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Purpose: This study aimed to describe Stewart parameters in critically ill patients with an apparently normal
acid-base state and to determine the incidence of mixed metabolic acid-base disorders in these patients.
Materials and Methods: We conducted a prospective, observational multicenter study of 312 consecutive
Dutch intensive care unit patients with normal pH (7.35 ≤ pH ≤ 7.45) on days 3 to 5. Apparent (SIDa) and
effective strong ion difference (SIDe) and strong ion gap (SIG) were calculated from 3 consecutive arterial
blood samples. Multivariate linear regression analysis was performed to analyze factors potentially associated

with levels of SIDa and SIG.
Results: A total of 137 patients (44%) were identified with an apparently normal acid-base state (normal pH
and −2 b base excess b 2 and 35 b PaCO2 b 45 mm Hg). In this group, SIDa values were 36.6 ± 3.6 mEq/L,
resulting from hyperchloremia (109 ± 4.6 mEq/L, sodium-chloride difference 30.0 ± 3.6 mEq/L); SIDe values
were 33.5 ± 2.3 mEq/L, resulting from hypoalbuminemia (24.0 ± 6.2 g/L); and SIG values were 3.1 ± 3.1
mEq/L. During admission, base excess increased secondary to a decrease in SIG levels and, subsequently, an
increase in SIDa levels. Levels of SIDa were associated with positive cation load, chloride load, and admission
SIDa (multivariate r2 = 0.40, P b .001). Levels of SIG were associated with kidney function, sepsis, and SIG
levels at intensive care unit admission (multivariate r2 = 0.28, P b .001).
Conclusions: Intensive care unit patients with an apparently normal acid-base state have an underlying mixed
metabolic acid-base disorder characterized by acidifying effects of a low SIDa (caused by hyperchloremia) and
high SIG combined with the alkalinizing effect of hypoalbuminemia.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Acid-base disorders, predominantly metabolic acidosis, are com-
mon in critically ill patients. Their impact on morbidity and mortality,
depending on both severity and cause, is substantial [1]. The
physicochemical approach first described by Stewart [2] has gained
interest in critical care literature because of its superior performance
in diagnosing and quantifying complex acid-base disorders in
comparison with the conventional Henderson-Hasselbalch approach
[3-6]. The Stewart approach takes into account many of the
electrochemical disturbances seen in critically ill patients that are
not a part of the conventional approach. Essentially, the Stewart
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approach states that only 3 independent variables determine blood
pH: the PaCO2, the net charge balance of all completely dissociated
ions (strong ion difference, or SID), and the total amount of weak
acids, mainly albumin and phosphate.

The importance of accurately identifying and quantifying all causal
factors in acid-base derangements in intensive care unit (ICU)
patients is increasingly appreciated [1,4,7,8].

Although normal values of Stewart parameters of healthy subjects
are often reported [9-12], values are currently unknown for critically
ill patients with normal pH, base excess (BE), and pCO2. Considering
the high incidence of metabolic derangements in critically ill patients,
normal values of healthy subjects probably do not apply.

We hypothesize that in ICU patients with normal pH, coexisting
metabolic derangements will often be present but go unnoticed
when applying the traditional approach. So far, studies largely report
only single (mostly admission) values of ICU patients and do not
focus on changes in response to institution of therapy and resolution
of illness [13]. Serial measurements from the time of admission to
the resuscitation and recovery phases will contribute to a better
insight into the mechanisms and kinetics of acid-base derangements
in the critically ill [8]. Thus, they will better allow for determining the

http://dx.doi.org/10.1016/j.jcrc.2013.06.005
mailto:M.Moviat@jbz.nl
mailto:mmoviat@me.com
http://dx.doi.org/10.1016/j.jcrc.2013.06.005
http://www.sciencedirect.com/science/journal/


1049M. Moviat et al. / Journal of Critical Care 28 (2013) 1048–1054
role of etiologic factors such as renal failure, fluid policy, and the
presence of sepsis.

The purpose of the current explorative study was 2-fold. First, our
objectiveswere to describe Stewart parameters in critically ill patients
without evidence of an acid-base disorder according to the traditional
approach and to determine the incidence of subclinical mixed
metabolic acid-base abnormalities in these patients. Second, we
aimed to explore the kinetics of the Stewart parameters and to
determine the influence of several factors such as renal function, fluid
management, and the presence of sepsis on the observed metabolic
changes in acid-base balance.

