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Abstract

Purpose: Sodium bicarbonate is commonly administered to treat metabolic acidosis in intensive care units (ICUs).
There is limited evidence from randomized trials to support this practice, and observational studies show conflicting
results. Our aim was to perform a target trial emulation evaluating the effect of bicarbonate therapy on mortality.

Methods: Retrospective cohort study using data from 12 Australian ICUs. Inclusion criteria were adults with pH< 7.3
and PCO, €45 mmHg within the first three days. We excluded repeat admissions, toxicology, diabetic ketoacidosis,
and pre-existing end-stage renal failure. The treatment intervention was sodium-bicarbonate administration, and
the primary outcome was 30-day ICU mortality with ICU discharge as a competing event. We evaluated multiple
subgroups, including patients with acute kidney injury, requirement for vasoactive therapy, and pH < 7.2. The primary
model utilized a parametric g-computation and rolling entry matching was performed as a sensitivity analysis.

Results: We identified 6157 eligible admissions, of which 1764 (29%) received sodium bicarbonate. Bicarbonate ther-
apy was associated with a 1.9% absolute mortality reduction for the primary analysis [risk ratio 0.86, 95% confidence
interval (Cl) 0.80 to 0.91], and significant benefits were seen across all subgroups evaluated. A similar point estimate of
2.19% was observed in the sensitivity analysis, with a sustained mortality reduction seen at 30 days.

Conclusion: In this target trial emulation, bicarbonate administration was associated with a small but statistically
significant reduction in mortality for patients with metabolic acidosis. Large sample sizes would be required to dem-
onstrate this effect in a randomized trial.
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Introduction

Metabolic acidosis is commonly encountered in inten-
sive care units (ICUs) [1] and associated with high mor-
tality rates [2, 3]. Detrimental effects of acidosis include
impaired myocardial contractility, arrhythmias, sys-
temic vasoplegia, pulmonary vasoconstriction, impaired
response to catecholamines, and reduced immune func-
tion [4]. While management should focus on addressing
the underlying cause [5], correcting acid—base status may
attenuate the negative effects of acidemia [1] and allow
time for other treatments to take effect [6].

Sodium bicarbonate is frequently used to treat meta-
bolic acidosis in ICU, though the practice varies widely
between different countries [7] and individual facilities
[2]. Despite a logical rationale for its use, two small tri-
als did not demonstrate that it directly improved hemo-
dynamic parameters [8, 9]. Bicarbonate administration
is associated with potential harms, including rebound
alkalosis, hypocalcaemia, hypokalemia, hypotension, and
thrombophlebitis [4]. Concerns have also been raised
about worsening intracellular acidosis due to increased
CO,, which readily diffuses across cell membranes [10].

BICAR-ICU was an open-label randomized-controlled
trial (RCT) of bicarbonate administration in 389 patients
with pH < 7.2 [11]. It showed non-significant results over-
all for a composite of mortality and organ dysfunction,
but reduced mortality in the subgroup with acute kidney
injury (AKI). Observational studies report conflicting
results, varying from potentially dramatic benefits [12—
14] to no significant difference in outcome [7, 15-17]
or even possible harm [18-20]. The use of observational
data is particularly challenging, as bicarbonate is often
preferentially administered to the most unwell patients
[21, 22]. Robust analysis requires careful attention to
potential biases as well as adjustment for confounding.

The conduct of future RCTs can be optimized by clari-
fying the anticipated treatment effect using well-con-
ducted analyses of high-volume observational data. The
aim of this project was to use a large, multi-center ICU
dataset to perform a target trial emulation evaluating the
effect of bicarbonate administration on mortality. Our
hypothesis was that bicarbonate administration, com-
pared to no bicarbonate, would reduce ICU mortality in
patients with metabolic acidosis.

