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Summary
Background Despite several randomised controlled trials (RCTs) on the use of adjuvant treatment with corticosteroids 
in patients with community-acquired pneumonia (CAP), the effect of this intervention on mortality remains 
controversial. We aimed to evaluate heterogeneity of treatment effect (HTE) of adjuvant treatment with corticosteroids 
on 30-day mortality in patients with CAP.

Methods In this individual patient data meta-analysis, we included RCTs published before July 1, 2024, comparing 
adjuvant treatment with corticosteroids versus placebo in patients hospitalised with CAP. The primary endpoint was 
30-day all-cause mortality, collected across all trials, and analyses followed the intention-to-treat principle. We analysed 
HTE using risk and effect modelling. For risk modelling, patients were classified as having less severe or severe CAP 
based on the pneumonia severity index (PSI), comparing PSI class I–III versus class IV–V. For effect modelling, we 
trained a corticosteroid-effect model on six trials and externally validated it using data from two trials, received after 
model preregistration. This model classified patients into two groups: no predicted benefit and predicted benefit from 
adjuvant treatment with corticosteroids. The literature search was registered on PROSPERO, CRD42022380746.

Findings We included eight RCTs with 3224 patients. Across all eight trials, 246 (7·6%) patients died within 30 days 
(106 [6·6%] of 1618 in the corticosteroid group vs 140 [8·7%] of 1606 in the placebo group; odds ratio [OR] 0·72 
[95% CI 0·56–0·94], p=0·017). The corticosteroid-effect model, which selected C-reactive protein (CRP), showed 
significant HTE during external validation in the two most recent trials. In these trials, 154 (11·4%) of 1355 patients 
died within 30 days (88 [13·1%] of 671 in the placebo group vs 66 [9·6%] of 684 in the corticosteroid group; OR 0·71 
[95% CI 0·50–0·99], p=0·044). Among patients predicted to have no benefit (CRP ≤204 mg/L, n=725), no significant 
effect was observed (OR 0·98 [95% CI 0·63–1·50]), whereas for those with predicted benefit (CRP >204 mg/L, n=630), 
39 (13·0%) of 301 patients died in the placebo group compared with 20 (6·1%) of 329 in the corticosteroid group 
(0·43 [0·25–0·76], pinteraction=0·026). No significant HTE was found between less severe CAP (PSI class I–III, n=229) 
and severe CAP (PSI class IV–V, n=1126). Corticosteroid therapy significantly increased hyperglycaemia risk 
(44 [12·8%] of 344 in the placebo group vs 84 [24·8%] of 339 in the corticosteroid group; OR 2·50 [95% CI 1·63–3·83], 
p<0·0001) and hospital re-admission risk (30 [3·7%] of 814 in the placebo group vs 57 [7·0%] of 819 in the corticosteroid 
group; 1·95 [1·24–3·07], p=0·0038).

Interpretation Overall, adjuvant therapy with corticosteroids significantly reduces 30-day mortality in patients 
hospitalised with CAP. The treatment effect varied significantly among subgroups based on CRP concentrations, 
with a substantial mortality reduction observed only in patients with high baseline CRP.

Funding None.

Copyright © 2025 Published by Elsevier Ltd. All rights reserved, including those for text and data mining, AI training, 
and similar technologies.

Introduction
Community-acquired pneumonia (CAP) is a major cause 
of hospitalisation, with high mortality.1 Although the exact 
cause is often unidentified, it can be caused by diverse 
pathogens, including viruses, bacteria, and fungi. This 
diversity complicates treatment. Adjuvant treatment with 
corticosteroids could reduce the excessive inflammatory 

response, which is associated with higher mortality.2 
However, despite evidence from several randomised 
controlled trials (RCTs) and a meta-analysis suggesting 
overall survival benefit, their routine use remains debated. 
Recently published treat ment guidelines offer conflicting 
perspectives.3–5 The concept of heterogeneity of treatment 
effect (HTE) has been described as understanding how 
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treatment effect can vary across patients.6 A widespread 
hypothesis is that patients with more severe pneumonia 
derive greater benefits from corticosteroids.4,7 However, 
severe CAP does not have a unified definition. Moreover, 
even with a unified definition for severe CAP, such a 
hypothesised HTE cannot be confirmed through an 
aggregate data meta-analysis, because this type of analysis 
relies on differences between rather than within RCTs.8 
An indi vidual patient data meta-analysis enables 
examination of HTE within RCTs, with subgroups based 
on indi vidual baseline characteristics.9 Conventional 
individual patient data meta-analyses are based on 
subgroup analyses of one variable at a time, which are 
limited by low statistical power, multiple testing, and the 
inability to integrate multiple patient characteristics 
simultaneously. By contrast, in our data-driven individual 
patient data meta-analysis, we performed a predictive 
HTE analysis,6 which addresses these limitations by 
providing predictions of individualised (ie, based on 
one or more patient characteristics) treatment effects10 of 
corticosteroids in patients hospitalised with CAP.