2. Materials and methods

2.1. Study population

The local medical ethical committee of Arnhem-Nijmegen
approved the study and waived the need for informed consent
because there was no interference with routine clinical care. This
prospective observational study was performed in 3 multidisciplin-
ary ICUs in the Netherlands (Onze Lieve Vrouwe Gasthuis in
Amsterdam [n = 112], Radboud University Nijmegen Medical
Centre in Nijmegen [n = 130], and Jeroen Bosch Hospital in 's-
Hertogenbosch [n = 70]). Patients with a normal pH on day 3, 4, or
5 after ICU admission, defined as 7.35 ≤ pH ≤ 7.45, were included.
Patients were excluded if they were discharged or died before day
3. Acute Physiology and Chronic Health Evaluation (APACHE-II) data
and Simplified Acute Physiology Score (SAPS-II) data were collected
for each patient. Furthermore, modified APACHE-II scores were used
in which assessment of pH was not included. Clinical data were
collected from (electronical) patient charts. Electrolytes, diuretics,
and volumes and composition of intravenous fluids, administered
24 hours before normal pH value, were registered because we
considered this time frame to be primarily of influence on
electrolyte values at the time of normal pH. Urine output was
registered 12 hours before normal pH value because this was
considered a relevant time frame influencing electrolyte values at
the time of normal pH. To compare acid-base variables of critically
ill patients with apparent normal acid-base state with healthy
subjects, data of a previously reported healthy control group were
used (n = 15) [12].

2.2. Measurements

We collected arterial blood samples at 3 consecutive moments: at
ICU admission, at the day normal pH was reached (day 3, 4, or 5), and
at ICU discharge. If the length of ICU stay exceeded 7 days, the last
blood sample was collected on day 7.

pH, partial pressures of oxygen and carbon dioxide (pO2 and
pCO2), and plasma concentrations of ionized calcium and lactate were
measured on a blood-gas analyzer (RapidLab; Bayer Diagnostics,
Breda, the Netherlands). Plasma concentrations of sodium, potassium,
and chloride were analyzed using an ion-selective electrode on an
Aeroset (Abbott Diagnostics, Hoofddorp, the Netherlands) or on a
Roche/Hitachi Modular Analytics P800 chemistry analyzer (Roche
Diagnostics Nederland BV, Almere, the Netherlands), and plasma
concentrations of magnesium, creatinine, urea, phosphate, bilirubin,
and albumin were measured on an Aeroset.

2.3. Definitions

In the patients with normal pH on days 3 to 5, we defined a mixed
acid-base disorder according to the traditional approach as either
abnormal PaCO2 (b35 or N45 mm Hg) or abnormal BE (b−2 or N2
mmol/L) [1,9,14]. Patients were classified into 3 groups, based on the
presence or absence of a mixed acid-base disorder at the time of
normal pH, using the traditional approach: an apparently “normal
acid-base state group” (−2 b BE b 2 and 35mmHg≤ PaCO2 ≤ 45mm
Hg), a “metabolic acidosis group” (BE b −2), and a “metabolic
alkalosis group” (BE N 2). The latter 2 groups were not classified as
respiratory alkalosis and acidosis, respectively, because they also
contained patients with PaCO2 values within the reference range.
Patients with no apparent metabolic abnormalities (−2 b BE b 2) at
the time of normal pH and an abnormal PaCO2 were classified as
“other.” This group was only included in the regression analysis (see
Statistical Analysis). Renal failure was defined according to the Risk,
Injury, Failure, Loss, and End-stage Kidney disease (RIFLE) criteria [15]
(Injury or Failure). Total infused cation load was defined as the net
charge of all infused strong positively charged electrolytes (sodium,
potassium, magnesium, and calcium) 24 hours before normal pH.
Total infused anion load was defined as the net charge of all infused
chloride 24 hours before normal pH. Total infused intravenous volume
load was defined as the sum of all intravenously administered fluids
24 hours before normal pH.

