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Abstract: Background: With Stewart approach, pH depends on strong ion difference (SIDe), PaCO2 and non volatile 

weak acids (Atot). This approach might detect complex acid-base disorders undetected by conventional approach. We de-

signed this study to describe acid-base disorders with both Stewart and conventional approaches and to compare the 

diagnostic performance in patients with chronic respiratory failure (CRF) in acute respiratory failure (ARF) or with acute 

respiratory distress syndrome (ARDS) because they are expected to have complex acid-base disorders. Conventional ap-

proach was based on standardized base excess (SBE), bicarbonate (HCO3
-
) and anion gap (AG). Working hypotheses 

were that in CRF, metabolic alkalosis was associated with respiratory acidosis and in ARDS, Stewart approach was 
able to identify metabolic acidosis not detected with the conventional approach. 

Methods: Observational study in a medical ICU of a University hospital on 36 patients with obstructive CRF (CRFo), 36 

with non obstructive CRF (CRFno) and 28 with ARDS prospectively included over 8 months. Measurements were per-

formed on ICU admission, day 1 and day 2 after admission.  

Results: Metabolic alkalosis occurred in less than 5% of samples in CRF patients and in 0 ARDS patient. As compared to 

CRF patients, ARDS patients exhibited lower SBE, higher AG, lower SIDe and lower Atot. In ARDS, low SIDe was pri-
marily due to elevated unidentified anions. Hypoalbuminemia was present in more than 75% of patients without dif-
ference between groups. Normal values of SBE, HCO3

- and AG were very common. Stewart approach detected low 
SIDe in 13% of samples with normal SBE, in 13.8% of samples with normal HCO3

-, and in 11% of samples with 
normal AG corrected for abnormal albumin concentration, without difference between CRF and ARDS.  

Conclusions: In these selected critically ill patients, Stewart approach exceeded the diagnostic performance of the conven-

tional approach even when AG corrected was taken into account. Further studies in CRF patients with chronic hypercap-

nia and elevated bicarbonatemia are required to assess the incidence of associated metabolic alkalosis. 

Key Words: Anion gap, base excess, bicarbonate, acid-base disorder, chronic obstructive pulmonary disease, acute respiratory 
distress syndrome, acute respiratory failure.  

INTRODUCTION 

 In the classic understanding of acid-base disorders based 
on the Henderson Hasselbach equation, bicarbonate (HCO3

-
) 

buffer is central and plasma pH dependent on both pK of 
HCO3

-
 and plasma [HCO3

-
]/[PaCO2 x 0.03 ml/mmHg] ratio. 

This approach may be limited in complex situations, such as 
respiratory acidosis combined to metabolic acidosis or to 
metabolic alkalosis in which the distinction between primary 
and secondary disorders may be difficult. Furthermore, this 
method does not describe the disorders in quantitative terms. 
The determination of Base Excess (BE) [1] and Anion Gap  
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(AG) [2] has provided the conventional approach with some 
quantification of the disorder. However, AG is underesti-
mated in case of severe hypoalbuminemia [3], which is very 
common in ICU patients. An alternative concept has been 
developed by Stewart [4] to overcome the above limitations 
of the classic approach. According to this theory, plasma pH 
depends on 3 independent variables, namely PaCO2, total 
nonvolatil weak acids plasma concentration (Atot) and 
strong ion difference (SID), which is the difference between 
the sum of the strong cations and the sum of the strong ani-
ons. With this approach, acid-base disorders fit into 6 cate-
gories [5]. Some clinical studies, done in unselected ICU 
patients, have found that the clinical performance of the 
Stewart approach was greater than HCO3

-
 and BE [5, 6] but 

the difference did no longer occur when AG corrected for 
albuminemia was taken into account [6].  
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 To our knowledge, acid-base disorders occurring in acute 
(ARF) on chronic respiratory failure (CRF) or acute respira-
tory distress syndrome (ARDS) have not been specifically 
studied with the Stewart approach. These situations are ex-
pected to be not as simple as a pure acute respiratory acido-
sis or an acute hypoxemia. In ARF on CRF the metabolic 
compensation, which results in elevated plasma HCO3