Methods
Search strategy and selection criteria
Study reporting adhered to the PRISMA-IPD guidelines 
(appendix p 40),11 and the literature search was registered 

on PROSPERO (CRD42022380746).12 We published our 
preliminary results on the preprint platform medRxiv13 
with the purpose of preregistering our trained model and 
external validation plan before receiving the data needed 
for the external validation.

We extended the systematic search for RCTs comparing 
adjuvant therapy with corticosteroids with placebo in 
patients hospitalised with CAP performed in the previous 
individual patient data meta-analysis on this topic,7 
updating it to July 1, 2024 (appendix p 44). Inclusion 
criteria generally included radiographic consolidations 
and multiple CAP symptoms (eg, cough, sputum, and 
fever), with some trial variations. Two reviewers (JMS and 
PAvdZ) independently screened articles and assessed risk 
of bias using the RoB2 tool.14 Ten eligible trials15–24 were 
identified (figure 1A). We initially obtained individual 
patient data from six trials,15–17,20–22 and, after preregistering 
our trained model and external validation plan as a 
preprint on medRxiv,13 we obtained individual patient data 
from the two latest trials23,24 (figure 1A). Authors of 
remaining trials18,19 either did not respond or reported 
unavailable individual patient data. Initially collected 
individual patient data included age, sex, clinical param-
eters, baseline laboratory values, comor bidities, and the 
pneumonia severity index (PSI; appendix p 22).25 Post hoc 
(ie, not prespecified in the medRxiv submission), we 
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Research in context

Evidence before this study
Routine use of corticosteroids for patients hospitalised with 
community-acquired pneumonia (CAP) remains controversial, 
with two recently published treatment guidelines presenting 
conflicting perspectives. The most recent guideline 
recommends corticosteroid treatment in patients with severe 
CAP. However, severe CAP does not have a unified definition, 
and the hypothesis that patients with severe CAP benefit more 
from corticosteroids is based on comparisons between, rather 
than within, trials, which is problematic because each trial 
includes a mixture of CAP severities. We updated the literature 
search from the previous individual patient data meta-analysis 
by searching MEDLINE, Embase, and the Cochrane Central 
Register of Controlled Trials (CENTRAL) for randomised 
controlled trials (RCTs) comparing corticosteroids versus 
placebo in patients hospitalised with CAP, covering the period 
from July 1, 2017, to July 1, 2024, using medical subject 
headings related to “pneumonia” and “corticosteroid”.

Added value of this study
Subsequently, we conducted a data-driven individual patient 
data meta-analysis, including eight RCTs with 3224 patients 
hospitalised with CAP. Importantly, the collection of individual 
patient data allowed us to analyse heterogeneity of treatment 
effects (HTE) by comparing patients within trials rather than 
between them. In addition to validating the earlier 
hypothesised HTE between severe and less severe CAP, we 

developed and externally validated a corticosteroid-effect 
model to predict the benefit from adjuvant corticosteroid 
therapy, which selected baseline C-reactive protein (CRP) as an 
important effect modifier. Our results show a significant 
reduction in overall mortality from adjuvant corticosteroid 
therapy in all patients hospitalised with CAP from the 
eight included RCTs. This treatment effect varied significantly 
between subgroups identified by the corticosteroid-effect 
model: patients with high baseline CRP concentrations had 
a survival benefit, whereas those with low baseline CRP 
concentrations did not. No significant HTE was found between 
less severe versus severe CAP (defined as pneumonia severity 
index class I–III vs IV–V). Additionally, we found a significant, 
overall increase in hospital re-admissions and incidence of 
hyperglycaemia associated with corticosteroid treatment.