Methods

Study design

We performed a target trial emulation utilizing a multi-
center, retrospective dataset obtained from 12 closed-
model ICUs in Australia, accessed via the Queensland
Critical Care Research Network. The participating sites
include tertiary, metropolitan, and regional centers, and

Take-home message

In a target trial emulation using data from 12 Australian intensive
care units, bicarbonate administration was associated with a 1.9%
absolute mortality reduction in patients with metabolic acidosis.
Large sample sizes would be required to replicate these findings in a
randomized trial, and the results support bicarbonate use in popula-
tions outside of those targeted for recruitment in ongoing clinical
trials.

encompass the majority of intensive care to the state’s
population. Data sources included hospital electronic
medical records supplemented by data from the Australia
and New Zealand Intensive Care Society Adult Patient
Database, Queensland Hospital Admitted Patient Data
Collection and linkage to the Queensland Registry of
Births, Deaths and Marriages. The dataset was available
for admissions from January 1st 2015 to December 31st
2021.

Eligible patients were adults (age>18yrs) admit-
ted to ICU with metabolic acidosis defined as pH<7.3
and PCO,<45 mmHg within the first three days of
admission. Exclusion criteria were a history of dialysis-
dependent renal failure, diabetic ketoacidosis, toxicology
admissions, and repeat ICU admissions meeting inclu-
sion criteria. We also excluded interhospital transfers
and patients with transfer to an ICU as their discharge
destination.

The study intervention was sodium-bicarbonate
administration on days when the eligibility criteria were
met. The primary outcome was 30-day ICU mortality
with discharge from ICU as a competing event. As a sec-
ondary outcome, we evaluated time to renal replacement
therapy (RRT) with death or ICU discharge as competing
events. The frequency of bicarbonate use over time was
evaluated as a potential confounder which was planned
for inclusion in the multivariable model.

We performed the following subgroup analyses:

— pH<7.3 in conjunction with AKI, defined as stage>2
on the Kidney Disease: Improving Global Outcomes
(KDIGO) classification [23]

— pH<7.3 with requirement for vasoactive treatment,
consisting of a mean daily vasoactive-inotropic score
(VIS) of> 10, equivalent to 0.1mcg/kg/min noradrena-
line [24]

— Severe acidosis with pH<7.2

— Admissions not meeting additional severity criteria
(ie., 7.2<pH<7.3, KDIGO stage<1, and VIS<10)

As RRT is a major potential confounder, we performed
an additional sensitivity analysis stratifying patients by
whether they received dialysis during the admission.
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Statistical analysis

The use of bicarbonate over time was evaluated using
Kendall’s T and the Mann—Kendall test [25]. To aid vis-
ualization of the trend, a locally weighted scatterplot
smoothing (LOWESS) curve was added. For unadjusted
analyses, the Aalen—Johansen method was used to com-
pute cause-specific cumulative incidence.

To evaluate the association between bicarbonate
administration and mortality, we conducted a target trial
emulation utilizing a parametric G-computation. This
is a multi-step statistical method to estimate treatment
effect using observational data with treatments, con-
founders, and outcomes which vary over time [26]. The
technique uses regression analyses to model daily values
of time-varying covariates, including treatments admin-
istered. Predictions from these regressions were utilized
in outcome models for ICU mortality with ICU discharge
as a competing event. Overall model performance was
evaluated and adjusted based on predictions of observed
patient events.

In the next step, a Monte Carlo simulation was uti-
lized to estimate the mortality risk under different treat-
ment strategies. Comparison of estimated mortality rates
allowed calculation of risk differences, and bootstrapping
with 10,000 resamples was used to estimate 95% Cls.
Non-normally distributed variables were transformed or
categorized as appropriate and natural cubic splines were
utilized to model nonlinear relationships.