-
, is 

overwhelmed and acute respiratory acidosis occurs. A meta-
bolic alkalosis may be associated with respiratory acidosis 
[7] promoted by concomitant diuretic therapy for example. 
The detection of this metabolic alkalosis has to be taken into 
account in the ventilatory settings selection to limit the risk 
of a severe mixed respiratory and metabolic alkalemia, which 
may promote seizures and/or arrhythmias. Complex acid-
base disorders are expected in the ARDS, for at least three 
reasons. First, severe sepsis or septic shock, which is a lead-
ing cause of ARDS, is associated with metabolic acidosis [8-
10]. Second, current recommendations to use mechanical 
ventilation with low tidal volume [11] would favour con-
comittant respiratory acidosis. Third, hypoalbuminemia, 
which is very frequent in ARDS [12], may hidden metabolic 
acidosis that may be detected with the traditional approach. 
Therefore, we conducted this prospective study in patients 
admitted to our ICU for ARF on CRF or ARDS with the 
following two aims: 1) to describe the acid-base disorders 
with both Stewart and conventional approaches in these pa-
tients on admission and during the early days of their ICU 
stay, 2) to compare the diagnostic performance of both con-
ventional and Stewart approaches. Our working hypotheses 
were twofold: 1) in patients with ARF on CRF, metabolic 
alkalosis was associated with respiratory acidosis, and 2) in 
patients with ARDS, the Stewart approach was able to iden-
tify metabolic acidosis not detected with the conventional 
approach. 

PATIENTS 

 This was a prospective study. From 1
st
 November 2006 to 

30
th

 June 2007, all patients admitted to our 14-bed respira-
tory ICU were screened for inclusion. Patients of both gen-
ders were included if they met at ICU admission all the fol-
lowing criteria: 1) ARF defined as an increase in breathing 
discomfort relative to baseline condition and PaCO2 > 45 
mm Hg and/or pH < 7.36 and/or PaO2 < 55 mm Hg, 2) age  
18 years, 3) arterial blood sample tested for complete bio-
chemical analysis on admission and at least on the subse-
quent two days. Patients were excluded if biochemical 
analysis was not performed on admission. In addition, eight 
healthy non smoker volunteers were used to establish the 
normal range of the acid-base variables in the laboratory. 
The protocol (EudraCT number 2007-A00495-48) was ap-
proved by the local ethics committee (CPP Sud Est III num-
ber 2007-030-B). Since procedures were part of the usual 
diagnostic management, informed consent from patients was 
waived.  

METHODS 

Measurements 

 Routine management of ARF on admission in our ICU 
includes arterial blood withdrawal for measurement of arte-
rial pH, PaO2, PaCO2, plasma electrolytes, albumin, total 
protein and lactate. Samples are systematically repeated 

daily at 6 a.m. for same biochemistry and additional blood 
samples may be drawn if indicated. For present study, were 
retained those results pertaining to the samples performed at 
ICU admission and at 6 a.m. of the first and second days of 
the ICU stay. In the normal volunteers, arterial blood was 
sampled in the post-prandial period. After withdrawn, blood 
was sent immediately to the clinical biochemistry laboratory. 
Arterial pH (pH electrode), PaO2 (Clarke’s electrode), 
PaCO2 (PCO2 electrode) were measured using Omni S de-
vice (Roche Diagnostics France, Meylan, France). Sodium 
(Na

+
), potassium (K

+
) and chloride (Cl

-
) were determined 

with ion selective using an indirect potentiometric method, 
calcium (Ca

++
) with the Ortho Cresol Phtalein photometric 

method, phosphate (PO4
--
) with the phosphomolybdate 

method, magnesium (Mg
++

) with methylthymol blue com-
plexometric procedure, albumin with the bromocresol purple 
dye-binding method, total protein with the Biuret method, 
lactate with a method which employs the oxidation of lactate 
to pyruvate, all of these using the Dimension RXL analyzer 
(Dade Behring Inc., Newark, DE, USA). 

Calculated Variables  

 From the measured pH and PaCO2, the values of HCO3
-
 

and BE (plasma) were calculated using the Henderson- Has-
selbalch and Van Slyke equations, respectively [13]. Stan-
dardized BE (SBE) was computed according to Wooten [14, 
15]: 

SBE = (HCO3
-
 - 24.4) + [(8.3 x albumin x 0.15) + (0.29 x 

PO4
--
 x 0.32)] x (pH – 7.4)          (1) 

with albumin in g/dL and PO4
--
 in mg/dL. 

 Albumin
-
 and inorganic phosphate (Pi

-
) were calculated 

from the measured values of albumin, PO4
--
 and pH [5]: 

albumin
-
 (mM) = albumin x (0.123 x pH - 0.631)        (2) 

Pi
-
 (mM) = PO4

--
 x (0.309 x pH - 0.469)         (3) 

 AG was calculated as follows: 

AG (mM) = (Na
+ 

+ K
+
) - (Cl

- 
+ HCO3

-
)         (4) 

 AG was corrected for the effect of abnormal albumin 
concentration [3]: 

AG corrected (mM) = AG + 0.25 (normal albumin -  
observed albumin) (in g/L)          (5) 

 Apparent SID (SIDa) was computed as [4]:  

SIDa (mM) = ([Na
+
] + [K

+
] + [2 x Ca

++
] + [2 x Mg

++
]) – 

([Cl
- 
+ lactate])           (6) 

 SIDe was calculated as follows [5]: 

SIDe (mM) = HCO3
-
 + albumin

-
 + Pi

-
         (7) 

 The strong ion gap (SIG) was obtained as [16]: 

SIG = SIDa – SIDe          (8) 

 A positive value of SIG must reflect unmeasured anions 
(sulphate, keto acids, citrate, pyruvate, acetate, gluconate) 
whereas a negative value of SIG must reflect unmeasured 
cations.  

