www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Association of antibiotic type and
timing with sepsis mortality using
target trial emulation
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Antibiotic therapy is essential for sepsis management, but the optimal empirical strategy remains
uncertain. This study evaluated the effects of first-line antibiotic preference and initiation timing on in-
hospital mortality among intensive care units (ICU) patients with sepsis. Using the MIMIC-1V database,
we emulated a sequential target trial comparing patients who received antibiotics within 48 h of
sepsis diagnosis versus delayed initiation. Randomization was approximated through a clone-censor-
weight process to address confounding by indication. The primary outcome was in-hospital mortality.
Weighted Cox regression estimated hazard ratios (HRs), and sensitivity analyses tested robustness.
Among 3,669 eligible patients, 3,568 (97%) received antibiotics within 48 h. After weighting, covariate
balance was achieved. Beta-lactam use was associated with lower in-hospital mortality (HR 0.88, 95%
Cl1 0.78-0.95), with consistent reductions at 7, 14, and 60 days. Timing within the 48-hour window

did not modify outcomes for either beta-lactams or glycopeptides. Empirical beta-lactam therapy

was linked to improved survival among ICU sepsis patients, whereas timing of initiation showed

no significant impact. These findings support prioritizing beta-lactam-based regimens as first-line
empirical coverage in early sepsis management.
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Abbreviations

ICU Intensive Care Unit

HRs Hazard ratios

SSC Surviving Sepsis Campaign

TTE Target trial emulation

SOFA Sequential Organ Failure Assessment

CCI Charlson Comorbidity Index

SAPSII Simplified Acute Physiology Score II
IPTW Inverse probability of treatment weighting
Cls Confidence intervals

ADE Antibiotic de-escalation

RCTs Randomized controlled trials

MIMIC-IV ~ Medical Information Mart for Intensive Care IV
MIT Massachusetts Institute of Technology

Sepsis, a severe systemic inflammatory response syndrome caused by infection, is often considered an excessive
response of the body to infection or other forms of trauma!-3. The mortality rate for sepsis patients ranges
from 25% to 30% and is responsible for up to half of all in-hospital deaths in the United States**. Standard
sepsis management involves antimicrobial treatment, hemodynamic stabilization (e.g., fluid resuscitation,
vasopressors, acid-base correction), and advanced life support (e.g., mechanical ventilation, renal replacement
therapy)®. Among these, antimicrobial treatment is applied to all cases of septicemia and is considered the
foundation of treatment. Although antibiotics have significantly improved sepsis outcomes, the optimal strategy
for their initiation and selection remains debated”. Earlier SSC guidance advocated administration within 1 h
for sepsis®, a position that drew criticism regarding evidence strength and potential unintended consequences
of rigid timing metrics’. The 2021 SSC guideline refined this issue by stratifying recommendations based on
clinical context: for adults with septic shock or a high likelihood of sepsis, antimicrobials should be administered
immediately, whereas for adults with possible sepsis without shock, a time-limited rapid investigation is
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suggested and antimicrobials should be given within 3 h if concern for infection persists; delaying antimicrobials
may be reasonable when infection likelihood is low and shock is absent!®. This evolution underscores the tension
between avoiding harmful delays and minimizing unnecessary broad-spectrum exposure.

In clinical practice, sepsis treatment often begins with empirical broad-spectrum antibiotics or combination
therapies to avoid delays in targeting the causative pathogens!!. However, overly potent antibiotics may cause
adverse drug effects, disrupt the patient’s microbiota balance, or lead to antibiotic resistance or persistent
infections!2. The optimal strategy is not always straightforward given the risks associated with antibiotic type
and the potential conflict over delayed administration. This seems to be case especially in patients without septic
shock. Perhaps for this reason, the use of antibiotics is more based on empirical evidence rather than strict
evidence-based medicine in actual practice. Moreover, ethical considerations have prevented trials comparing
delayed versus early antibiotic administration strategies. In this setting, using observational data to emulate a
potential randomized trial could provide valuable insights'®.

Therefore, this study leverages the MIMIC-IV database to evaluate how first-line coverage preference,
defined by the initial choice between glycopeptides and beta-lactams, and the timing of antibiotic initiation
influence outcomes in sepsis patients. Our objective is to assess different empirical treatment preferences to
inform evidence-based decision-making in early sepsis management (Figs. 1 and 2).

