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Abstract

Background: Metabolic acidosis is a major complication of critical illness. However, its current epidemiology and its
treatment with sodium bicarbonate given to correct metabolic acidosis in the ICU are poorly understood.

Method: This was an international retrospective observational study in 18 ICUs in Australia, Japan, and Taiwan. Adult
patients were consecutively screened, and those with early metabolic acidosis (pH < 7.3 and a Base Excess <-4 mEq/L,
within 24-h of ICU admission) were included. Screening continued until 10 patients who received and 10 patients
who did not receive sodium bicarbonate in the first 24 h (early bicarbonate therapy) were included at each site. The
primary outcome was ICU mortality, and the association between sodium bicarbonate and the clinical outcomes
were assessed using regression analysis with generalized linear mixed model.

Results: We screened 9437 patients. Of these, 1292 had early metabolic acidosis (14.0%). Early sodium bicarbonate
was given to 18.0% (233/1292) of these patients. Dosing, physiological, and clinical outcome data were assessed in
360 patients. The median dose of sodium bicarbonate in the first 24 h was 110 mmol, which was not correlated with
bodyweight or the severity of metabolic acidosis. Patients who received early sodium bicarbonate had higher APACHE
Il scores, lower pH, lower base excess, lower PaCO,, and a higher lactate and received higher doses of vasopressors.
After adjusting for confounders, the early administration of sodium bicarbonate was associated with an adjusted

odds ratio (aOR) of 0.85 (95% Cl, 0.44 to 1.62) for ICU mortality. In patients with vasopressor dependency, early sodium
bicarbonate was associated with higher mean arterial pressure at 6 h and an aOR of 0.52 (95% Cl, 0.22 to 1.19) for ICU
L mortality.
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Conclusions: Early metabolic acidosis is common in critically ill patients. Early sodium bicarbonate is administered
by clinicians to more severely ill patients but without correction for weight or acidosis severity. Bicarbonate therapy in
acidotic vasopressor-dependent patients may be beneficial and warrants further investigation.

Keywords: Metabolic acidosis, Sodium bicarbonate, Intensive care unit, Vasopressor, Mortality, Observational study

Introduction

Metabolic acidosis is a major acid—base derangement
in critically ill patients [1, 2]. Metabolic acidosis may
impair cardiovascular contractility, which may con-
tribute to reduced oxygen delivery to tissues, induce
insulin resistance and may be associated with increased
mortality [3, 4]. The treatment of metabolic acidosis is
focused on addressing the underlying condition, i.e.,
shock. While the intravenous administration of sodium
bicarbonate in vitro can correct acidosis, its use or
effect in the clinical context is unclear. In this regard,
some clinicians recommend the administration of
sodium bicarbonate to patients with significant meta-
bolic acidosis [5, 6]. These recommendations are based
on the assumption that sodium bicarbonate might
restore normal cardiovascular function and subse-
quently improve oxygen delivery [7, 8] and help correct
a low pH. This effect of bicarbonate on pH is supported
by a recently conducted systematic review [9]. However,
in a low pH environment, hemoglobin plays a role as a
buffer, by binding hydrogen ion and unloading oxygen
to peripheral tissue. Administration of sodium bicarbo-
nate may interfere with this buffering effect. Whether
the intravenous administration of sodium bicarbonate
to correct metabolic acidosis in vivo has beneficial
effects on the cardiovascular system, i.e., vasopressor
sparing effect, let alone patient-centered outcomes, i.e.,
mortality, remains controversial [9].

A recent multi-center, open-label, phase 3 clinical trial
(n=389) published in 2018 assessed the effect of sodium
bicarbonate therapy in critically ill patients with severe
metabolic acidosis [10]. This trial reported that target-
ing a pH above 7.3 with intravenous sodium bicarbonate
did not significantly reduce overall 28-day mortality.
However, it also reported a reduction in the use of renal
replacement therapy (RRT), a secondary outcome, with
such treatment. These findings have renewed interest in
the role of bicarbonate therapy in patients with metabolic
acidosis. However, it is unclear whether these findings
are relevant and applicable to clinicians and patients in
other clinical settings, because the current management
of metabolic acidosis in critically ill patients is unknown.