 Atot was computed as: 

Atot = albumin
- 
+ Pi

-    
      (9) 
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 Unidentified strong anions (XA) were computed as fol-
lows [5]: 

XA (mM) = ([Na
+
] + [K

+
] + [2 x Ca

++
] + [2 x Mg

++
]) – [Cl

-
] 

– SIDe          (10) 

 XA and Cl were corrected for water excess/deficit by 
multiplying their observed values by a correcting factor (Na

+
 

normal/Na
+
 observed) [5].  

 At time of ICU admission the following variables were 
recorded: age, gender, simplified acute physiology score II 
[17], origin, context of admission, sepsis or septic shock 
[18], number of organ system dysfunction [19]. Were also 
recorded at time of ICU admission, at day 2 and day 3 the 
amount and type of fluid (crystalloid, colloid, albumin, red 
blood cells, and other fluids including fresh frozen plasma 
and platelets) used for resuscitation within the hours before 
the blood was sampled, and the presence of mechanical ven-
tilation either invasive or non invasive. 

Data Analysis 

 CRF was defined from clinical history and arterial blood 
gas data before ICU stay and/or pulmonary function tests 
obtained either before or after ICU stay. CRF was separated 
into obstructive (CRFo) and non obstructive (CRFno) 
groups. The former comprised of chronic obstructive pulmo-
nary disease (COPD) and other obstructive disorders, and the 
latter of neuromuscular and non neuromuscular (kyphoscoli-
osis, tuberculosis sequelae, interstitial fibrosis, hypoventila-
tion-obesity syndrome) respiratory disorders. COPD was 
defined by GOLD criteria [20]. ARDS was defined by the 
consensus conference criteria [21] (acute onset of ARF re-
quiring tracheal intubation, bilateral lung infiltrates on fron-
tal chest-X-ray, PaO2/FIO2  200 mm Hg, no argument for 
an increased left atrial pressure).  

 Acid-base diagnosis was performed in each patient using 
conventional analysis [22] and physico-chemical analysis 
[5]. For the latter, the diagnostic categories defined by Fencl 
et al. [5] were used.  

Statistical Analysis 

 Values are expressed as median (25
th

-75
th

 percentiles). 
Normal ranges were established from the values obtained in 
the 8 healthy volunteers. The normal distribution of the vari-
ables in the healthy volunteers was verified by the Anderson-
Darling test. Abnormal values for the definition of every 
acid-base disorder were taken as those lower or greater by 3 
SD than the mean value of the healthy volunteers. Age, 
SAPS II and number of organ dysfunction were compared 
between CRFo, CRFno and ARDS groups with the non pa-
rametric Kruskal-Wallis test and the Dunn-Sidak test for 
post-hoc pairwise comparisons. To verify if infusion and 
ventilation are confounding factors one-way ANOVA for 
repeated measures was performed on patients that were in-
fused or ventilated. Pearson’s chi-Square test was used to 
compare counts and proportions. If the chi-square test was 
not acceptable (expected count in each cell must be > 1 
and/or expected count > 5 in more than 20% of the cells), the 
Fisher’s exact probability was computed. The correlations 
between variables were assessed by least-squares regression 
analysis [23]. The statistical level of significance was set at P 
< 0.05. The statistical analysis was made by SPSS for win-

dows software (version 15.0.1) (2006 SPSS Inc., Chicago, 
IL, USA) except for the Anderson-Darling test, which was 
assessed by using the 2007 Minitab software (version 
15.1.1.0) (Minitab, Inc.) and for the Fisher’s exact test which 
was computed on line (http://www.u707.jussieu.fr/biostatgv/ 
fisher_fonction.php). 

RESULTS 

Cohort 

 Two-hundred ninety-three patients were admitted to our 
ICU during the study period. Among them, 101 were eligible 
to the present study: 36 with CRFo, 37 with CRFno and 28 
with ARDS (Table 1). One CRFno patient was excluded for 
lack of data and, hence, 100 patients were retained in the 
analysis. Two patients, one with CRFo and one with CRFno, 
who miss day 3 blood sample, were kept in the analysis, 
which was, therefore, performed on a total of 298 blood 
samples. The context of admission was a medical illness in 
98% of the patients without any significant difference be-
tween groups. The aetiology of CRFo was COPD in 33 pa-
tients and bronchiectasis in 3. CFRno resulted from a non 
neuromuscular respiratory disease in 18 cases, a neuromus-
cular respiratory disease in 9 and an obesity-hypoventilation 
syndrome in 9. The distribution of the precipitating factor of 
ARF was not significantly different between CRFo and 
CRFno: pneumonia 12 vs. 8, non respiratory sepsis 2 vs. 4, 
bronchitis 3 vs. 0, pulmonary embolism 2 vs. 2, left ventricle 
failure 4 vs. 3, septic shock 1 vs. 0, other or unknown 12 vs. 
19 (Fisher’s exact test, P = 0.3023). In all but 3 patients, the 
ARDS resulted from a direct lung injury. The ARDS patients 
had a greater number of organ dysfunction and were in se-
vere sepsis or septic shock and received vasoactive support 
and renal replacement therapy more frequently than patients 
in each of CRF groups (Table 1). 