Results

Among 22,119 sepsis episodes, the majority received either glycopeptides or beta-lactams as the first antibiotic.
Initial aminoglycoside use was infrequent (389/22,119, 1.8%), and macrolide use was also low (1,255/22,119,
5.7%). Survival curves for the four antibiotic groups such as glycopeptides, macrolides, aminoglycosides, and
beta-lactams (Supplementary Fig. 1) revealed in-hospital mortality rates of 22% (354/1597), 20% (18/88), 5%
(1/21), and 13% (230/1825), respectively (P<0.001). Bonferroni-adjusted pairwise comparisons indicated
a significant difference in prognosis between glycopeptide and beta-lactam treatments (P.adjusted <0.001,
Supplementary Table 2).

Primary analysis
From 2008 to 2019, 3,669 out of 20,475 newly diagnosed sepsis patients met eligibility criteria, with 3,568 (97%)
receiving antibiotic treatment in 48 h. Table 1 presents patient characteristics, with an average age of 65.35
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Fig. 1. Flowchart for study selection process.
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Fig. 2. Study design diagram for a TTE steps including clone-censor-weight three approaches, b Comparing
different antibiotic types, c Comparing different time intervals using glycopeptide as an example, d Exposure
and follow-up windows.

Characteristic Overall, N=3,510 | Glycopeptides, N=1,653 | Beta-lactams, N=1,857 | p-value
Age 65.35+16.84 64.98+17.32 65.67 £16.40 0.3
Sex 0.004
Female 1,483 (42%) 741 (45%) 742 (40%)

Male 2,027 (58%) 912 (55%) 1,115 (60%)

Weight_admit 82.27+23.90 82.93+£25.19 81.69+22.68 0.4
CVD 2,634 (75%) 1,249 (76%) 1,385 (75%) 0.5
Liver_disease 590 (17%) 295 (18%) 295 (16%) 0.12
Renal_disease 632 (18%) 335 (20%) 297 (16%) 0.001
Thrombosis 169 (4.8%) 99 (6.0%) 70 (3.8%) 0.002
Malignant_cancer 414 (12%) 215 (13%) 199 (11%) 0.036
COPD 418 (12%) 222 (13%) 196 (11%) 0.009
CCI 5.49+2.90 5.62+2.96 5.37+2.84 0.005
SOFA _score 3.72+1.93 3.93+£2.03 3.53+1.82 <0.001
SAPS II_score 40.70£13.97 42.80+14.17 38.83+13.53 <0.001
RRT 170 (4.8%) 115 (7.0%) 55 (3.0%) <0.001
Mechanical_ventilation | 2,272 (65%) 1,075 (65%) 1,197 (64%) 0.7
Septic_shock 909 (26%) 618 (37%) 291 (16%) <0.001

Table 1. Characteristics of patients who received glycopeptides and beta-lactams. CVD, cardiovascular
disease; COPD, chronic obstructive pulmonary disease; CCI, Charlson Comorbidity Index; SOFA_score,
Sequential Organ Failure Assessment score; SAPS II_score, Simplified Acute Physiology Score II score; RRT,
renal replacement therapy. Continuous variables are presented as means+ SD and categorical variables are
presented as counts (percentages).
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Fig. 3. Love plot for patients before and after censoring. The dashed line represents a value of 0.1. If the
absolute standardized mean difference of the weighted variables is within the dashed line, then the result shows
that covariates are well balanced.

Outcome HR (95%CI)

Hospitalized mortality | 0.88 (0.78-0.95)
7-day mortality 0.78 (0.67-0.92)
14-day mortality 0.86 (0.76-0.94)
60-day mortality 0.86 (0.78-0.90)

Table 2. Hazard ratios (HR) for treatment effect between glycopeptides versus beta-lactams in sepsis patients.

years and a predominance of males (58%). Compared to glycopeptide-treated patients, those with beta-lactams
had lower rates of kidney disease (297 vs. 335, P=0.001), thrombosis (70 vs. 99, P=0.002), malignancy (199
vs. 215, P=0.036), chronic obstructive pulmonary disease (196 vs. 222, P=0.009), and septic shock (291 vs.
618, P<0.001). They also had lower SOFA scores (3.53 vs. 3.93, p<0.001) and SAPS II scores (38.83 vs. 42.80,
P<0.001), suggesting generally milder illness and fewer comorbidities among the beta-lactam group.