2.4. Calculations

Bicarbonate was calculated using the Henderson-Hasselbalch
equation (pH = 6.1 + log([HCO3

−]/0.0301 PaCO2) and the standard
BE using the Siggaard-Andersen formulae. The apparent (SIDa =
[Na+]+ [K+]+ [Ca2+]+ [Mg2+]− [Cl−]− [lactate−]) and effective
SID (SIDe= 12.2 × PaCO2/(10pH) + [albumin] × (0.123 × pH− 0.631)
+ [phosphate] × (0.309 × pH − 0.469)) and strong ion gap (SIG =
SIDa − SIDe) were subsequently calculated. The sodium-chloride
difference ([Na+] − [Cl−]) and anion gap ([Na+] − [Cl−] − [HCO3

−])
were calculated. All mentioned concentrations are expressed in
milliequivalents per liter, except for the concentrations of albumin
(g/L), phosphate (mmol/L), and pCO2 (mm Hg).

2.5. Statistical analysis

Continuous variables were described as the mean ± SD or the
median and interquartile range (IQR) for variables with skewed
distributions. Except for length of stay on the ICU, all variables were
normally distributed, allowing parametric testing. Differences in
patient and baseline acid-base characteristics between the 3 groups
were tested using χ2 tests or using analysis of variance (ANOVA)
with post hoc Tukey Honestly Significant Difference depending on its
measure. Time-dependent changes were analyzed using repeated-
measure ANOVA. Acid-base variables at the time of normal pH of the
normal acid-base state group were compared with a previously
reported healthy control group [12] using unpaired Student t test.
Differences in acid-base variables and baseline characteristics
between the 3 groups (normal acid-base, BE b −2 and BE N 2)
were determined using ANOVA with post hoc Tukey HSD. To analyze
factors associated with levels of SIDa and SIG at the time of normal
pH, a multivariate linear regression analysis method enter was
performed in all patients. Variables that, on theoretical grounds,
could be associated with levels of SIDa at the time of normal pH
(infused cation load, infused anion load, infused intravenous volume
load, use of diuretics, and admission SIDa levels) were included in
the univariate analysis. Likewise, variables that theoretically could be
associated with levels of SIG at the time of normal pH (renal failure
[RIFLE categories Injury and Failure], creatinine levels, use of
continuous venovenous hemo(dia)filtration [CVVH(D)] 24 hours
before normal pH, citrate anticoagulation, presence of sepsis, and SIG
levels during ICU admission) were included in the univariate
analysis. Variables that were associated with a P value less than
.15 in the univariate simple linear regression analysis were included
for the multivariate analysis. Statistical significance was defined as a
P b .05, and 2-sided tests of hypotheses were used throughout. All
data were analyzed using SPSS version 18.0 (SPSS, Chicago, Ill).



1050 M. Moviat et al. / Journal of Critical Care 28 (2013) 1048–1054
3. Results

3.1. Patients

A total of 433 patients were screened, and 312 patients with a
normal pH on days 3 to 5 after ICU admission were included in our
study. Baseline clinical and acid-base related data are presented in
Table 1. The patients were divided into the 3 predefined groups (see
Fig. 1): 137 patients were classified as “normal acid-base state”
(normal BE and PaCO2), 75 were classified as “metabolic acidosis” (BE
b −2), and 74 patients were classified as “metabolic alkalosis” (BE N

2). Twenty-six patients with −2 b BE b 2 but abnormal PaCO2 were
classified as “other” and were only included in the regression analysis.

Relevant baseline clinical data of these 3 groups are presented in
Table 2. Scores of APACHE-II and SAPS-II were significantly higher in
the metabolic acidosis group compared with the normal acid-base
state and the metabolic alkalosis group (for APACHE-II: P b .05 and
P = .03, respectively; for SAPS-II scores: P = .003 and P = .006,
respectively). In addition, modified APACHE-II scores (excluding pH)
were significantly higher in the metabolic acidosis group compared
with the metabolic alkalosis group (P = .04). Significantly more
patients received diuretics in the metabolic alkalosis group compared
with the normal acid-base state and metabolic acidosis groups (P =
.02 and P= .02, respectively). There was a significantly lower number
of surgical patients in the metabolic alkalosis group compared with
the normal acid-base state group and metabolic acidosis group (P b

.001 and P = .03, respectively).