Acid-Base Abnormalities 

 The median (IQR) and mean (SD) values of acid-base 
variables are shown in Table 2 for healthy volunteers. The 
median (IQR) values of acid-base variables are displayed in 
Table 3 for patients on ICU admission. The calculated acid-
base variables did not significantly differ between CRFo and 
CRFno (Table 3). By contrast, all of these, except for AG 
and corrected chloride, were significantly different between 
ARDS and CRF groups (Table 3). SIDe was significantly 
lower in the ARDS group than in each of CRF groups as a 
result from higher XA. Atot was lower in the ARDS group 
as a result from lower plasma albumin level.  

 The two acid-base variables which significantly changed 
over time were PaCO2 and phosphate. PaCO2 and phosphate 
in CRFo and phosphate in CRFno patients significantly de-
clined between. No change occurred over time in ARDS 
patients.  

 Only three pure acid-base derangements were correctly 
identified over the 298 samples by the conventional ap-
proach on admission: metabolic acidosis in 1 ARDS patient 
and respiratory acidosis in 1 CRFno patient and in 1 ARDS 
patient.  

 The diagnostic categories of acid-base derangements 
according to the Stewart approach in the 100 patients on ad-
mission are shown in Table 4. Forty-five patients (45%) had 
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Table 1. Patients Data Entry 

Variables CRFo (n=36) CRFno (n=36) ARDS (n=28) P Value  

Male Gender, n (%) 27 (75) 19 (53) 18 (64) 0.145 ** 

Origin, n (%) 

Other hospital 

Home 

Ward 

Emergency 

 

11 (30.6) 

0 (0) 

13 (36) 

12 (33.3) 

 

10 (28) 

1 (2.8) 

13 (36) 

12 (33) 

 

14 (50) 

0 (0) 

6 (21) 

8 (29) 

0.455 *** 

Age *, years 72 (62-78)  71 (55-80) 64 (55-74) 0.281**** 

SAPS II *, score 41 (34-53) 41 (26-51) † 55 (39-71)  0.040 **** 

ODF *, number 1 (1 – 2) † 1 (1 – 2) † 2 (2 – 3) 0.0001**** 

Septic shock or severe sepsis, n (%) 10 (28) 10 (28) 21 (75) 0.0001** 

Vasoactive agents, n (%) 8 (22) 9 (25) 19 (68) 0.0001** 

Renal replacement therapy, n (%) 1 (3) 2 (6) 7 (25) 0.0114 *** 

*median (25th – 75th percentile), ** Chi-square test, *** Fisher’s exact test, **** Kruskal-Wallis test, † P < 0.05 vs. ARDS group (Dunn-Sidak test). 
SAPS = simplified acute physiology score, ODF = organ dysfunction (including respiratory). 

 

Table 2. Acid base Variables in the 8 Healthy Volunteers 

 Mean (SD) Median (IQR) 

Measured Variables 

Sodium (mM) 139 (2) 140 (137-140) 

Potassium (mM) 3.9 (0.3) 3.8 (3.7-4.1) 

Calcium (mM) 2.3 (0.1) 2.3 (2.3-2.3) 

Magnesium (mM) 0.8 (0.1) 0.8 (0.8-0.9) 

Chloride (mM) 103 (2) 103 (102-105) 

Phosphate (mM) 1.0 (0.1) 1.0 (0.9-1.1) 

Total protein (g/L) 73 (3) 73 (72-74) 

Albumin (g/L) 42 (4) 44 (38-44) 

pH 7.42 (0.03) 7.41 (7.40-7.42) 

PaCO2 (mmHg) 37 (4) 38 (36-40) 

Lactate (mM) 1.2 (0.5) 1.4 (0.9-1.6) 

Calculated Variables (mM) 

Bicarbonate  25 (2) 25 (24-25) 

Standardized base excess 0.5 (2.4) 0.3 (-0.6 – 0.7) 

Albumin - 12 (1) 12 (11-13) 

Phosphate - 1.9 (0.2) 1.9 (1.8 – 2.0) 

Anion Gap 15 (2) 15 (14-17) 

Anion Gap corr 15 (2) 15 (14-17) 

SIDa  46 (2) 47 (45-48) 

SIDe 39 (3) 39 (37-39) 