Variables utilized in the model were chosen a priori
based on a known or strongly suspected relationship
between treatment and outcome (i.e., likely confounders).
These included age, gender, admission diagnostic group,
Charlson Comorbidity Index (CCI), and admission year.
Time-varying covariates were pH, HCO,, PCO,, highest
lactate, RRT, mean VIS, and the maximal daily Sequen-
tial Organ Failure Score (SOFA). “Time zero” was defined
as admission to ICU, and time-varying covariates were
extracted daily for the first 30 days in intensive care. As
the dataset records the day of bicarbonate administration
but not an hourly timestamp, pH, HCO,, and PCO, were
taken from the daily blood gas with the lowest calculated
Standard Base excess (SBE). Further details of the com-
plete models are available in the electronic supplemen-
tary material (Tables S1-S3 and Figure S1).

To further assess for model misspecification, a sensi-
tivity analysis was performed using rolling entry match-
ing (REM). REM is a semi-parametric technique that
controls for immortal time bias and time-varying con-
founding by matching patients on the same day of their
admission. As propensity score matching is modeled
around treatment allocation and the g-computation
based on outcome, agreement between these techniques
suggests that the model is not misspecified.

Patients treated with bicarbonate in the first three days
of admission were matched, one to one with replace-
ment, using the log of a propensity score calculated on
the day of treatment. The propensity score was created
using the same covariates as the main model with a 1-day
lag for each variable. Marginal cumulative risk curves
were estimated for ICU mortality (with ICU discharge
as a competing event) and 30-day mortality using Cox
proportional hazards models. The proportional hazards
assumption was checked by evaluating the correlation
between the scaled Schoenfeld residuals and time.

Statistical analyses were performed using R version
4.4.2 (R Foundation for Statistical Computing, 2024)
including the packages Gformula [26], Rollmatch [27],
Survival, RiskRegression [28], cobalt [29], and ggplot2.
Missing values for blood gas and lactate results were
imputed by bringing previous values forward.

Results

Population characteristics

We identified 6157 eligible admissions, and a flow-
chart of patient selection is shown in electronic supple-
mentary Figure S2. A total of 1764 patients (29%) were
treated with bicarbonate, and further details regarding
the timing and quantity of administration can be found
in the electronic supplementary material (Tables S4-S5).
The median cumulative bicarbonate dose was 150 mmol
for the whole population, but varied between 100 and
200 mmol in the subgroups depending on their illness
severity. The rate of administration by year of admission
is shown in electronic supplementary Figure S3 and sug-
gests a non-significant trend toward increasing use over
time.

Characteristics of the study population are shown in
Table 1, with a breakdown comparing patients who did
and did not receive sodium bicarbonate therapy. Patients
who received bicarbonate had higher APACHE III
scores and more severe acidosis. They also had a greater
requirement for vasoactive support and were more likely
to receive RRT. Unadjusted ICU mortality was signifi-
cantly greater in the cohort who received bicarbonate
therapy, as seen in the survival curves in Fig. 1.

Primary and secondary outcomes

Results of the target trial emulation and sensitivity analy-
sis are presented in Fig. 2, and Fig. 3 depicts cumula-
tive mortality risk curves with and without bicarbonate
therapy based on the g-formulation. Bicarbonate admin-
istration was associated with a small but statistically
significant reduction in ICU mortality, with an absolute
risk reduction (ARR) over the whole population of 1.9%
(95% CI — 2.7% to — 1.3%). It was also associated with a
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Table 1 Population characteristics

Female

Age (years)

Charlson Comorbidity Index
<4
4-5
6-7
>7

Diagnostic groups
Cardiovascular
Respiratory
Gastrointestinal
Neurological
Sepsis
Trauma
Other
Apache Il score

Blood gas on enrollment
pH
PCO, (mmHg)
HCO; (mmol/L)
Anion Gap (mmol/L)
Cumulative fluid balance® (ml)
Balanced crystalloid solution
Unbalanced crystalloid solution
Colloid solution