3.2. Stewart parameters in 3 groups with normal pH

3.2.1. Stewart parameters in critically ill patients with normal acid-base
state according to the traditional approach

Acid-base parameters at the time of normal pH of the 3 groups and
a previously reported healthy control group [12] are presented in
Table 3 and illustrated in Fig. 2. In the normal acid-base state group,
SIDa values were 36.6 ± 3.7 mEq/L, which is lower than SIDa values
previously reported [12] in 15 healthy subjects (41.4 ± 3.7 mEq/L, P b
Table 1
Baseline clinical and acid-base–related characteristics of ICU patients with normal pH
on day 3, 4, or 5 of admission

Overall (n = 312)

Age (y), mean ± SD 63.9 ± 14.3
Male sex, n (%) 210 (67.3)
APACHE-II score, mean ± SD 20.5 ± 7.9
SAPS-II score, mean ± SD 46.2 ± 16.9
Mechanical ventilation during study, n (%) 275 (88.1)
Mechanical ventilation at normal pH, n (%) 196 (62.8)
Length of stay (d), median (IQR), range 5 (4-12), 3-223
Mortality, n (%) 58 (18.6)
Sepsis, n (%) 71 (22.8)
Surgical patient, n (%) 123 (39.4)
Admission diagnosis, n (%)
Cardiovascular 54 (17.3)
Pulmonary 67 (21.5)
Abdominal 12 (3.8)
Neurologic 27 (8.7)
Surgery, elective 69 (22.1)
Surgery, urgent 42 (13.5)
Surgery, trauma 12 (3.8)
Other 29 (9.3)
CVVH(D) 24 h before normal pH, n (%) 42 (13.5)
Citrate anticoagulation, n (%) 30 (9.6)
pH, mean ± SD 7.34 ± 0.1
BE, mean ± SD −2.9 ± 5.49
pCO2 (mm Hg), mean ± SD 42 ± 12.6
Chloride, mean ± SD 107 ± 6
Sodium-chloride difference, mean ± SD 31.1 ± 5.6
Lactate, median (IQR), range 1.7 (1.1-2.6), 0.4-18.8
Plasma creatinine (μmol/L), median (IQR), range 93 (73-131), 23-796
.001). These reduced SIDa values resulted from hyperchloremia
(chloride levels: 109 ± 4.6 mEq/L, sodium levels: 139 ± 4.2 mEq/L,
and sodium-chloride difference: 30.0 ± 3.6 mEq/L), considering the
normal mean values of all other components of the SIDa (calcium
levels: 2.3 ± 0.2 mEq/L, magnesium levels: 2.0 ± 0.5 mEq/L, and
potassium levels: 4.0 ± 0.4 mEq/L). Weak acid values in the normal
acid-base state group were also lower compared with healthy
subjects, resulting from hypoalbuminemia (albumin levels: 23.8 ±
6.3 g/L), considering the normal mean phosphate levels in the normal
acid-base state group. Lastly, SIG values in the normal acid-base state
group (3.1 ± 3.2 mEq/L) were higher than levels reported in healthy
subjects (1.4 ± 1.8 mEq/L, P = .04) [12].

3.2.2. The etiology of mixed acid-base disorders according to Stewart

3.2.2.1. Apparent SID. Compared with the normal acid-base state
group, SIDa levels in the metabolic acidosis group were significantly
lower (P b .001; acidifying effect), and SIDa levels in the metabolic
alkalosis groupwere significantly higher (P b .001; alkalinizing effect).
This difference in SIDa levels between the groups was completely
explained by the significant differences in chloride levels because the
other strong ions that constitute SIDa were not different between
groups (data not shown).

3.2.2.2. Weak acids. The concentrations of the weak acids albumin
were not significantly different, and phosphate levels were only
marginally different between groups.

3.2.2.3. Strong ion gap. Strong ion gap levels were significantly lower
(alkalinizing effect) in the metabolic alkalosis group compared
with the metabolic acidosis group (P b .001) and normal acid-base
group, respectively (P = .03). The SIG levels of the normal acid-base
group tended to be lower (P = .057) compared with the metabolic
acidosis group.

3.2.2.4. PaCO2. In the metabolic acidosis group, pCO2 levels were
significantly lower (alkalinizing effect) compared with the normal
acid-base state group and the metabolic alkalosis group (both P b

.001). Furthermore, pCO2 levels were significantly higher in the
metabolic alkalosis group (acidifying effect) compared with the
normal acid-base state group (P b .001).

3.3. Kinetics of Stewart parameters in patients with normal acid-base
state according to the traditional approach

The kinetics of Stewart parameters in patients with normal acid-
base state according to the traditional approach during the first week
of admission before and after normalization of pH on 3 consecutive
moments are presented in Table 4.