Implications of all the available evidence
Contrary to current guidelines, which do not mention CRP in 
their recommendations for corticosteroid treatment, our results 
suggest that corticosteroids should be considered for patients 
with increased baseline CRP concentrations. Furthermore, as we 
found a significant overall increase in hospital re-admission and 
hyperglycaemia incidence due to corticosteroid treatment, 
a threshold-based CRP decision for treatment might be 
preferred. The proposed CRP threshold based on our externally 
validated corticosteroid-effect model was 204 mg/L, but the 
optimal threshold might be in a wider range around this value.
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collected the CURB-65 score (appendix p 22),26 and 
individual patient data regarding initial admission to an 
intensive care unit (ICU), initial need for invasive 
mechanical ventilation, microbiological aetiology, and 
initial antimicrobial treatment. Individual patient data 
from an additional observational CAP study27 were also 
collected, but only to improve the imputation of missing 
data in trial datasets. Individual patient data were checked 
for consistency with the original publications, and 
remaining issues were resolved with the corresponding 
authors. We did not collect data regarding ethnicity or 
race. All included trials had ethical approval from local 
institutional Medical Ethics Committees and recruited 
patients who provided written informed consent, or 
a waiver for consent was granted. The primary study 
endpoint was 30-day all-cause mortality, which was 
gathered from all included trials (and specifically 
requested from investigators whose RCTs did not 
originally report this outcome). Post hoc, we analysed the 
effect of corticosteroids on several secondary endpoints 
(ie, 90-day mortality, length of hospital and ICU stay, 
28-day need for invasive mechanical ventilation and 
vasopressors, and hos pital re-admission) and adverse 
events (ie, hyperglycaemia, hospital-acquired infections, 
and gas trointestinal bleeding). All patients were analysed 
in the study group to which they were randomly assigned 
(intention-to-treat principle). We excluded patients with 
unobserved primary endpoints and with implausible 
reported baseline C-reactive protein (CRP; >1000 mg/L).

Predictive HTE analysis
We conducted a predictive HTE analysis following the 
framework proposed by Kent and colleagues,6 who 
distinguish two categories of predictive HTE approaches: 
risk modelling, in which a multivariable model predicts 
the mortality risk and is applied to disaggregate patients 
within RCTs to define risk-based variation in benefit from 
corticosteroids, and effect modelling, in which a model is 
trained on RCT data by incorporating a variable for 
treatment assignment, and interactions between treatment 
and baseline covariates are modelled (figure 1B). We 
explored both risk and effect modelling strategies. For risk 
modelling, rather than building a new risk model, we used 
the PSI,25 a well established risk model for adverse 
outcomes in CAP. For effect modelling, we trained a new 
model, which is henceforth referred to as the corticosteroid-
effect model. As effect modelling requires a large amount 
of data and is prone to overfitting,28 and given the small 
number of patients and (mortality) events in our setting, 
we initially limited ourselves to effect modelling methods 
based on penalised regression. Specifically, we used 
a method proposed by Tian and colleagues,29 in which the 
individualised treatment effect is modelled directly 
through least absolute shrinkage and selection operator 
(LASSO) logistic regression, consisting of only the 
treatment variable and covariate–treatment interaction 
terms (appendix p 48).

Corticosteroid-effect model training and external 
validation
The training procedure of the corticosteroid-effect model 
comprised multiple steps: a priori variable selection 
based on availability, data imputation using the 
K-nearest-neighbour imputation algorithm (trained 
using patients from the train cohort and the observational 
study27), data normalisation, training of the LASSO 
regression model with a tuned penalty strength (λ) in the 
train cohort, and prediction of individualised treatment 
effects for the test cohort, defined as the predicted 
probability of 30-day mortality with placebo treatment, 
minus the predicted probability with corticosteroid 
treatment (figure 1B). Each step is described in more 
detail in the appendix (p 49). Before training the LASSO 
regression model, λ was optimised through a leave-one-
trial-out cross-validation within the train cohort, selecting 
the λ that yielded the best cross-validated discrimination 
for benefit (appendix p 51).30 Discrimination for benefit 
represents the model’s ability to rank patients based on 
the benefit they would derive from adjuvant treatment 
with corticosteroids. To quantify this, we proposed the 
area under the Δ-benefit curve (AUC-benefit), which 
summarises the difference in observed mortality rate 
reduction between subgroups identified by use of various 
thresholds for the predicted individualised treatment 
effects (appendix p 53).