After excluding any missing values for covariates, 3,510 patients remained, of whom 1,857 (52.9%) received
glycopeptides and 1,653 (47.1%) received beta-lactams. IPTW weighting balance tables and love plots showed
covariates are well balanced between patients before and after censoring (Fig. 3, Supplementary Table 3). In
this weighted cohort, beta-lactam treatment resulted in a lower risk of admission mortality (HR: 0.88, 95% CI:
0.78-0.95) and reduced mortality at 7, 14, and 60 days, with HRs of 0.78 (0.67-0.92), 0.86 (0.76-0.94), and 0.86
(0.78-0.90), respectively (Table 2). The beta-lactam group recorded 234 deaths (13%), while the glycopeptide
group had 368 deaths (22%). Survival curves (Fig. 4) highlighted improved outcomes for beta-lactam treatment,
with median survival times of 56.99 versus 40.38 days (P<0.001).

Using the same approach, we assessed the timing of antibiotic initiation for glycopeptides and beta-lactams.
Supplementary Tables 4 and Supplementary Fig. 2 illustrate the number of censored cases per hour and covariate
balance within the first hour. In hourly target trial emulations, neither glycopeptides nor beta-lactams showed
that time played a significant role in the potential benefit of initiating antibiotic therapy (Table 3, Supplementary
Table 5).

Sensitivity and subgroup analyses

Sensitivity and subgroup analysis results are provided in the supplementary materials (Supplementary Tables 6-
8, Supplementary Fig. 3). Key findings confirmed that the results remained robust with a 24-hour grace period,
multiple imputation for missing data, and truncation of extreme weights. Moreover, restriction to patients
receiving monotherapy only within the first 48 h yielded results consistent with the main analysis: beta-lactam
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Fig. 4. Weighted survival curves between glycopeptides and beta-lactams.

HR(95%CI)

1sth

2nd to 6th h

7thto 12thh

13th to 24th h

25th to 48th h

Glycopeptides

0.80 (0.53-1.19)

1.06 (0.90-1.25)

0.96 (0.82-1.12)

1.06 (0.86-1.29)

0.85 (0.64-1.12)

Beta-lactams

0.78 (0.54-1.14)

1.15 (0.98-1.36)

1.15 (0.96-1.37)

0.85 (0.66-1.08)

1.26 (0.90-1.75)

Table 3. Hazard ratios (HR) for hospitalized mortality considering 5 different time windows.

was associated with a lower hazard (HR 0.63, 95% CI: 0.49-0.80). Subgroup analyses by age, sex, SOFA score,
and SAPS II score showed trends consistent with the primary findings.

Discussion

This study leverages a real-world observational cohort and a target trial emulation to assess the effects of
antibiotic type and timing on outcomes in sepsis patients. Controlling for demographics, comorbidities, and
sepsis severity, we found that beta-lactams were associated with a 12% reduction in in-hospital mortality risk
compared to glycopeptides. However, we observed no significant association between the timing of antibiotic
initiation and patient outcomes for either glycopeptides or beta-lactams. Sensitivity analyses supported these
findings and stratified by age, sex, SOFA score, and SAPS II score yielded consistent results, with broader
confidence intervals but no change in effect size or direction, affirming the robustness of our findings.

Sepsis, a condition involving organ dysfunction from an excessive host response to infection, is managed
with early detection, prompt antibiotic therapy, and fluid resuscitation to prevent septic shock. Standard
empirical treatments include beta-lactams and vancomycin. Beta-lactams provide broad-spectrum coverage
against both gram-positive and gram-negative bacteria, while adding vancomycin targets methicillin-resistant
staphylococcus aureus'.