3.3.1. Before normalization of pH
The significant rise in pH was associated with an increase in BE.

This increase in BE (P = .0001) was accompanied by a significant
decrease in SIG levels (P = .0001) and a marginal but statistically
significant decrease in phosphate levels (P = .008; Table 4).

3.3.2. After normalization of pH
pH increased further after normalization, associated with a

significant increase in BE, because the slightly increasing pCO2 level
accounts for a acidifying effect. This further increase in BE was
accompanied by an increase in SIDa levels (responsible for an
alkalinizing effect). This increase in SIDa levels was almost completely
caused by a significant decrease in serum chloride levels (from 109 ±
4.6 to 107 ± 3.9 mmol/L, P b .001), as well as a slight decrease in
lactate levels (from 1.6 ± 0.8 to 1.5 ± 0.8 mmol/L, P = .045) and an
increase in calcium levels (from 1.1 ± 0.1 to 1.2 ± 0.1 mmol/L, P =



Fig. 1. Flowchart of patient groups. Base excess is expressed in millimoles per liter. PaCO2 indicates arterial CO2 tension.
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.008 in the normal acid-base state group). Levels of the weak acid
albumin did not significantly change over time, and levels of
phosphate only increased marginally (Table 4).

3.4. Covariates that modulate acid-base balance

3.4.1. Factors associated with SIDa
Total infused cation load, total infused chloride load, total infused

volume load, diuretic use, and admission SIDa levels were univariately
Table 2
Baseline clinical characteristics of 3 groups with normal pH at day 3, 4, or 5 according
to BE

Normal acid-base
state (n = 137)

BE b −2
(n = 75)

BE N 2
(n = 74)

APACHE-II score, mean ± SD 20.1 ± 7.6 22.8 ± 8.0a 19.4 ± 8.1b

APACHE-II score adjusted for
admission pH, mean ± SD

19.3 ± 7.1 21.6 ± 7.8 18.5 ± 7.9b

SAPS-II score, mean ± SD 44.3 ± 15.7 52.4 ± 16.2a 43.9 ± 18.9b

Mortality, n (%) 29 (21.2) 12 (16.2) 15 (20.8)
Sepsis, n (%) 29 (21.2) 22 (29.3) 15 (20.3)
Surgical patient, n (%) 67 (48.9) 29 (38.7) 16 (21.6)b,b

Renal failure during normal
pH, n (%)

59 (43.1) 31 (41.3) 24 (32.4)

Diuretics 24 h before normal
pH, n (%)

42 (30.7) 22 (28.2) 37 (50.0)b,b

CVVH(D) 24 h before normal
pH, n (%)

24 (17.5) 6 (8) 9 (12.2)

Citrate anticoagulation, n (%) 18 (13.1) 3 (4)a 6 (8.1)

Exact P values are mentioned in the Results section.
a Statistically significantly different (P b .05) compared with normal BE.
b Statistically significantly different (P b .05) compared with BE b −2.
associated (P b .15) with SIDa levels during normal pH. Subsequently,
multivariate regression analysis showed that SIDa during normal pH
remained significantly and independently associated with cation load,
chloride load, and admission SIDa. The adjusted r2 of the model was
0.40 (standard error of estimate, 3.51; P b .001). Regression coefficients
are outlined in Table 5.
3.4.2. Factors associated with SIG
Renal failure during normal pH, creatinine levels during normal

pH, use of CVVH(D) 24 hours before normal pH, use of citrate
anticoagulation, SIG levels during admission, and sepsis were
univariately associated (P b .15) with SIG during normal pH. After
multivariate analysis, SIG during normal pH remained significantly
and independently associated with creatinine during normal pH,
sepsis, and SIG levels at ICU admission. The adjusted r2 of the model is
0.28 (standard error of estimate, 2.78; P b .001). Regression
coefficients are outlined in Table 6.
4. Discussion

The main findings of this study are 3-fold. First, we described
values of Stewart parameters in critically ill patients with an
apparently normal acid-base state and determined the incidence of
subclinical acid-base abnormalities. Second, exploring the kinetics of
the acid-base parameters during the first week of ICU admission, we
found that the increase in pH is largely a result of metabolic changes.
Third, we identified several factors that were independently related to
SIDa levels and SIG levels during normal pH.