The initially collected individual patient data from 
six trials15–17,20–22 formed the train cohort, whereas 
individual patient data from the two most recent trials23,24 
formed the test cohort for external validation (figure 1A). 
Crucially, we requested the authors of the two latest trials 
to provide individual patient data after the trained 
corticosteroid-effect model and evaluation plan were 
published on medRxiv,13 ensuring that the individual 
patient data of these trials could not influence the model 
training. After receiving the individual patient data of the 
test cohort, we imputed missing baseline covariates 
based on the train cohort, and predicted individualised 
treatment effects for the patients in the test cohort using 
the trained corticosteroid-effect model. As the PSI was 
developed before any of the included trials were 
conducted,25 its performance in all the included trials can 
be interpreted as an external validation.

Model evaluation
As prespecified on medRxiv, we assessed discrimination 
and calibration for benefit for both the PSI and the 
corticosteroid-effect model, and tested for HTE among 
the subgroups identified by these models, in the test 
cohort (ie, the external validation). Discrimination for 
benefit was evaluated using the AUC-benefit, and 
the calibration for benefit by dividing patients into 
four groups based on ascending predicted individualised 
treatment effect quartiles and plotting the predictions 
next to the observed mortality reductions. To test for 
HTE, we first assumed a decision threshold: ie, the 

Investigación Biomédica 
En Red-Enfermedades 
Respiratorias (CIBERES), Institut 
d’Investigacions Biomèdiques 
August Pi i Sunyer (IDIBAPS), 
Universitat de Barcelona, 
Barcelona, Spain (A Motos PhD); 
Center for Research in 
Transplantation and 
Translational Immunology, 
UMR 1064, Nantes Université, 
INSERM, CHU Nantes, Nantes, 
France (A Motos) 

Correspondence to: 
Mr Jim M Smit, Department of 
Intensive Care, Erasmus MC—
University Medical Center 
Rotterdam, 3015 GD Rotterdam, 
Netherlands 
j.smit@erasmusmc.nl

See Online for appendix



Articles

4 www.thelancet.com/respiratory   Published online January 29, 2025   https://doi.org/10.1016/S2213-2600(24)00405-3

value above which treatment of patients is considered 
worthwhile.30 For the corticosteroid-effect model, we 
assumed treatment to be worthwhile if any reduction 
in mortality risk was predicted (regardless of the 
magnitude), dividing patients into a subgroup of 
those who would have been advised for treatment (ie, 
individualised treatment effect >0; the predicted benefit 
subgroup) or a subgroup of those who would have been 
advised against treatment (individualised treatment 
effect ≤0; the predicted no benefit subgroup; figure 1B). 
The PSI, however, predicts mortality risk, rather than 
treatment effect. To test the hypothesis that patients 
with severe CAP benefit more from corticosteroids, 
we chose a decision threshold of 90 for the PSI (as 
prespecified on medRxiv13), which splits patients into 
PSI class I–III (ie, less severe CAP) versus PSI class 
IV–V (ie, severe CAP; figure 1B). For the resulting 
subgroups, we estimated relative treatment effects in 

terms of odds ratios (ORs) with 95% CIs in a one-stage 
approach31 using a linear mixed-effects (logistic 
regression) model, including the trial as a random 
intercept to account for between-trial variability. 
Addressing the non-collapsibility of the OR measure, 
we (post hoc) also calculated ORs conditional on 
two strong and widely available prognostic factors for 
the primary endpoint (ie, age and PSI), through direct 
adjustment32 (implementations in R version 4.2.1; 
appendix p 23) in the test cohort. Finally, we tested for 
HTE through an interaction test by adding the subgroup 
variables in turn to the mixed-effects model as a main 
effect and as an interaction term with the treatment 
variable. Additionally, we presented for each subgroup 
the observed mortality rates in the treatment groups, 
observed treatment effects in terms of mortality 
reduction (95% CIs around mortality reductions were 
calculated through bootstrapping using 1000 bootstrap 
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samples), and the number needed to treat (NNT). 
Additionally, we tested for HTE and reported observed 
mortality rates, treatment effects, and NNTs among the 
subgroups identified by both PSI and corticosteroid-
effect model in the individual trials that made up the 
test cohort, the train cohort, and the full cohort (ie, all 
eight trials in the train and test cohorts combined). As 
the corticosteroid-effect model was trained using the 
train cohort (constituting the majority of the full 
cohort), the observed HTE among the subgroups 
identified by the corticosteroid-effect model in the train 
cohort and full cohort is at risk of overfitting.