Evidence strongly supports beta-lactam efficacy in sepsis treatment!'>1¢. Veiga et al.!® suggested beta-lactams
can be safely administered at or above standard doses without accumulation risks, enhancing pharmacodynamics
but with no obvious increased toxicity. Similarly, a meta-analysis by Vardakas et al.'® reported a 30% reduction
in mortality for sepsis patients receiving prolonged beta-lactam infusions versus shorter ones. Vancomycin, a
glycopeptide antibiotic, has potent activity against gram-positive bacteria but carries nephrotoxicity!”. Higher
vancomycin levels have been linked to an increased risk of acute kidney injury, and indiscriminate use may
promote antibiotic resistance by favoring multidrug-resistant organisms'. Our findings indicate that beta-
lactams, when adjusted for illness severity and other confounding factors, are associated with a lower mortality
risk in sepsis patients, supporting improved clinical outcomes. This aligns with antibiotic de-escalation (ADE)
principles, which aim to prevent resistance, reduce costs, and minimize overtreatment in sepsis'*°. Shifting from
empirical vancomycin to beta-lactams may be less effective than initial beta-lactam therapy. Therefore, efficacy,
adverse events, resistance risk, and cost must be weighed in starting antibiotic selection, with combination
therapy considered when necessary.
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Some studies have reported that delayed antibiotic treatment can worsen outcomes, including higher
mortality rates and an increased risk of progression to septic shock*'~24. However, these findings are primarily
based on retrospective studies, which limit causal inference. To date, no randomized controlled trials (RCTs) have
directly investigated this issue. The only prehospital RCT examining early antibiotic administration in suspected
sepsis showed no survival benefits?®. Our results suggest that delayed treatment of beta-lactams or vancomycin
does not significantly affect sepsis outcomes. This conclusion aligns with recent studies’®?”. A meta-analysis by
Sterling et al.?%, which included 11 studies, found no significant increase in mortality risk for antibiotics beyond
one hour (pooled OR: 1.46, 95% CI: 0.89-2.40) or three hours after diagnosis (pooled OR: 1.16, 95% CI: 0.92-
1.46). Yunjoo et al. analyzed 3,035 patients and reported a protective effect of administration within one hour
for 601 patients with septic shock (OR: 0.66, P = 0.049). However, no significant benefit was observed in non-
shock patients (OR: 0.85, P = 0.300). While our study provides valuable insights, it is not without limitations.
Despite its ability to address confounding, TTE remains an observational method. Moreover, it relies on “post
hoc randomization,” unlike the randomized design of RCTs, which limit the strength of causal conclusions?®.

Still, there are some considerations. First, the sepsis patients in our study generally exhibited milder symptoms,
with few progressing to septic shock (26%). In contrast, prior studies primarily included patients with severe
sepsis or septic shock?’. Furthermore, while nearly 50% of patients in previous studies received antibiotics within
two hours?!, administration in our study was more evenly distributed across the first five hours. Finally, although
delayed treatment in patients with suspected infection has been associated with an increased risk of progression
to septic shock, its effect on in-hospital mortality appears less pronounced?*.

SCC guidelines recommend initiating empirical broad-spectrum antibiotics within one hour of recognition®.
However, this recommendation faces practical challenges”‘“. First, clinicians must gather and assess patient
data like clinical signs, laboratory results, and imaging findings within one hour, which is often unfeasible in
real-world settings. Second, the use of broad-spectrum antibiotics can disrupt the gut microbiome, leading
to dysbiosis, overgrowth of antibiotic-resistant organisms, and more complex clinical scenarios®??, Third, it
remains unclear how many patients genuinely require broad-spectrum empirical therapy. Rhee et al.> revealed
that more than two-thirds of patients received broad-spectrum antibiotics, but only one-sixth of those were
isolated with methicillin-resistant staphylococcus aureus and that unnecessarily extensive therapy was associated
with higher mortality. Fourth, the timing of antibiotic administration may influence blood culture results. A
study comparing blood cultures collected before and during antibiotic treatment reported positivity rates of
50.6% and 27.7%, respectively (p < 0.001), despite similar baseline characteristics, laboratory parameters, severity
distributions, and mortality rates®. This highlights the potential for reduced pathogen identification when
cultures are performed after initiating antibiotics. Moreover, a retrospective analysis of suspected infection cases
found that one-third were ultimately diagnosed with non-infectious or viral conditions®®. Another retrospective
study confirmed this phenomenon and found that using administrative data as the gold standard, 42% of sepsis
treatment initiation pathways were false positives, with vancomycin being the second most overused antibiotic¥’.
Finally, the cost-effectiveness of administering empirical broad-spectrum antibiotics within one hour of sepsis
diagnosis remains uncertain and warrants further investigation.