Table 3
Acid-base parameters of 3 groups during normal pH at day 3, 4, or 5 (t = 2) according to BE compared with a previously reported healthy control groupa

Normal acid-base state(n = 137) Control (n = 15) BE b −2 (n = 75) BE N 2 (n = 74)

pH, mean ± SD 7.41 ± 0.03 7.38 ± 0.09b 7.39 ± 0.03b 7.42 ± 0.03c

PaCO2 (mm Hg), mean ± SD 39 ± 3 45 ± 9.3b 34 ± 4b 47 ± 6b,c

BE, mean ± SD 0.1 ± 1.1 0.1 ± 2.7 −4.1 ± 1.5b 4.9 ± 2.2b,c

Anion gap (mmol/L)d, mean ± SD 8.6 ± 5.3 9.1 ± 5.7 7.9 ± 6.2
SIDa (mEq/L), mean ± SD 36.6 ± 3.7 41.4 ± 3.7b 33.2 ± 3.5b 41.2 ± 3.8b,c

Sodium (mmol/L), mean ± SD 139 ± 4.2 139 ± 1.8 140 ± 6.1 140 ± 4.2
Chloride (mmol/L), mean ± SD 109 ± 4.6 103 ± 2.8b 113 ± 6.0b 106 ± 4.7b,c

Sodium-chloride difference, mean ± SD 30.0 ± 3.6 26.3 ± 3.0b 34.2 ± 4.0b,c

Potassium (mmol/L), mean ± SD 4.0 ± 0.4 4.0 ± 0.2 4.1 ± 0.5 4.1 ± 0.5
Calcium (mEq/L), mean ± SD 2.3 ± 0.2 2.5 ± 0.1b 2.3 ± 0.3 2.3 ± 0.2
Magnesium (mEq/L), mean ± SD 2.0 ± 0.5 1.5 ± 0.1b 2.1 ± 0.6 2.0 ± 0.4
Lactate (mmol/L), median (IQR) 1.5 (1.2-1.9) 1.8 ± 0.5 1.6 (1.2-2.0) 1.3 (1.0-1.7)
Albumin (g/L), mean ± SD 23.8 ± 6.3 45 ± 5b 23.0 ± 5.6 24.8 ± 6.5
Phosphate (mmol/L), mean ± SD 1.0 ± 0.3 1.1 ± 0.4 1.0 ± 0.3c

SIDe(mEq/L), mean ± SD 33.4 ± 2.3 40 ± 3.8b 28.8 ± 2.7b 39.3 ± 3.3b,c

SIG (mEq/L), mean ± SD 3.1 ± 3.2 1.4 ± 1.8b 4.3 ± 3.5 1.8 ± 2.9b,c

a Data from Gunnerson et al [12].
b Statistically significantly different (P b .05) compared with normal BE.
c Statistically significantly different (P b .05) compared with BE b −2.
d Anion gap (mmol/L): ([Na+] − [Cl−] − [HCO3

−].
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4.1. Stewart parameters in patients with apparently normal
acid-base state

Approximately 50% of our studied ICU patients with normal pH
had an underlying mixed acid-base disorder according to criteria
traditionally used (either abnormal BE and/or pCO2). However, even
critically ill patients with an apparently normal acid-base state
according to the conventional criteria (pH and both BE and pCO2

within the reference range) have an underlying mixed acid-base
disorder that emerged using the Stewart approach. Compared with
data reported from healthy subjects [9-12], this metabolic disorder is
characterized by a combination of a low SIDa (caused by hyperchlor-
emia, reflected by the decreased Na-Cl difference), high SIG (both
acidifying effects), and a low level of the weak acid albumin
(alkalinizing effect). Apparently, traditional methods of assessing
acid-base status fail to diagnose complicated acid-base disorders in
critically ill patients. As far as we know, our study is the first to report a
detailed quantitative analysis of a large group of critically ill patients
with an apparently normal acid-base status. Moreover, considering
this large group of studied patients and recognizing that the critically
ill patientwithnormal pH, BE, and PaCO2 ismetabolically different from
a healthy person does not prove but may suggest that low SIDa, high
Fig. 2. Acid-base parameters at the time of normal pH, all expressed in milliequivalents
per liter, in the normal acid-base state group (normal BE and PaCO2, n = 137), healthy
control group (n = 15, data from Gunnerson et al [12]), metabolic acidosis group (BE b