Accordingly, we aimed to investigate the incidence
and current clinical management of metabolic acidosis
and the use of intravenous sodium bicarbonate therapy
in the ICU in a multicenter, international setting and

assess the association of such therapy with relevant
biochemical and clinical outcomes.

Methods

This was an international retrospective observational
study conducted in ICUs from Australia, Japan, and Tai-
wan. Ethics approval was obtained from the institutional
ethics committees for each participating study site.

We included adults aged 18 years or older who mani-
fested metabolic acidosis within 24 h of ICU admission
(early metabolic acidosis). Metabolic acidosis was defined
as the simultaneous presence of pH<7.3 and base excess
(BE) <-4 mmol/L on arterial blood gas analysis. The time
zero of the study was defined when metabolic acidosis
was first diagnosed in the ICU. We screened patients who
were admitted to each study ICU from Nov 11% in 2017
through Dec 2", 2019, consecutively for eligibility. The
screening continued until these patients could be identi-
fied: 10 patients who received sodium bicarbonate within
24 h of metabolic acidosis (the SB group) and 10 patients
who did not receive sodium bicarbonate within the time
frame (the No SB group) (Additional file 1: Suppl Fig. 1).
The incidence of metabolic acidosis in a study ICU was
calculated as the number of eligible patients divided by
screening period (years). Granular data concerning dos-
ing, physiological and biochemical patterns, and clini-
cal outcomes were then collected on these patients. The
primary outcome was ICU mortality. The secondary out-
comes were hospital mortality, vasopressor doses at 6 h
and 24 h, mean arterial pressures at 6 h and 24 h, and
delta mean arterial pressure per vasopressor dose at 6
and 24 h.

As there are various concentrations of sodium bicarbo-
nate solution used worldwide, e.g., bicarbonate-buffered
Ringer’s solution containing 28 mEq/L of bicarbonate,
we counted the administration of sodium bicarbonate
only when a solution contained sodium bicarbonate
at>50 mmol/L, which is more than twice higher than
physiological concentrations. When an eligible patient
did not receive sodium bicarbonate within 24 h of meta-
bolic acidosis (early bicarbonate therapy) but received it
after 24 h, the patient was included in the control group.

Patient characteristics and admission information were
retrieved from institutional databases or relevant medi-
cal records. Physiological status and interventions pro-
vided in the ICU over the first 24 h of metabolic acidosis
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were retrieved from ICU charts. All data were collected
by staff at each study site and were entered into a secure
web-based application of online databases, REDCap [11]
(ver 10.0.11, Vanderbilt University, U.S.A.) hosted by
Monash University (Victoria, Australia).

Statistical analysis

Numerical data were summarized as medians with
interquartile ranges, and categorical data were pre-
sented as counts and percentages. The total vasopres-
sor dose was calculated as the sum of the amount of
noradrenaline, adrenaline, and the converted dose of
vasopressin using a previously published conversion
scale [12]. Variables in the two treatment groups were
compared using the Mann—Whitney U test or Fisher’s
exact test. The trajectory of the biochemical or physio-
logical data was plotted using box plots. The trend over
time in each group was tested using linear regression
analysis with a mixed model accounting for the random
effects of an individual patient. The interaction between
time and the intervention groups was assessed by p
value for interaction similarly calculated from a linear
regression analysis. A p for interaction <0.1 was consid-
ered to be statistically significant. To assess vasopres-
sor responsiveness to achieve hemodynamic stability, a
calculated variable (mean arterial pressure divided by
vasopressor dose plus 1) was used. To correct a vaso-
pressor dose of 0 in the denominator, 1 was added to
all vasopressor dose. The association between the
administration of sodium bicarbonate and clinical out-
comes, i.e., mortality and hemodynamic indices, were
assessed using generalized linear regression analysis
with a mixed model accounting for the random effect
of each site. To adjust for confounding factors, age, sex,
APACHE III score, and vasopressor doses at the diag-
nosis of metabolic acidosis were added to the model for
ICU and hospital mortality. For other clinical outcomes,
age, sex, APACHE III score, baseline levels of each out-
come measures at the diagnosis of metabolic acido-
sis were added to the model. Considering the possible
effect of sodium bicarbonate on hemodynamic stabil-
ity, a subgroup analysis was conducted in patients who
were vasopressor dependent at the diagnosis of meta-
bolic acidosis. Also, we performed a subgroup analy-
sis in patients with severe metabolic acidosis defined
by pH <7.20, PaCO, <45 mm Hg, HCO; <20 mmol/L
and Lactate >2 mmol/L in addition to BE <-4 mEq/L;
and in patients with acute kidney injury (AKI) stage 2
or 3 to validate the findings in the previous trial [10].
Patient data after ICU discharge were not retrieved,
and the missing data were not imputed as the missing
occurred, not at random. A two-tailed p value<0.05
was statistically significant otherwise stated. R version
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4.0.1 (2020, R Foundation for Statistical Computing,
Vienna, Austria) was used.