Strong Ion Gap 8 (2) 7 (7-9) 

Atot  12 (4) 14 (12-15) 

XA 8 (2) 7 (6-9) 

XA corr  8 (2) 7 (6-9) 

Chloride corr  103 (2) 103 (102-105) 

SIDa = apparent strong ion dissociation, SIDe = effective strong ion dissociation, XA = undosed anions. 
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Table 3. Acid-Base Variables in Patients at Time of ICU Admission 

 CRFo (n=36) CRFno (n=36) ARDS (n=28) P Value * 

Measured Variables 

Sodium (mM) 136 (133-141) 134 (130-138) 136 (133-140) 0.096 

Potassium (mM) 4.2 (3.7-4.9) 3.9 (3.5-4.5) 3.7 (3.3-4.3) 0.058 

Calcium (mM) 2.1 (1.9-2.2) † 2.2 (2.0-2.2) † 1.9 (1.8-2.0) 0.0001 

Magnesium (mM) 0.8 (0.7-0.9) 0.8 (0.6-0.8) 0.8 (0.7-0.9) 0.779 

Chloride (mM) 100 (98-104) 99 (94-103) 102 (98-105) 0.073 

Phosphate (mM) 1.2 (1.0-1.5) 1.1 (0.9-1.6) 1.2 (0.8-1.4) 0.793 

Total protein (g/L) 62 (57-70) † 65 (56-71) † 53 (45-60) 0.0001 

Albumin (g/L) 28 (21-32) † 27 (23-29) † 21 (17-26) 0.001 

pH 7.31 (7.25-7.36) ‡ 7.36 (7.30-7.43) 7.34 (7.28-7.37) 0.025 

PaCO2 (mmHg) 55 (41-71) † 48 (37-65) 38 (31-47) 0.003 

Lactate (mM) 1.6 (0.8-2.2) † 1.2 (0.9-2.1) † 2.6 (1.4-4.3) 0.003 

Calculated Variables (mM) 

Bicarbonate  27 (22-31) † 27 (22-33) † 22 (17-26) 0.002 

SBE  2 (-2 - 6) † 3 (-2 – 9) † -3 (-8 – 2) 0.002 

Albumin- 7 (6 – 9) † 7 (6 – 8) † 6 (5 – 7) 0.001 

Phosphate- 2 (2 – 3) 2 (2 – 3) 2 (1 – 3) 0.880 

Anion Gap 13 (10-17) 13 (8-16) 16 (12-19) 0.043 

Anion Gap corr 16 (13-21) † 16 (10-19) † 21 (18-24) 0.001 

SIDa 47 (44-49) † 47 (44-49) † 44 (40-47) 0.018 

SIDe 36 (31-41) † 37 (31-43) † 30 (24-35) 0.0001 

Strong Ion Gap 9 (6-13) † 9 (4-12) † 14 (11-17) 0.002 

Atot 10 (8-11) † 9 (8-10) † 8 (6-10) 0.008 

XA 9 (6-13) † 9 (4-12) † 14 (11-17) 0.002 

XA corr 7 (2-13) 4 (0.2-10) † 12 (5-16) 0.002 

Chloride corr 103 (100-105) 102 (99-105) 105 (102-108) 0.058 

Values are median (25th – 75th percentile). 
* Kruskal-Wallis test, † p < 0.05 vs. ARDS group, ‡ p < 0.05 vs. CRFno group (Dunn-Sidak test) 
SBE = standardized base excess, SIDa, SIDe = apparent and effective strong ion dissociation, XA = undosed anions. 

 

elevated PaCO2 with a significantly greater proportion in 
CRFo and CRFno than in ARDS patients, a pattern that did 
not change over time (Fig. 1). Three patients (3%) had low 
PaCO2 value (Table 4). Twelve patients (12%) had dilution 
acidosis, without difference between groups (Table 4). Ten 
patients (10%) had a low SIDe due to elevated XA with a 
greater proportion in ARDS patients (Table 4). The same 
was true over time (Fig. 1). Three patients, all with CRF, had 
high SIDe, which was essentially due to low chloride. 
Thirty-five (35%) patients had elevated phosphatemia with-
out any difference between groups (Table 4). Over time, 
however, the proportion of hyperphosphatemia significantly 
declined among CRFo and CRFno patients (Fig. 1). Hypoal-

buminemia was present in 88 patients (88%) on admission 
with a greater proportion in ARDS than in CRFo patients 
(Table 4), a difference between groups that persisted over 
time (Fig. 1). Finally, 15 patients (15%) had a low phos-
phatemia on admission with no difference between groups 
(Table 4) and over time.  