−2, n = 75), and metabolic alkalosis group (BE N 2, n = 74). *Statistically significant
difference (all P b .001, except SIG levels BE N 2 group vs normal BE group: P = .03).
SIG, and low albumin levels could be regarded as an adaptive
phenomenon during critical illness. Nevertheless, this seems unlikely
because hypoalbuminemia (an alkalinizing factor) is considered to be
an inevitable event in critically illness and not a regulated variable for
acid-base purposes. Accordingly, increased SIG levels are probably a
result of organ dysfunction and the underlying disease or its therapy.
However, the low SIDa values may (at least partially) reflect an
appropriate renal response. Recently, several chloride carriers in the
proximal tubules and distal nephron are identified that underline the
role of chloride in renal acid-base regulation [16]. In this view, our
results illustrate that in case of hypoalbuminemia, SIDmaybe reset to a
lower level to maintain a normal pH, as previously suggested [12,17].

4.2. Kinetics of Stewart parameters

Exploring the dynamics of acid-base parameters during the first
week of ICU admission, we found that levels of SIDa return to levels
almost comparable with healthy subjects. In addition, after normal-
ization of pH, SIG levels remained higher than levels reported for
healthy subjects, and hypoalbuminemia persisted. This is in accor-
dance with the recent study of Gunnerson et al [12], who reported the
data of 15 stable ICU patients just before ICU discharge. Thus, themain
Table 4
dynamics of acid-base parameters during the first week of ICU admission of patients
with normal acid-base state according to the traditional approach (n= 137) at day 3, 4,
or 5 (t = 2)

t = 1
(day 1)

t = 2
(day 3, 4, or 5)

t = 3 discharge/
day 7

pH, mean ± SD 7.35 ± 0.09 7.41 ± 0.03a 7.43 ± 0.05a,b

PaCO2 (mm Hg), mean ± SD 40 ± 9 39 ± 3 41 ± 6b

BE, mean ± SD −3.4 ± 4.6 0.1 ± 1.1a 2.3 ± 3.0a,b

Sodium (mmol/L), mean ± SD 138 ± 5 139 ± 4a 140 ± 5a

Chloride (mmol/L), mean ± SD 107 ± 5 109 ± 5a 107 ± 4b

Sodium-chloride difference,
mean ± SD

30.5 ± 4.7 30.0 ± 3.6 32.4 ± 4.3a,b

Lactate (mmol/L),
median (IQR)

1.5 (1.2-2.6) 1.5 (1.2-1.9)a 1.3 (1.0-1.7)a

SIDa (mEq/L), mean ± SD 36 .1 ± 5.2 36.6 ± 3.7 39.3 ± 4.5a,b

Albumin (g/L), mean ± SD 24.2 ± 6.9 23.8 ± 6.3 24.1 ± 6.0
Phosphate (mmol/L),
mean ± SD

1.2 ± 0.5 1.0 ± 0.3a 1.1 ± 0.3b

SIDe (mEq/L), mean ± SD 30.7 ± 4.6 33.4 ± 2.3a 35.8 ± 3.5a,b

SIG (mEq/L), mean ± SD 5.3 ± 4.7 3.1 ± 3.2a 3.4 ± 3.6a

a Statistically significant change (P b .05) compared with t = 1.
b Statistically significant change P b .05) compared with t = 2.

image of Fig.�2


Table 5
Univariate and multivariate analyses of factors associated with SIDa levels at normal pH

Univariate analysis Multivariate analysis

B 95% CI P B 95% CI P

Cation load (mEq/L) 0.251 0.135 to 0.345 b .001 0.232 0.142 to 0.321 b .001
Chloride load (mEq/L) −0.006 −0.008 to −0.004 b .001 −0.005 −0.008 to −0.002 .001
IV volume (mL) −0.001 −0.001 to −0.001 b .001
Diuretic use 2.081 1.038 to 3.123 b .001
Admission SIDa (mEq/L) 0.414 0.342 to 0.485 b .001 0.344 0.273 to 0.415 b .001