Results

Prevalence and incidence of metabolic acidosis

Screening data and patient-level data were avail-
able from 18 ICUs from the three countries. The total
screening period at all sites was 2636 days, with 9437
patients assessed for eligibility. Of these, 1292 were
identified as manifesting metabolic acidosis within 24 h
of ICU admission (14.0%). The median incidence of
metabolic acidosis at a study ICU was 172.5 patients/
year (median; IQR, 100.9 to 273.6). Overall, intravenous
sodium bicarbonate was given to 18.0% (233/1292) of
patients with early (within 24 h) metabolic acidosis,
but the proportion of bicarbonate administration var-
ied markedly by the site (highest: 78.2%; lowest: 5.1%)
and by country (Taiwan, 63.1%; Japan, 12.5%; Australia,
10.3%;)

Patient characteristics

Each ICU provided data for the first 10 patients who
received SB and data for the first 10 patients who did
not receive SB (N =360, in total). The characteristics of
these 360 patients are presented in Table 1. Patients in
the SB group were more likely to be admitted from the
Emergency Department or ward and to have a higher
APACHE III score. Patients who were on chronic
hemodialysis were less likely to receive sodium bicarbo-
nate. The prevalence of acute kidney injury (AKI) was
similar at baseline (Table 1). Arterial blood gas analy-
sis at the diagnosis of metabolic acidosis showed that
patients in the SB group had lower pH, lower PaCO,,
lower HCO,;, lower BE, and higher lactate levels,
resulting in a smaller strong-ion difference (SID) than
patients in the No SB group (Table 2). The cardiac index
was rarely monitored, and higher doses of vasopressors
were administered in the SB group at the time of meta-
bolic acidosis diagnosis (Table 3). Sixty-two percent
of patients were on invasive mechanical ventilation in
both groups (Table 3).

Characteristics of early sodium bicarbonate therapy

Early (first 24 h) sodium bicarbonate was given at a
median concentration of 918 mmol/L (IQR, 833 to
1000) at the median rate of 100 mmol/hr (IQR, 63 to
125), at a median time of 2.0 h (IQR, 0.4 to 5.1) after
fulfilling early metabolic acidosis criteria in ICU. The
median total dose of early sodium bicarbonate was
110 mmol (IQR, 100 to 208). Early sodium bicarbonate
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Table 1 Patient characteristics at ICU admission
No SB (N=180) SB (N=180) p Value

Age, years 67.0[556,77.2] 65.8 [54.3,76.2] 043
Sex, male 119 (66.1) 100 (55.6) 0.05
Weight, kg 67.0 [55.7,84.0] 64.0 [53.1,80.3] 0.12
Height, cm 165 [158,172] 165 [157,172] 0.74
BMI, kg/m2 24.0[20.9,29.0] 23.2[205,27.5] 0.18
ICU admission source 0.002

Operation theatre 72 (40.0) 40 (22.2)

Emergency department 64 (35.6) 84 (46.7)

Ward 29 (16.1) 43 (23.9)

Other hospital 13(7.2) 9(5.0

ICU in other hospital 2011 4(2.2)
Treatment goals on admission 0.26

Full active management 164 (91.1) 154 (85.6)

Treatment limitation order 14 (7.8) 20(11.1)

Palliative care 2(1.0) 5(28)

Potential organ donation 0(0.0 1(06)
Cardiac arrest in 24 h prior to ICU admission 0.19

Yes 26 (14.5) 36 (20.0)

No 153 (85.5) 143 (79.4)

Unknown 0(0.0) 1(0.6)
Chronic hemo-dialysis/peritoneal-dialysis 23(12.9) 8(4.5) 0.01
Baseline creatinine, mmol/L 92.5[70.0, 189.2] 97.01[61.9, 147.7] 0.38
AKI 0.07