For patients with suspected sepsis but without shock, best practices emphasize prompt evaluation to
determine if the condition is infectious®. Recent advances, such as the uRAST rapid antimicrobial susceptibility
testing method, have significantly reduced the turnaround time for antimicrobial susceptibility profiles by 40—
60 h compared to traditional blood cultures, while maintaining high classification accuracy®. In addition, a
multicenter study identified a small set of host response gene transcripts that could accurately detect sepsis up
to three days before clinical symptoms appeared. The study also emphasized that infection and sepsis develop
over the course of days rather than hours, thereby providing an opportunity for early targeted interventions. In
addition, a multicenter study identified a small set of host response gene transcripts that could accurately detect
sepsis up to three days before clinical symptoms appeared. It also emphasized that infection and sepsis develop
over the course of days rather than hours, thereby providing an opportunity for early targeted interventions?®4!.
Guidelines also recommend adjusting antibiotic administration timing based on the likelihood of septic shock*2.
Taneja et al. developed a sensitivity scoring system using a random forest model to identify critically ill patients
in advance and aid clinicians with the timing of administration®’. Additionally, a “one-size-fits-all” approach
in sepsis management has been reported in some hospitals. For instance, strict policies requiring antibiotic
treatment within one hour may pressure clinicians to prescribe broad-spectrum antibiotics empirically, even for
those who may not need them*. Such measures can worsen patient outcomes and lead to resource wastage**.

Study limitations

This study has several limitations. First, the MIMIC-IV dataset is a single-center cohort. Important covariates
related to sepsis development, such as pre-admission infection status and infection site distribution, were
underreported, which could influence decisions on antibiotic initiation and mortality risk assessments. Second,
due to sample size, we did not compare single-agent versus combination therapies. Third, our data lacked
information on antibiotic infusion times and dosing regimens, making it impossible to evaluate potential
mortality differences across these subgroups. Despite these limitations, our study provides meaningful insights
into antibiotic use in sepsis management.

Conclusion

The choice of antibiotic type significantly influences patient outcomes, with beta-lactams improving survival
rates and supporting the principle of antibiotic de-escalation. For most sepsis patients, the timing of antibiotic
administration does not appear to affect survival outcomes. Future research should focus on evaluating
treatment timing based on risk probability and exploring differences in varied clinical scenarios. Additionally,
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cost-effectiveness studies are needed to assess the benefits and limitations of bundled antibiotic management,
providing evidence on whether early treatment or waiting for culture results offers greater value.

Methods

Data source

The study used the Medical Information Mart for Intensive Care IV (MIMIC-IV), developed by the
Massachusetts Institute of Technology (MIT). This dataset includes information from patients admitted to the
emergency department or intensive care unit of Beth Israel Deaconess Medical Center from 2008 to 2019. It
provides detailed information on demographics, physiological, and biochemical markers, treatments, timing,
and one-year mortality following discharge.

Study design and eligibility

We conducted a retrospective cohort study using a target trial emulation (TTE) approach, following clone-
censor-weight procedures to examine the effects of antibiotic type and timing on sepsis patient outcomes.
Supplementary Table 1 outlines the simulation protocol with the MIMIC-IV. Patients aged over 18 with a sepsis
diagnosis were eligible for inclusion. The date of the first sepsis diagnosis in the study period was designated as
Day 0. Since the dataset included precise treatment start and stop times, we excluded patients with antibiotic use
recorded before Day 0.

Antibiotic exposure definition

Antibiotic exposure was defined based on the first antibiotic administered within 48 h of sepsis diagnosis (Day
0). Patients were classified according to the class of this first antibiotic (first-line coverage preference), regardless
of any subsequent combination therapy. Treatment initiation time was calculated as the difference between Day
0 and antibiotic start, classified within a 48-hour window (e.g., if start time — Day 0=0.68, the patient received
antibiotics within one hour). Follow-up began on Day 0 and continued until the outcome occurred. Figure 1
shows inclusion and exclusion criteria, while Fig. 2 illustrates study methods, including TTE steps, exposure and
follow-up windows, and baseline variable definitions.

Treatment strategies and assignment

We compared different antibiotic strategies for patients with sepsis, focusing on several classes: glycopeptides
(Vancomycin), macrolides (Zithromax Z-Pak or Erythromycin), aminoglycosides (Gentamicin, Tobramycin,
Neomycin, or Amikacin), and beta-lactams (penicillins, cephalosporins, and carbapenems). Initial treatment
was defined as any administration of these antibiotics within 48 h of the first sepsis diagnosis; treatment beyond
48 h was considered no antibiotic use. Patients were assigned to a treatment arm based on the first administered
antibiotic, without excluding those who received additional antibiotics later.