CI indicates confidence interval; IV, intravenous.
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contributors to a change in acid-base status in critically ill patients are,
first, a decrease (but not complete normalization) of SIG levels and,
second, an increase (but not normalization) of SIDa levels. The
contribution of the respiratory component appears to be only minor.
The decrease in SIG levels before normalization of pH may likely be
related to (partial) recovery of organ function or for example
institution of renal replacement therapy. High (preresuscitation) SIG
levels at ICU admission are known to be related to the presence of
sepsis and renal and hepatic dysfunction and are probably a marker of
tissue hypoperfusion as well [18-21]. Some studies [22-25] found a
clear association between high SIG levels and mortality, whereas
another study did not [26]. The prognostic significance of high SIG
levels during admission is probably more relevant when preresuscita-
tion values are measured [4,24,26]. The increase of SIDa levels after
normalization of pH in our study is almost completely explained by a
decrease in chloride levels and might be related to further recovery of
organ function. For example, the ability to excrete excess chloride in
urine is directly related to renal function [27]. Furthermore, large
amounts of intravenous unbalanced fluids are unlikely to be
administered in a more stable phase of disease. Unfortunately, we
did not collect data of fluid input and output after normalization of pH
to support this possibility.
4.3. Covariates that modulate acid-base balance

Using multivariate linear regression analysis, performed in all
patients with normal pH (n = 312), we showed that the low SIDa
levels during normal pH were independently related to admission
SIDa levels, low cation loading, and high chloride loading 24 hours
before normal pH. Because these factors account for only 40% of the
observed SIDa levels during normal pH, other factors not accounted
for in the analysis apparently also play a role. Potential candidates are
infused (unbalanced) fluids during the resuscitation phase and, for
example, diuretics prescribed during the first 2 days of admission,
anion flux from the intracellular and interstitial (changing Gibbs-
Donnan equilibrium) compartment, and as mentioned above, pre-
sumably increased renal chloride retention as an adaptive response to
the alkalinizing factor hypoalbuminemia. Adverse effects of hyper-
chloremia on organ function, specifically renal function and outcome
in critically ill patients are increasingly reported in recent studies
Table 6
Univariate and multivariate analyses of factors associated with SIG levels at normal pH

Univariate analysis Multivariate analysis

B 95% CI P B 95% CI P

Renal failure 1.248 0.500-1.996 .001
Creatinine (μmol/L) 0.014 0.01-0.018 b .001 0.009 0.005-0.014 b .001
CVVH(D) 1.628 0.567-2.689 .003
Citrate anticoagulation 1.727 0.496-2.957 .006
Sepsis 2.417 1.568-3.266 b .001 1.391 0.584-2.198 .001
Admission SIG (mEq/L) 0.28 0.210-0.350 b .001 0.210 0.138-0.281 b .001

CI indicates confidence interval.
[28,29]. Therefore, our finding that a normal blood gas result does not
exclude hyperchloremia may be clinically relevant.

Strong ion gap levels in the patients with normal pH were
independently related to creatinine levels, the presence of sepsis, and
SIG levels during admission. Again, other factors not accounted for in
our analysis likely play an important role. First, the calculated values
of SIG levels may be overestimated because no Ka values of weak
acids have been validated for the critically ill, possibly influencing
SIDe [30]. Second, although SIG levels during normal pH decreased
compared with their admission values, they are still elevated
compared with healthy subjects. Persistent occult tissue hypoperfu-
sion or hepatic dysfunction may account for this. In general, the
nature of the increased SIG in ICU patients is currently largely
unknown and likely multifactorial [31]. Because this was an
explorative study, the prognostic significance of high SIG levels
during normal pH remains speculative. However, considering its
association with unfavorable outcome and specific disease states if
measured during admission, it is reasonable to assume that increased
SIG levels are a marker of tissue damage. Therefore, the possibility of
increased SIG levels in patients with apparently normal acid-base
state may have clinical implications.
5. Conclusions

This is the first study describing Stewart acid-base parameters in
an ICU population with no apparent acid-base abnormalities. We
demonstrated that in our studied ICU patients with normal pH, pCO2,
and BE, an underlying mixed metabolic acid-base disorder is present.
Low SIDa (mainly caused by hyperchloremia) and high SIG levels
nullify the alkalinizing effect of hypoalbuminemia. Whether this
should be interpreted as an adaptive response or as a complex mixed
acid-base disorder remains speculative. In addition, we showed that
high chloride load, low cation load, and low admission SIDa were
independently related to these low SIDa levels. Creatinine levels, the
presence of sepsis at admission, and admission SIG levels were
independently related to high SIG levels during normal pH.
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