To evaluate the overall effect of adjuvant corticosteroid 
therapy on the primary endpoint in all patients 
hospitalised with CAP, regardless of subgroups, we 
estimated relative treatment effects using the same 
one-stage approach31 and reported observed mortality 
rates, treatment effects, and NNTs based on the full 
cohort (ie, all eight included trials). Additionally, we 
assessed the overall effects of corticosteroids in the train 
and test cohorts separately, and in each individual trial.

We applied the same approach to evaluate overall 
corticosteroid effects, as well as HTE between subgroups 
identified by the PSI and corticosteroid-effect model, on 

secondary endpoints and adverse events, using all trials 
for which individual patient data were available for each 
specific endpoint or adverse event. However, because 
logistic regression is not suited for testing the significance 
of corticosteroid effects on length of stay outcomes, we 
used the Kruskal–Wallis test (using Scipy’s kruskal 
function33) for the length of hospital and ICU stay 
outcomes. All p values were two sided, and values less 
than 0·05 were deemed to be significant.

Method selection and non-linear effect modelling
Before obtaining individual patient data of the test cohort, 
we selected our effect modelling method of choice (ie, the 
Tian method29) among alternative penalised regression 
strategies (appendix p 55). Since our implementation of 
the Tian method29 only supported linear effect modelling, 
we also evaluated the performance of more flexible 
approaches that allow for non-linearities.

As prespecified,13 we trained a modified Tian model on 
the train cohort with dichotomised interaction terms for 
each continuous variable to capture non-linearities. 
Additionally, we post hoc trained models using methods 
capable of handling non-linear relationships and higher-
order interactions (ie, a causal forest,34 X-learner,35 and 

Figure 1: Study selection and design
(A) Schematic overview of literature search, model training, and external validation: first, eligible trials were identified through a systematic literature search; second, 
λ was optimised using leave-one-trial-out cross-validation; third, the corticosteroid-effect model was trained with optimised λ; fourth, the model was preregistered 
on medRxiv;13 fifth, individual patient data were obtained from test cohort trials; and sixth, the corticosteroid-effect model was externally validated in the test cohort. 
(B) Schematic overview of risk and effect modelling. λ=penalty strength. AUC-benefit=area under the Δ-benefit curve. CRP=C-reactive protein. LASSO=least absolute 
shrinkage and selection operator. PSI=pneumonia severity index.
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Effect modelling

Risk modelling

Baseline characteristics

Predict PSI score ≤90
(class I–III)

PSI score >90
(class IV–V)

Less severe
community-
acquired
pneumonia

Severe
community-
acquired
pneumonia

Subgroups based
on predicted risk

Corticosteroid-effect model

PSI PSI score 110

No

Yes
corticosteroids

B

Predicted
benefit

Predicted
no benefit

Subgroups based on 
individualised treatment effect

Individualised 
treatment 

effect ≤0

Individualised 
treatment 
effect  >0

Predicted mortality risk 2%

Individualised treatment 
effect: 5% – 2%=3%

Predicted mortality risk 5%
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R-learner36) and evaluated them on the test cohort 
(appendix p 74).

Sensitivity analyses
We conducted two prespecified sensitivity analyses to 
explore effect modification for individual covariates, and 
to validate our corticosteroid-effect model in two other, 
ineligible trials.37,38 Additionally, we conducted several 
post-hoc sensitivity analyses, including assessing bias 
from missingness in the primary endpoint,39 and inves-
tigating risk of aggregation bias.31 We examined the 
impact of data imputation, the robustness of our 
analysis with different imputation methods, and the 
influence of excluding patients with high missingness 
in baseline characteristics. We examined HTE among 
separate PSI classes, among severity classes based on 
the CURB-65 score,26 and between patients who did or 
did not require initial ICU admission or invasive 
mechanical ventilation. We investigated HTE based 
on microbiological aetiology, and evaluated outcomes 
for 30-day mortality and hospital-acquired infections, 
considering variations in corticosteroid types, doses, 
and treatment timing. We examined the performance 
of the corticosteroid-effect model among patient sub -
groups based on microbiological aetiology. Finally, 
we re-assessed the overall effects of corticosteroids 
on length of stay outcomes, excluding patients with 
30-day mortality, and on re-admission, only consider-
ing 30-day re-admissions (appendix p 81).

Role of the funding source
There was no funding source for this study.