No AKI 57 (47.9) 39(35.1)

Stage 1 28 (23.5) 22 (19.8)

Stage 2 8(6.7) 11(9.9)

Stage 3 26 (21.8) 39 (35.1)
APACHE Il score 70[51,95] 99 (71, 129] <0.001

SB denotes sodium bicarbonate; BMI denotes body mass index; ICU, intensive care unit; AKI, acute kidney injury; APACHE, Acute Physiology And Chronic Health

Evaluation

Table 2 Arterial blood gas analysis and electrolytes at the first diagnosis of metabolic acidosis

No SB (N=180) SB (N=180) p Value
pH 7.26[7.21,7.28] 7.191[7.11,7.25] <0.001
Pa02, mmHg 110.5[84.8,162.5] 118.2 [84.6,203.3] 0.25
Pa02/FiO2 277.1[187.0,377.9] 282.0[148.2,418.1] 0.86
PaCO2, mmHg 43.0[37.5,48.0] 38.6[29.3,454] <0.001
HCO3, mEqg/L 186 [16.0,20.9] 14.4[104,18.0] <0.001
Base Excess, mEg/L —80[—109,—509] —126[—18.1,—9.1] <0.001
SID, mEg/L 30.7 [27.5,33.8] 28.01[24.1,32.0] 0.001

Sodium, mEg/L 137.0[135.0,139.3] 137.0[134.0, 140.5] 0.98
Potassium, mEq/L 43[3.8,4.9] 441[3.8,5.0] 0.38
Chloride, mEg/L 109.0 [105.0,112.8] 108.0 [103.0,113.0] 0.50
Lactate, mmol/L 25[14,45] 44115,93] 0.001
lonized Calcium, mmol/L 1.1[1.1,1.2] 1.101.0,1.2] 0.73

SB denotes sodium bicarbonate; SID, strong ion difference = Sodium + Potassium + lonized calcium-Chloride-Lactate

pH, Pa02, PaCO2, HCO3, Base Excess, and lactate were only measured for arterial blood samples
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Table 3 ICU interventions at the time of metabolic acidosis diagnosis
No SB (N=180) SB (N=180) p Value
Vasopressor dependent 77 (42.8) 110 (61.1) 0.001
Vasopressor dose among vasopressor-dependent 0.12[0.05, 0.28] 0.25[0.13,0.47] <0.001
patients, pug/kg/min
Cardiac index monitored 19 (10.6) 14 (7.8) 037
Cardiac index, L/min/m? 261[22,30] 261(2.0,3.3] 0.74
Respiratory support 0.16
Not on mechanical ventilation 63 (35.0) 59(32.8)
Invasive mechanical ventilation 112 (62.2) 112 (62.2)
Noninvasive mechanical ventilation 5(2.8) 422
ECMO 0(0.0) 5(2.8)
Neuromuscular blockade 26 (14.6) 18 (10.1) 0.20
Renal replacement therapy 0.54
Not on RRT 167 (93.3) 164 (91.1)
CRRT 8(4.5) 13(7.2)
IRRT 4(2.2) 3(1.7)

SB denotes sodium bicarbonate; ECMO, extracorporeal membrane oxygenation; RRT, renal replacement therapy; CRRT, continuous renal replacement therapy; IRRT,

intermittent renal replacement therapy

was administered by bolus (<60 min, 65.9%) or by con-
tinuous infusion (> 60 min, 27.3%), or, less commonly,
by bolus followed by continuous infusion. The total
amount of early sodium bicarbonate did not correlate
with body weight, base excess, or bicarbonate levels
(Additional file 1: Suppl Fig. 2).

Changes in acid-base, biochemical and physiological
variables

Overall, in the early SB group, pH, BE, SID, sodium,
and HCO; increased, and vasopressor dose decreased
over the first 24 h of metabolic acidosis (Fig. 1). Simi-
larly, in the no SB group, pH, BE, SID, HCO;, and
Pa0O,/FiO, ratio increased, and PaCO, and vasopressor
dose also decreased over time (Fig. 1). However, there
was an interaction between time (24 h) and treatment
group for pH, BE, PaCO,, SID, sodium, HCO3, and
Pa0O,/FiO,, such that all these variables increased sig-
nificantly more with bicarbonate administration than
without (Fig. 1). In contrast, mean arterial pressure or
vasopressor doses did not behave differently accord-
ing to SB administration (Fig. 1). The need for RRT
increased similarly over time in both groups (Addi-
tional file 1: Suppl Fig. 3).