 ARDS patients were more frequently infused with crys-
talloid and colloid at day 1, with albumin and blood at day 2 
and day 3 than patients in each of the CRF groups (Table 5). 
Among the infused patients, the amount of crystalloid, but 
not that of colloids or other fluids, was significantly greater 
at day 3 than at day 1 and day 2 in each group (not shown). 
At day 1, 100% of the ARDS patients received mechanical 
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Table 4. Diagnostic Categories of Acid Base Disorders According to the Stewart Approach in Patients on Admission 

 
CRFo  

(n=36) 

CRFno  

(n=36) 

ARDS  

(n=28) 
P Value 

Respiratory Disorders     

PaCO2 high 22 (61.1) 17 (47.2) 6 (21.4) 0.006 * 

PaCO2 low 1 (2.8) 1 (2.8) 1 (3.6) 1.00 † 

Non Respiratory disorders     

SIDe low     

Sodium low 4 (11.1) 3 (8.3) 5 (17.9) 0.4685 † 

Chloride high 0 0 0  

Undosed anions 3 (8.3) 1 (2.8) 6 (21.4) 0.02959 † 

SIDe high     

Sodium high 0 0 0  

Chloride low 1 (2.8) 2 (5.6) 0 0.7762 † 

Non volatile weak acids     

Albumin high 0 0 0  

Phosphate high 13 (36.1) 13 (36.1) 9 (32.1) 0.9326 * 

Albumin low 23 (63.9) 30 (83.3) 25 (89.3) 0.032 * 

Phosphate low 6 (16.7) 5 (13.9) 4 (14.3) 1.00 † 

* Pearson’s chi square, † Fisher’s exact test. 
Number of patients (% in group). 
CRF = chronic respiratory failure, o = obstructive, no = non obstructive, ARDS = acute respiratory distress syndrome, SIDe = effective strong ion difference. 

 

Table 5. Rates of Fluid Resuscitation Among Groups Over Time 

 
CRFo 

(n=36) 

CRFno  

(n=36) 

ARDS  

(n=28) 
P Value 

Day 1     

Cristalloids 5 (13.9) 3 (8.3) 10 (35.7) 0.018* 

Colloids 4 (11.1) 3 (8.3) 9 (32.1) 0.031* 

Albumin 0 0 2 (7.1) 0.076* 

Blood 0 1 (2.8) 3 (10.7) 0.095* 

Other 0 0 1 (3.6) 1.000* 

Day 2     

Cristalloids 17 (47.2) 16 (44.4) 16 (57.1) 0.58† 

Colloids 10 (27.8) 9 (24.9) 17 (60.7) 0.006† 

Albumin 3 (8.3) 2 (5.5) 9 (32.1) 0.0077* 

Blood 2 (5.5) 3 (8.3) 7 (25) 0.06* 

Other 1 (2.8) 0 3 (10.7) 0.095* 

Day 3     

Cristalloids 14 (38.9) 16 (44.4) 17 (60.7) 0.15† 

Colloids 4 (11.1) 4 (11.1) 8 (28.5) 0.126* 

Albumin 5 (13.9) 1 (2.8) 13 (46.4) 0.00003* 

Blood 2 (5.5) 0 6 (21.4) 0.0058* 

Other 1 (2.8) 0 3 (10.7) 0.095* 

Number of patients (% in group). 
*Fisher’s exact test, † Pearson chi-square. 
CRF = chronic respiratory failure, o = obstructive, no = non obstructive, ARDS = acute respiratory distress syndrome. 
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Fig. (1). Proportions of patients with high PaCO2, elevated undosed anions, low plasma albumin and high plasma phosphate in patients with 

obstructive chronic respiratory failure (CRFo), non obstructive chronic respiratory failure (CRFno) and acute respiratory distress syndrome 

(ARDS) at day 1 (white bars), day 2 (crossed bars) and day 3 (hatched bars). *P < 0.05 and † P < 0.01 vs. ARDS, ‡ P < 0.05 and § p < 0.001 
vs. day 3. High or low values were defined as 3 SD above or below the mean values found in the 8 healthy volunteers. 

ventilation vs. 50% in CRFo (P<0.00001) and 71.4% in 
CRFno (P<0.01). At day 2, these proportions were 100% vs. 
61% (P < 0.001) and 81% (P < 0.05). At day 3, the corre-
sponding rates were 100% vs. 66.6% (P < 0.01) and 86.1% 
(P > 0.05). The rates were not significantly different between 
CRFo and CRFno. Time and infusion or mechanical ventila-
tion had no significant effect on SBE, SIDe, SIDa, SIG, 
Atot, AG, AGcorr, XA and XAcorr between patients groups 
(one-way repeated measures ANOVA). Time but not infu-
sion or mechanical ventilation had a significant effect on 
PaCO2 between patients groups. 

 The pattern of acid-base diagnostic categories according 
to Stewart approach in the 69 (69%) with normal SBE, in the 
65 patients (65%) with normal bicarbonatemia and for the 73 
patients (73%) with normal AG corrected on admission was 
not different between groups (Table 6).  