Severity of acidosis
pH7.2-7.3
pH7.1-7.2
pH 7.0-7.1
pH<7.0

Average vasoactive treatment on day of enroliment

Noradrenaline equivalent (mcg/kg/min)
VISP
Ventilatory support day of enroliment
Non-invasive ventilation
Invasive ventilation
AKI® day of enrollment
No AKI
Stage 1
Stage 2
Stage 3
RRT day of enroliment
ICU mortality
30-day mortality
90-day mortality
Days alive and outside of ICU at day 30

Days alive and without vasopressor support at day 30

1733 (39%)
63 (49,72)

2370 (54%)
1068 (24%)
500 (11%)
455 (10%)
1614 (37%)
451 (10%)
728 (17%)
365 (8%)
400 (9%)
400 (9%)
435 (10%)
59 (44,78)

7.26 (7.23,7.28)
38(x7.1)

17 (14,19)

16 (+5.6)

610 (-39, 1779)
903 (406, 1618)
425 (120, 976)
0 (0, 500)

3710 (85%)
486 (11%)
138 (3%)
59 (1%)

0.02(0,0.10)
20(0,88)

46 (1%)
3143 (72%)

2490 (57%)
756 (17%)
471 (11%)
676 (15%)
447 (10%)
498 (11%)
651 (15%)
735 (17%)
27 (20, 28)
28 (24,29)

%,

714 (41%)
63 (50, 72)

905 (51%)
440 (25%)
207 (12%)
212 (12%)
74 (42%)
133 (8%)
235 (13%)
76 (4%)
279 (16%)
113 (6%)
184 (10%)
67 (48, 96)

7.22(7.16,7.26)
35(x7.5)
14(11,16)

19 (£6.6)

1405 (430, 2925)
800 (388, 1500)
347 (93, 1000)
250 (0, 750)

1094 (62%)
426 (24%)
158 (9%)
86 (5%)

0.07 (0,0.22)
56(0.7,18.0)

23 (1%)
1384 (79%)

650 (37%)
279 (16%)
263 (15%)
572 (32%)
369 (21%)
356 (20%)

4 (24%)

(26%)

S

456 (26%,
25(7,28)
5(16,28)

2447 (40%)
63 (49,72)

3275 (53%)
1508 (25%)
707 (12%)
667 (11%)

2358 (38%)

726 (7.20,7.28)
37 (£7.3)

16 (13, 18)

17 (+6.1)

818 (51,2092)
889 (400, 1607)
407 (112, 1000)
0(0, 500)

4804 (78%)
912 (15%)
296 (5%)
145 (2%)

0.03(0,0.13)
3.0(0,11.0)

69 (1%)
4527 (74%)

3140 (51%)
1035 (17%)
734 (12%)
1248 (20%)
816 (13%)
854 (14%)
1065 (17%)
1191 (19%)
26 (18, 28)
27(23,29)

Data presented as n (%), mean (+ standard deviation) and median (interquartile range). There were no missing data related to the above parameters for all included

admissions

2 Cumulative ICU fluid balance on day of meeting eligibility criteria. Balanced solutions = compound sodium lactate or plasmalyte solutions. Unbalanced
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Table 1 (continued)

solutions = crystalloid solutions with strong ion difference of zero (e.g., 0.9% sodium chloride)

b VIS vasoactive-inotropic score;°AKl acute kidney injury;%RRT renal replacement therapy

Treatment
12.5- 7l — No bicarbonate
& B treatment

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Days
Fig. 1 Unadjusted ICU mortality® in patients who did or did not
receive sodium bicarbonate. 2ICU mortality with ICU discharge as a
competing event

significant reduction in RRT, with an ARR of 2.5% (see
Fig. 2, and electronic supplementary Figures S5-S6 for
associated covariate plots and cumulative risk curves).

