 
nearby. 

Beneath this is a printed report box and the gamblegram for 
the patient.

Report Box
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Gamblegram
Gamblegram has two bars, one depicting the concentration of cations, the other anions.

Strong ions are fully dissociated throughout the physiological 
range of acidity. The weak acid anions (bicarbonate, proteins, 
phosphate) must change their equilibrium concentrations to 

conform to the space available (the SID). Otherwise, the solution 
would violate the requirement that at equilibrium the cations are 
opposed by an equal concentration of anions.
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