Clinical outcomes

After adjusting for confounding factors and despite
greater illness severity, the early administration of
sodium bicarbonate was not significantly associated

with ICU mortality (adjusted OR, 0.85; 95%CI, 0.44
to 1.62) or hospital mortality, vasopressor dose at 6 h
or 24 h, or mean arterial pressure at 6 h or 24 h in the
overall study population (Table 4).

Subgroup analysis: Patients on vasopressors
Seventy-seven patients (42.8%) in the No SB group and
110 patients (61.1%) in the early SB group were on vaso-
pressors at the time of the first demonstration of meta-
bolic acidosis in ICU. Patients on vasopressors in the
early SB group were younger and had a higher APACHE
III score at ICU admission (Additional file 1: Suppl
Table 1). These patients had lower pH, lower BE, lower
SID, and higher lactate levels at the diagnosis of meta-
bolic acidosis (Additional file 1: Suppl Table 2). They also
received higher doses of vasopressors (Additional file 1:
Suppl Table 3). The OR for ICU mortality among these
patients was 0.52 (95%Cl, 0.22 to 1.19) for those receiv-
ing sodium bicarbonate. Early sodium bicarbonate was
also associated with higher mean arterial pressure and
increased vasopressor responsiveness at 6 h in this sub-
group (Table 4).

Subgroup analysis: Severe metabolic acidosis

Seven patients (3.9%) in the No SB group and 39 patients
(21.7%) in the early SB group had severe metabolic aci-
dosis (Additional file 1: Suppl Fig. 4). Patients with severe
metabolic acidosis in the early SB group were less likely
to have chronic kidney disease (Additional file 1: Suppl
Table 4). They had lower BE or bicarbonate levels and
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Table 4 Association between administration of sodium bicarbonate and clinical outcomes
Overall Vasopressor Severe metabolic
population dependent acidosis
(N=360) at the diagnosis at the time
of metabolic of diagnosis
acidosis (N=187) (N=46)
aOoR, B 95% Cl pValue aOR,p 95% Cl pValue aOR, B 95% ClI p Value
ICU mortality 0.85 044t0162 063 0.52 022t01.19 0.3 0.86 0.08t09.03 090
Hospital mortality  0.96 051to1.76  0.89 0.84 038t01.85 0.68 1.07 009t0 123 096
Vasopressor dose  —0.02 -0.08t0 0.03 0.36 0.01 -0.071t00.09 0.81 -0.23 -0.50t00.03 0.11
até6h
Vasopressor dose  0.04 -0.01t00.08 0.10 0.04 -003t00.11 0.24 -0.004 -0.16t00.16 0.97
at24h
Mean arterial pres-  2.85 -0.50t06.15 0.09 5.99 1.84t010.2 0.01 6.60 -365t017.2 0.23
sureat6h
Mean arterial pres- -1.07 -4.28t0213 052 -1.03 -521t03.15 063 8.90 -144t019.2 0.3
sureat 24 h
Delta mean arte- 3.66 -0.78t08.09 0.11 8.87 334101448 0.002 853 -8.60t0254 035
rial pressure
per vasopressor
doseat6 h
Delta mean arte- 1.26 -3.68t06.22 0.28 3.65 -2.56109.88 0.26 13.7 0.79t0 266 0.06

rial pressure
per vasopressor
dose at 24 h

Delta mean arterial pressure per vasopressor dose = mean arterial pressure at 24 h/(vasopressor dose at 24 h+ 1) — mean arterial pressure at 6 h/(vasopressor dose at

6h+1)

higher PaO,/FiO, ratio at the diagnosis of metabolic aci-
dosis (Additional file 1: Suppl Table 5), although none
of them reached statistical significance. They received
higher doses of vasopressors (Additional file 1: Suppl
Table 6). The aOR for ICU mortality was 0.86 (95%CI,
0.08 to 9.03) in those receiving sodium bicarbonate
(Table 4).