Subgroup analyses

Greater effects on mortality were seen in the subgroups
with severe acidosis as well as acidosis associated with
AKI or vasoactive requirement (Fig. 2). Further details
regarding the covariate plots and risk curves for the sub-
group analyses can be found in electronic supplementary
Figures S7-14. Additional analyses stratified by patients
who did and did not receive RRT are shown in electronic
supplementary Figure S15. Bicarbonate was associated

Primary Outcome - Mortality

Estimated Mortality (%)

n=6157

Model No bicarbonate Bicarbonate RD (95% CI) RR (95% CI) E-value
Primary model 13.0% 11.1% -1.9(-2.7t0-1.3) —— 0.86 (0.80t0 0.91)  1.61
n=6157 '
AKI 16.5% 13.9% -25(-4.0t0-0.8) +—=— i 0.85(0.76 to 0.95) 1.63
n=1982
Vaso-active support 26.5% 23.8% -2.8(-4.5t0-0.7) [ i 0.90 (0.83t0 0.97) 1.46
n=1656 0
pH<7.2 21.3% 18.3% -3.0(-5.1t0-1.0) F——u—ri | 0.86 (0.76 to 0.96) 1.60
n=1353 E
pH27.2* 6.5% 5.2% -1.3(-2.1t0-0.5) <ee—i 0.80(0.70 to 0.93) 1.81
n=2851 .
REM: ICU 21.5% 19.4% -2.1(-4.9 t0 0.6) l—-—rl 0.90 (0.78 to 1.02) 1.46
n=3370 i
REM: 30-day 26.4% 23.4% -3.0(-5.9t0-0.1) l—-—li 0.89 (0.78 to 0.99) 1.50
n=3370
T T 1
0.75 1 1.25
Secondary Outcome - Renal Replacement Therapy
Estimated RRT use (%)
Model No bicarbonate Bicarbonate RD (95% CI) RR (95% CI) E-value
Primary model 23.1% 20.7% -2.5(-3.9to-1.1) —e— 0.89 (0.84 to 0.95) 1.50

rgun e |

[ 1
0.75 1.25

Treatment Better No treatment Better

Fig. 2 Effect of bicarbonate administration on primary and secondary outcomes. *Subgroup with 7.2 <pH < 7.3, no acute kidney injury or require-
ment for vasoactive support. RD absolute risk difference in estimated mortality, RR risk ratio, C/ confidence interval. AKl acute kidney injury, REM
rolling entry matching, RRT renal replacement therapy. Vasoactive support=mean daily vasoactive-inotropic score > 10, equivalent to 0.1mcg/kg/
min noradrenaline. E value indicates the strength of unmeasured confounding that would be required to invalidate the results. For context: in this
dataset, commencing renal replacement confers an RR of 1.52 for 30-day ICU mortality
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Cumulative ICU mortality Risk (%)

14 16
Days in ICU

0 2 4 6 & 10 12

administered to the patient cohort)

18

Fig. 3 Marginal ICU mortality according to use of bicarbonate therapy—g-computation. Modeled survival curves comparing treatment algorithms
where no patient received bicarbonate treatment, all patients receiving treatment, or the “natural course” (i.e,, the treatment which was actually

Intervention

— No Bicarbonate

.-+ Natural course

- - Bicarbonate treatment

20 22 24 2 28 30

Treatment
— No Bicarbonate
-~ Bicarbonate

Survival (%)

2 4 6 8 10 12 14 16 18 20 2 24 2 28 30
Days

Fig. 4 Estimated 30-day survival according to use of bicarbonate
therapy—rolling entry matching

with greater benefits in the cohort who were not dialysed,
with an ARR of 2.1% vs 1.4% for patients who received
RRT.

Sensitivity analysis

The sensitivity analysis using REM was able to match
1685 patients, giving a total population of 3370 for analy-
sis. The analysis of ICU mortality with ICU discharge as
a competing event showed a 2.1% ARR (95% CI — 4.9 to
0.6). The results were sustained and statistically signifi-
cant when extended to 30-day mortality (ARR 3%, 95%
CI — 5.9% to — 0.1%), with associated survival curves
shown in Fig. 4. Further information regarding the REM

analysis, including covariate distributional plots, can be
found in electronic supplementary Figures S16-S19.
Electronic supplementary Figure S20 provides additional
details regarding the management of missing data.