 The correlations between SIDe and SBE, between HCO3
-
 

and SBE, between SIG and AG corrected, and between SIDe 

and HCO3
-
 were significant in both healthy volunteers (Fig. 

2) and patients (Fig. 3).  

DISCUSSION 

 The main findings of present study were that: 1) in CRF 
patients with ARF, high values of SIDe were very uncom-
mon, in both obstructive and non obstructive groups, and so 
was the occurrence of concomittant metabolic alkalosis, 2) 
ARDS patients quite frequently exhibited low values of 
SIDe, 3) hypoalbuminemia was very common in the three 
groups of patients, 4) the Stewart approach improved slightly 
the diagnostic performance of the conventional approach. 

 It was rather surprising to find out in present study that 
the conventional approach, such as that proposed by Kellum 
[22], identified simple acid-base disorders in 1% of the sam-
ples. By using normal ranges of present study in healthy 
volunteers did not improve the diagnostic performance of the 
conventional procedure. This finding underscores the fact 
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that in this patient population the acid-base disorders are 
particularly complex.  

 Contrary to our initial hypothesis concomittant metabolic 
alkalosis was discarded in most instances in patients with 
CRF in present study since it was observed in less than 5% 
of the CRF patients: 4.2% (3/72) at day 1, 4.2% (3/72) at day 
2 and 2.9% (2/70) at day 3. Holland et al. [7] found that 
metabolic alkalosis contributed to acute hypercapnic respira-
tory failure in 71% of their 14 patients with cystic fibrosis 
and in 22% of their 49 COPD patients in acute exacerbation. 
However, the analysis used in this study was not extensive 
and, specifically, no correction for hypoalbuminemia, which 
was significantly different between the two groups, was 
made. In present investigation, no patient suffered from cys-
tic fibrosis. Furthermore, it should be stressed that in present 
cohort the mean level of plasma bicarbonate was not mark-
edly elevated in CRFo and CRFno patients and, indeed, was 
not significantly different from the 8 healthy volunteers. In 
this connection, all the occurrences of elevated SIDe were 
observed in those CRF patients who were hypercapnic. In 
dogs exposed to CO2 for one week, the decrease in plasma 
pH was not a prerequisite to the increase in HCO3

-
 reabsorp-

tion by the kidney required for sustaining the secondary hy-
perbicarbonatemia characteristic of chronic hypercapnia 
[24]. Finally, elevated SIDe was due to hypochloremic alka-
losis and not to contraction alkalosis in present study. Fur-
ther studies should be performed to rule out the issue of 

metabolic alkalosis associated with respiratory acidosis in a 
substantial number of patients with chronic hypercapnia and 
elevated plasma bicarbonate.  

 In ARDS patients, as in CRF patients, there was a mix of 
respiratory and non respiratory disorders according to the 
classification proposed by Fencl et al. [5]. On admission, 22 
patients (22%) had low SIDe (39.3% of the ARDS patients 
vs. 15.3% of the CRF patients, P < 0.05). In 10 of them the 
low SIDe was due to elevated XA. Elevated lactate (greater 
than 3 SD above the mean of the healthy volunteers) was 
responsible for this in 7 patients, namely 1 CRFo, 1 CRFno 
and 5 ARDS patients. Sepsis was the primary mechanism for 
elevated lactate because all these 7 patients had severe sepsis 
or septic shock criteria on admission. Over the 298 samples, 
a rate of 16.4% (49/298) of low SIDe was observed (28.6% 
in ARDS vs. 11.7% in CRF patients, P < 0.001). In 25 of 
them the low SIDe was due to elevated XA. Elevated lactate 
(greater than 3 SD above the mean of the healthy volunteers) 
was responsible for this in 18 patients, namely 4 CRFo, 2 
CRFno and 12 ARDS patients. Sepsis was the primary 
mechanism for elevated lactate because all these 18 patients 
had severe sepsis or septic shock criteria. Therefore, lactate 
should be measured systematically on admission in CRF 
patients in ARF and in ARDS patients. The low SIDe due to 
low plasma sodium might be related to the perfusion of crys-
talloids with low SIDe because ARDS and CRFo patients 
who received the largest amounts of crystalloids had the 

Table 6. Diagnostic Categories of Acid-Base Disorders According to the Stewart Approach in Patients with Normal SBE, Normal 

HCO3 and Normal AG on Admission 

 
Normal SBE 

(n= 69) 

Normal HCO3 

(n=65) 

Normal AG Corrected 

(n=73) 

Respiratory Disorders    

PaCO2 high 44.9 44.6 52.1 

PaCO2 low 1.4 0 1.4 

Non Respiratory Disorders    

SIDe low    

Sodium low 13.0 12.3 9.6 

Chloride high 2.8 0 0 

Undosed anions 1.4 1.5 1.4 

SIDe high    

Sodium high 0 0 0 

Chloride low 0 0 0 

Non Volatile Weak Acids    

Albumin high 0 0 0 

Phosphate high 34.8 23.4 31.5 

Albumin low 78.3 82 78.9 

Phosphate low 14.5 16.1 19.2 

Numbers in table are % of patients in group. 
SBE = standardized base excess, HCO3 = bicarbonate, AG = anion gap, SIDe = effective strong ion difference. 
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highest rate of dilution acidosis. However, even though this 
amount of fluids was received prior to the blood sampling on 
admission, the time delay between the infusion and blood 
withdrawal was not controlled.  