Further, to assess the effects of early administration on survival, we simulated a trial comparing antibiotic
initiation at different intervals: within the first hour, 2-6 h, 7-12 h, and later. These intervals, chosen to align with
prior research, help provide greater homogeneity between patients. We initially identified eligible participants
and reassessed over a 48-hour period. For example, patients receiving antibiotics in the third hour met two
criteria: (1) no prior antibiotic treatment and (2) eligibility based on inclusion and exclusion criteria at that time.
In this simulated trial, randomization was achieved through clone-censor-weight steps. Eligible patients were
randomly assigned to any time point within the 48-hour treatment window, resulting in 48 potential strategies.

Sepsis was defined according to the Sepsis-3 criteria as suspected infection with acute organ dysfunction,
operationalized as an acute increase in SOFA score > 2%°. Suspected infection was identified using the standard
EHR algorithm based on paired antibiotic administration and body-fluid culture order/collection timestamps
within an asymmetric window, and we used the MIMIC-IV derived Sepsis-3 concept (mimiciv_derived.sepsis3)
to implement this definition?®.

Outcomes
The primary outcome of this study was in-hospital mortality, while 7, 14, and 60 day mortality were defined as
secondary outcomes.

Covariates

Covariates included age, sex, admission weight, history of thrombosis, Charlson Comorbidity Index (CCI),
Sequential Organ Failure Assessment (SOFA) score, Simplified Acute Physiology Score II (SAPSII), recent
renal replacement therapy, recent mechanical ventilation, and recent septic shock. Additional medical history
variables included cardiovascular diseases (e.g., myocardial infarction, heart failure, cerebrovascular disease,
hypertension, coronary artery disease, atrial fibrillation, and stroke), kidney disease (e.g., chronic kidney disease
and renal failure), liver disease (mild and severe), cancer, and chronic obstructive pulmonary disease.

Statistical analysis

Statistical analyses were performed using R (version 4.3.1). Continuous variables are presented as means with
standard deviations, and categorical variables as frequencies with percentages. Group differences were tested
using the Wilcoxon rank-sum test or chi-square test, as appropriate. Initially, we assessed the association
between each class and in-hospital mortality, followed by pairwise comparisons with the Bonferroni adjustment
to identify which antibiotics were significantly associated with prognosis. Subsequently, the clone-censor-weight
approach was used to estimate the effects of two treatment strategies. For each eligible participant, two copies
were created and assigned to each treatment strategy. During follow-up, we applied artificial censoring for
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deviations from the assigned strategy within the predefined 48-hour grace period (i.e., if the assigned antibiotic
was not initiated within 48 h, the participant was censored at 48 h).

To adjust for selection bias due to censoring, we applied inverse probability of treatment weighting (IPTW),
with truncation to reduce the influence of extreme weights. Further details of TTE are available in Supplementary
Method. We assessed covariate balance using a love plot, with standardized differences below 0.1 indicating
adequate balance. Weighted Cox regression and weighted survival curves were used to evaluate in-hospital
mortality, with hazard ratios (HRs) and 95% confidence intervals (CIs) reported.

In addition, we analyzed the effect of immediate glycopeptide and beta-lactam use within 48 h versus
delayed. For this, we estimated the hourly probability of antibiotic administration throughout hour 1 to hour
48, producing a weighted population. Weighted Cox models were applied to assess in-hospital mortality and
mortality at 7, 14, and 60 days. Results were considered statistically significant if the 95% CI for the hazard ratio
did not include 1. All p-values are two-sided, with significance set at 0.05.

Sensitivity analysis

Several sensitivity analyses were conducted to evaluate the robustness of our findings. First, we shortened the
grace period to 24 h to assess treatment effects with a more immediate initiation window. Second, we used
multiple imputation to deal with the missing data at baseline compared with removing the data in the main
method. Third, we truncated weights at 95th percentile to evaluate the stability of treatment effects in relation
to extreme weights. In addition, we performed subgroup analyses by age, sex, SOFA score, and SAPSII score.
Finally, we repeated the primary analysis after restricting the cohort to patients who received monotherapy
only within the first 48 h, thereby assessing whether the estimated treatment effects were robust to exclusion of
patients who received combination therapy.

Data availability

Publicly available datasets were analyzed in this study. This data can be found here: [https://mimic.mit.edu/](h
ttps:/mimic.mit.edu) . The codes can be found here: https://github.com/mohuaifengw/SR1ef8ce959be9/blob/m
ain/main.R.
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