Discussion
In a retrospective analysis of ICU patients with meta-
bolic acidosis, sodium bicarbonate was administered in
29% of cases, with a trend to increasing administration
over time. A target trial emulation of 6157 patients sug-
gested that bicarbonate treatment was associated with a
small but statistically significant mortality benefit across
the whole cohort. Greater absolute benefit was seen the
subgroups with AKI, requirement for vasoactive support
and severe acidosis. The sensitivity analysis using REM
confirmed that the mortality benefit was sustained to
30 days, and the fact that it shows similar results to the
g-computation suggests that the model is well specified.
Previous observational studies evaluating the use of
bicarbonate for acidosis have reported highly variable
results. Some reports have described no improvement in
outcomes [7, 15-17] or the suggestion of potential harm
[18-20]. By contrast, a few analyses suggested an asso-
ciation with substantially improved outcomes, with odds
ratios for mortality between 0.35 and 0.7 depending on
the subgroup evaluated [13, 14]. The magnitudes of the
mortality benefits in these studies seem surprisingly large
considering the underlying illness severity and complex
disease course of these patients. BICAR-ICU reported on
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a randomized, unblinded trial of 389 patients and showed
a non-significant 9% ARR in 28-day mortality [11].

Definitive evidence for bicarbonate treatment in
acidosis would ideally be derived from further high-
volume RCTs. To this end, there are three trials
currently underway with variation in their method-
ology. The BICARICU-2 trial (registration number
NCTO04010630) will enroll 640 patients with severe
acidosis (pH<7.2) in conjunction with moderate-to-
severe AKI and organ dysfunction, aiming to detect a
10% ARR in 90-day mortality [30]. The SODium BICar-
bonate for Metabolic Acidosis in the Intensive Care
Unit (SODa-BIC) trial (NCT05697770) targets pH<7.3
in conjunction with vasopressor requirement, and will
recruit 500 patients to evaluate a primary outcome of
major adverse kidney events [31]. The Multicentre eval-
uation Of Sodium bicarbonate in Acute kidney Injury
in Critical Care (MOSAICC) trial (ISRCTN14027629)
is enrolling patients with pH<7.3 in conjunction with
AKI, aiming to recruit 2250 patients to detect a 7%
reduction in 90-day mortality [32].

The BICARICU-2 and MOSAICC trials target relatively
high risk populations, and strongly emphasize AKI based
on the significant mortality reductions seen in the sub-
group analysis of BICAR-ICU [11]. In clinical practice,
bicarbonate use is not exclusively restricted to patients
with established renal injury, and many of the proposed
benefits of correcting acidosis relate to cardiovascular
function as well as renal outcomes. There may also be
benefits to initiating treatment prior to meeting crite-
ria for AKI By contrast, the SODa-BIC trial has a more
inclusive eligibility criteria, but as the primary focus is on
renal outcomes, it has the lowest target for recruitment
and will not be powered to demonstrate a difference in
mortality between groups. At the conclusion of all these
trials, it seems likely that there will be a significant pro-
portion of patients in whom the effect of bicarbonate on
mortality will remain unconfirmed.

Our analysis of high-volume observational data indi-
cates that bicarbonate administration was associated
with a small but statistically significant reduction in
mortality. The disparity between these findings and
BICAR-ICU may be at least partially due to differences
in illness severity, as demonstrated in the baseline mor-
tality rate which was 17% in our cohort at 30 days, com-
pared to approximately 50% in the RCT population [11].
The two populations also differ substantially in their
composition, as 60% of the patients enrolled in BICAR-
ICU were treated for sepsis, while the largest diagnostic
group for our population was cardiovascular pathology,
with a high proportion of surgical patients. Likewise, the
smaller reductions in RRT may to some extent reflect the
lower overall frequency of dialysis (23% vs 53%). The RRT

outcomes reported here should also be interpreted with
caution due to the lack of standardized indications for
commencing dialysis, which were strictly controlled in
the trial protocol for BICAR-ICU.