Subgroup analysis: Stage 2 or 3 AKI

Thirty-four (18.9%) patients in the No SB group and 50
patients (27.8%) in the early SB group had stage 2 or 3
AKI (Additional file 1: Suppl Table 7). Patients with AKI
in the early SB group were less likely to have chronic kid-
ney disease but were more severely ill (Additional file 1:
Suppl Table 7). They had lower pH, BE or bicarbonate
levels and higher lactate levels at the time of diagnosis of
metabolic acidosis (Additional file 1: Suppl Table 8). They
also received higher doses of vasopressors (Additional
file 1: Suppl Table 9). The aOR for ICU mortality was 0.72
(95%CI, 021 to 2.58) in those receiving sodium bicarbo-
nate (Additional file 1: Suppl Table 10).

Discussion
Key findings
Early metabolic acidosis was common in our study
cohort, and early intravenous sodium bicarbonate was

variably used in such patients across the study ICUs.
Most patients who received sodium bicarbonate did so as
a bolus dose. However, the prescription was not adjusted
for body weight or the severity of metabolic acidosis.
Patients who received sodium bicarbonate had a higher
severity of critical illness and more severe metabolic aci-
dosis. However, their biochemical parameters and PaO2/
FiO2 ratios improved more rapidly than for patients who
did not receive bicarbonate. Early sodium bicarbonate
was not significantly associated with improved clinical
outcomes overall. However, in patients with vasopressor
dependency at diagnosis, sodium bicarbonate was associ-
ated with higher mean arterial pressures within six hours
and a favorable, but not statistically significant, aOR for
ICU mortality.

Relationship with prior studies

A recent systematic review reported that the biochemical
and physiological effects of sodium bicarbonate had been
poorly examined [9]. Such a lack of data significantly lim-
its our understanding of how much and how fast sodium
bicarbonate should effectively be given to patients with
metabolic acidosis. The current study confirms that the
speed of administration, the mode (bolus or infusion or
both), and the dose are highly variable and not related
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to any clinical or biochemical parameters. Moreover,
despite the suggested rationale for administering sodium
bicarbonate [9], there is a paucity of recent data exploring
any effect on hemodynamic indices. Thus, our study is
the first contemporary work to indicate that this therapy
might increase mean arterial pressure early in patients
on vasopressors at the diagnosis of metabolic acidosis, a
finding consistent with the putative effect on the cardio-
vascular system.

The effects of sodium bicarbonate on clinical outcomes
have been rarely reported, except for a recent randomized
clinical trial conducted in France [10]. This trial reported
that administration of sodium bicarbonate for severe
metabolic acidosis defined by pH <7.20, PaCO, <45 mm
Hg, and bicarbonate concentration<20 mmol/L
decreased the need for RRT by 16.7%. Moreover, in
patients with AKI, sodium bicarbonate reduced mor-
tality by 17.7%. The results suggest promising effects of
sodium bicarbonate therapy for metabolic acidosis; how-
ever, the trial was not blinded, creating the possibility of
performance bias and focused only on severe metabolic
acidosis. Thus, the applicability and relevance of the find-
ings are unclear for most patients in the ICU. The cur-
rent study demonstrated that mild to moderate metabolic
acidosis defined by pH<7.3 and BE <-4 mEq/L were fre-
quently observed in the ICU, and sodium bicarbonate
was commonly used in such patients.

The mortality benefit observed in the subgroup of
patients with AKI in the previous trial [10] was not rep-
licated in this observational study. However, this might
be attributable to the small sample size of the subgroup
analysis. Another difference from the previous trial
was the amount of bicarbonate provided in the 24 h.
Patients in the bicarbonate group of the previous trial
received 250 mmol of bicarbonate in the first 24 h [10].
In contrast, patients in the SB group of the present study
received only 110 mmol.