 Present investigation confirms the high prevalence of 
hypoalbuminemia on ICU admission. This finding has al-
ready been described in mixed ICU patients [5, 6] and in 

ARDS as well [12]. We confirmed that high prevalence of 
hypoalbuminemia also occurred in patients with CRFno. 

 In present study, we found a high rate of abnormal values 
of plasma phosphate, which can contribute to the acid-base 
imbalances according to Stewart approach. It should be 
noted that, even though it is frequently observed, the quanti-
tative contribution of this finding to the magnitude of acid-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Relationships between effective strong ion difference (SIDe) and standardized base excess (SBE), SBE and bicarbonate (HCO3
-
), 

strong ion gap (SIG) and albumin-corrected anion gap (AGcorr) and SIDe and HCO3
-
 in 8 healthy volunteers. On the left panels the lines are 

the regression lines over all subjects with their regression equations. Right panels depict the corresponding relationships of the residuals to 
the expected values. 
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base derangement is limited. However, this high rate 
strongly suggests to measure plasma phosphate on admission 
and to repeat it over time. One third of present patients had 
high plasma phosphate on admission, a rate which decreased 
over time in CRF patients but not in ARDS patients. It has 
been described that acute reduction of phosphoremia, as it 
occurs after rapid reduction in PaCO2 and rapid increase in 

plasma pH after onset of mechanical ventilation, may lead to 
severe cardiac arrhythmias and seizures in CRF patients in 
ARF [25, 26].  

 In our study, patients were followed up to the first two 
days of ICU stay. This design has the advantages to collect a 
greater number of observations and to study the effect of 

Fig. (3). Relationships between effective strong ion difference (SIDe) and standardized base excess (SBE), SBE and bicarbonate (HCO3
-
), 

strong ion gap (SIG) and albumin-corrected anion gap (AGcorr) and SIDe and HCO3
-
 in patients. On the left panels the lines are the regres-

sion lines over the all patients with their regression equations. Right panels depict the corresponding relationships of the residuals to the ex-
pected values. 
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time on the acid-base derangements. The drawback of the 
repeated measures in an observational study like the present 
one is the lack of control for confounding factors, such as the 
fluid infused. This latter has, however, been taken into ac-
count and discarded by the one-way analysis. In a large 
number of patients who were prospectively randomized to 
receive either 4% human albumin or normal saline for fluid 
resuscitation in ICU, the main factor which predicted 
changes in acid-base status over time was the total amount of 
fluid received rather than its nature [27]. It should be 
stressed that in this study done over 691 patients, 2.2 % and 
3.5% only had ARDS and COPD, respectively.  

 Overall, 79% of patients received mechanical ventilation 
in present study, a rate which was markedly higher than that 
of 14% among the 935 patients of Dubin et al. who reported 
the largest series to date of ICU patients extensively studied 
in terms of acid-base status with conventional and Stewart 
approach [6]. Of notice, this report did not provide the reader 
with the number of ARDS or CRF patients included. Never-
theless and interestingly, the correlations between SIDe and 
BE, SIG and AG corrected, and HCO3 and BE or SIDe were 
very close in present study done on ARDS and CRF patients, 
who were frequently mechanically ventilated, and in Dubin’s 
study done on mixed ICU patients who were rarely receiving 
mechanical ventilation.  

 Present results of the Stewart approach in normal volun-
teers are similar to those found in two previous reports [5, 6]. 
In present study mean SIDe in normals amounted to 36 ± 7 
mM, not different from 39 ± 1 and 40 ± 2 mM found by 
Fencl et al. and Dubin et al. respectively. The corresponding 
values of SIG were 8 ± 7, 8 ± 2 and 2 ± 2 mM, respectively.  

 In conclusions, we found that: 1) metabolic alkalosis did 
not contribute to respiratory acidosis in CRF patients signifi-
cantly, 2) low SIDe was quite frequent in ARDS and CRF 
patients and primarily due to elevated XA as a result from 
elevated lactate from severe sepsis/septic shock, 3) Stewart 
approach was able to detect low SIDe in a substantial num-
ber of patients with CRF and ARDS patients which were 
classified as normal by the conventional approach, 4) in 
these selected critically ill patients, Stewart approach ex-
ceeded the diagnostic performance of the conventional ap-
proach even when AG corrected was taken into account. 
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