In populations similar to ours, large numbers would be
necessary to demonstrate a statistically significant benefit
on mortality in a randomized trial. For example, a sample
size calculation for a reduction of 2% in 30-day mortal-
ity from 18 to 16% with alpha 0.05 beta 0.8 would require
11 072 patients with complete follow-up. Significant
resources would be required to conduct a trial on this
scale, and it has been noted by the authors of the BICAR-
ICU trial, that the risk of omitting this cheap and read-
ily available medication may be more important than the
risk of giving it in cases where the benefits have been less
conclusively demonstrated [10].

Strengths and limitations

Strengths of our study include the relatively large patient
cohort derived from multiple ICUs, which makes the
results generalizable across a wide population. Another
strength is the robust statistical methodology underpin-
ning the target trial emulation. The parametric G-for-
mula can be sensitive to model misspecification [33];
however, our model was shown to be very consistent in
predicting the ‘natural course’ across all subgroups evalu-
ated. We also performed a sensitivity analysis using mod-
eling based on treatment allocation, which shows similar
results to the primary analysis.

The study is subject to all the inherent limitations of
retrospective research, including data availability and the
potential for coding errors. In particular, there were no
data available prior to ICU admission or following ICU
discharge, including blood results, details of fluid resusci-
tation, or the administration of bicarbonate therapy. This
meant that the primary trial emulation using g-formula-
tion could not be extended to 30-day mortality outside
ICU, as the daily values of covariates were not available.
For this reason, we performed an additional sensitiv-
ity analysis with REM which provides reassurance that
the reduction in mortality was sustained to 30 days. We
were also unable to analyze specific details regarding the
bicarbonate administration (e.g., time stamp for the hour
of administration, delivery as a bolus vs infusion) as the
dataset only records the total daily dose of bicarbonate
therapy.

An additional limitation of target trial emulations is
that the treatment effects reported can only be consid-
ered truly causal if additional assumptions are met. The
positivity assumption states that all patients must have
a non-zero chance of receiving treatment [34], which is
likely to be true in this study as there are no known abso-
lute contraindications to bicarbonate administration.
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Additionally, the distributional plots in the supplement
indicate good overlap for all the individual covariates.
The consistency assumption [35] requires that exposures
have a consistent effect on outcomes, which cannot be
confirmed in this study as we employed a relatively sim-
plistic treatment definition consisting of bicarbonate
administration as a dichotomous variable. The dosing of
bicarbonate therapy in clinical practice is further compli-
cated by the fact that it can be administered as a finite
dose or as needed to reach a certain target for correction.
In our subgroup analyses, some variation in the median
cumulative dose was observed between groups which
likely corresponds to the quantity required to achieve
correction of their acidosis.

The final major assumption of target trial emulations
is exchangeability, which essentially refers to the absence
of unmeasured confounders [36]. While our model uses
sophisticated methods to account for both baseline and
time-varying covariates, it remains possible that addi-
tional unresolved confounding may be present. Reas-
suringly, the E values presented in Fig. 2 suggest that a
reasonably large unknown or unmeasured confounder
would need to be present to invalidate the results.

Conclusion

In this target trial emulation, bicarbonate administration
was associated with a small but statistically significant
reduction in mortality for patients with metabolic acido-
sis. The benefit may be smaller than previously estimated,
and large sample sizes would be required to demonstrate
this effect in a randomized trial. Our analysis of high-vol-
ume observational data using robust statistical methods
supports the use of bicarbonate in patients with meta-
bolic acidosis beyond the populations targeted in ongo-
ing randomized trials.
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