The difference might be explained by the study design
and the countries where the studies were conducted.
The previous trial, mandated correction of pH, was an
interventional study and was conducted in France. The
present study was an observational study that described
current clinical practice in a non-trial, real world set-
ting and was conducted in Australia, Japan, and Taiwan.
Sodium bicarbonate is provided in a 100-mL bottle in
Australia, which might have led to a fixed dose treatment
with 100 mL of sodium bicarbonate (=100 mmol). In
Japan and Taiwan, the BMIs of the general population are
lower than that in the previous French trial (median BMI,
26). Clinicians in these countries might give a lower dose
of sodium bicarbonate than in France by default, albeit
they also do not appear to adjust the dose by the patient’s
weight.
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Implications for clinicians

Our findings imply that early metabolic acidosis is rela-
tively common in critically ill patients, as is early sodium
bicarbonate therapy. However, they also imply that the
speed and mode of administration of sodium bicarbonate
are highly variable and that its dose is not adjusted for the
degree of acidosis or the patient’s weight. The lack of a
significant signal of harm in using sodium bicarbonate,
the greater improvement in biochemical derangements
and PaO2/FiO2 ratio, and the greater increase in MAP
among vasopressor-dependent patients all imply that
bicarbonate therapy in early metabolic acidosis may be
safe. Finally, the aOR for ICU mortality among vasopres-
sor-dependent patients favored sodium bicarbonate but
with the wide confidence interval. This finding provides a
rationale for further investigations of intravenous sodium
bicarbonate therapy in vasopressor-treated patients with
metabolic acidosis.

Strengths and limitations

This is the first international multicenter epidemiologi-
cal study to describe the incidence and clinical man-
agement of early metabolic acidosis with early sodium
bicarbonate in the ICU. Despite the seeming frequency
of such clinical practice, the effect of sodium bicarbonate
on blood pressure and other biochemical parameters
have not been assessed adequately [9]. This study, there-
fore, revealed a number of previously unknown aspects
of both early metabolic acidosis and early sodium bicar-
bonate therapy that can be used to design double-blind,
randomized controlled trials.

Several limitations should be acknowledged. First,
due to the nature of the observational study design, the
results of this analysis are prone to unmeasured con-
founding, and some assumptions required for the models
used in the analysis. Second, we only treated early admin-
istration of sodium bicarbonate as being within 24 h of
metabolic acidosis. This might increase the risk of failure
to separate the two groups in assessing outcomes. Con-
sidering the evolution of metabolic acidosis in critical ill-
ness and the rapid/intense interventions provided in the
ICU at the early phase of admission, we estimated 24 h
would be sufficient for initial metabolic resuscitation.
Furthermore, pH, BE, and HCOj levels between the two
groups at 24 h were similar, suggesting that later admin-
istration of sodium bicarbonate, even if given, would not
have had a significant impact on the outcome. Third, cre-
atinine levels were not measured at 24 h after the diagno-
sis of metabolic acidosis in many patients; thus, we could
not assess the progression of AKI stage over this period.

Fourth, as this is not a randomized trial, any adjusted
association observed cannot be taken to indicate causa-
tion. Thus, all findings from this study should be taken as
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exploratory and hypothesis-generating. Fifth, the sample
size was not calculated due to the lack of epidemiologi-
cal data on current clinical practice, so that limited data
were available in patients with vasopressor dependency
or severe metabolic acidosis at the diagnosis of metabolic
acidosis. In reference to the subgroup of severe meta-
bolic acidosis, only 13% of the overall study population
was included. The findings in such a small group are not
sufficiently robust to be informative. Finally, the findings
from the subgroups should be interpreted cautiously, as
multiple testing was performed in the study, and the level
of statistical significance was not corrected for multiplic-
ity [13].

Conclusion

Early metabolic acidosis was common in ICU patients,
and sodium bicarbonate was preferentially given to more
severely ill patients. However, sodium bicarbonate ther-
apy was variable in speed and mode of delivery and not
adjusted for the patient’s body weight or the severity of
metabolic acidosis. Despite such shortcomings in its dos-
age and delivery, sodium bicarbonate was independently
associated with faster resolution of acid—base derange-
ments and PaO2/FiO2 ratio. Moreover, in vasopressor-
dependent patients, it was independently associated with
a significantly greater increase in mean arterial pressure
at six hours and a non-significant but favorable asso-
ciation with decreased ICU mortality. In their aggregate,
these observations support the conduct of further con-
trolled trials of bicarbonate therapy in early metabolic
acidosis of critical illness.

Supplementary information
is available for this paper at https://doi.org/10.1186/513054-020-03431-2.

Additional file 1. Supplementary materials include detailed methods and
supplementary results as referenced inthe article.
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