Results
Eight of ten eligible trials provided individual 
participant data, including 3248 patients (table 1). We 
excluded 24 patients from the test cohort in external 
validation: 20 had missing 30-day mortality data, 
three had CRP higher than 1000 mg/L (appendix p 112), 
and one had more than 80% missing baseline data. 
No patients were excluded in the train cohort. Overall 
30-day mortality ranged from 4–17% among the 
individual trials: 246 (7·6%) of 3224 patients died 
across all trials. Corticosteroid doses varied, with a day 
7 hydrocortisone-equivalent dose of 500–2000 mg 
(appendix p 4), and treatment started within 12–96 h 
of hospital admission. Baseline char acteristics were 
similar between corticosteroid and placebo groups, 
with similar miss ingness across treatment groups 
(table 2), as well as in train and test cohorts (appendix 
pp 24–25). Baseline characteristic distributions 
per study and per treatment group showed some small 
but significant imbalances between treatment groups 
in individual trials (appendix p 5). We obtained indi-
vidual patient data on microbiological aetiology from 
seven trials,15–17,20–22,24 finding no pathogen in 1433 (53·8%) 
of 2663 patients, whereas 960 (36·0%) tested positive 
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for bacterial and 285 (10·7%) for viral agents (appendix 
p 26). Data on antimicrobial treatments came 
from four trials, with macrolides, third-generation 
cephalosporins, amoxicillin plus clavulanic acid, and 
amoxicillin used in 1614 (84·4%) of 1912 patients 
(appendix pp 16, 26). Plots of relative and absolute 
treatment effects by PSI and CRP quartiles showed 
a non-linear relationship between CRP and treatment 
effect (appendix pp 16–18).

A priori, we selected 20 baseline variables consisting of 
demographics, clinical parameters, laboratory values, and 
comorbidities (table 2). The rate of missingness 
per variable was generally low (ie, missing for 25% of 
the patients or less), and was similar between the 
corticosteroid and placebo groups. The rate of missing-
ness per patient was also generally low: 1689 (90·4%) 
of 1869 patients in the train cohort and 1332 (98·3%) of 
1355 patients in the test cohort had low (ie, ≤20%) 
missingness among baseline characteristics (appendix 
p 110). After optimising λ and training the corticosteroid-
effect model (appendix p 18), LASSO penalisation selected 
only the interaction term with CRP out of the 20 interaction 
terms based on each baseline variable.

In the external validation, the corticosteroid-effect model 
yielded a higher AUC-benefit than the PSI (appendix 
p 19). In terms of calibration for benefit, the corticosteroid-
effect model showed underestimation in the higher 
prediction regions (figure 2). HTE between the subgroups 
in the test cohort identified by the corticosteroid-effect 
model was substantial (figure 3). Treatment benefit was 
substantial in the predicted benefit subgroup: 20 (6·1%) 
of 329 patients died within 30 days in the corticosteroid 
group compared with 39 (13·0%) of 301 in the placebo 
group (OR 0·43 [95% CI 0·25–0·76]), whereas there was 
no significant difference in mortality in the predicted no 
benefit subgroup (0·98 [0·63–1·50]), as reflected in 
a strong interaction (pinteraction=0·026). In both trials of the 
test cohort, we observed HTE between the subgroups 
identified by the corticosteroid-effect model in the same 
direction, although it was more pronounced in the trial by 
Meduri and colleagues23 (appendix pp 27–28).

In the full cohort (ie, train and test cohort combined), 
as well as in the train cohort, we observed similar dis-
crimination and calibration for benefit, and similar HTE 
(appendix pp 19–21).

As the LASSO penalisation selected only the interaction 
term with (continuous) CRP, each individualised treatment 
effect predicted by the corticosteroid-effect model 
corresponds to a specific CRP value, where a 0 prediction 
(ie, no benefit, no harm) corresponds to a CRP of 204 mg/L 
(appendix p 113). Post hoc, we examined HTE resulting 
from CRP thresholds around this value using the full 
cohort, suggesting similar HTE for thresholds around 200 
mg/L (figure 4).

In the test cohort, the relative treatment effect was 
slightly greater in patients with PSI class I–III than in 
those with PSI class IV–V, although this difference was 

Corticosteroid group 
(n=1631)

Placebo group 
(n=1617)

Missingness 
(% 
corticosteroid 
group, % 
placebo 
group) 

p 
value*

Demographics

Sex ·· ·· 0·0, 0·1 0·68

Female 513 (31·5%) 496 (30·7%) ·· ··

Male 1118 (68·5%) 1121 (69·3%) ·· ··

Age, years 68·2 (58·1–79·0) 68·0 (58·0–79·0) 0·0, 0·1 0·77

Clinical parameters  

Respiratory rate, breaths per min 24·0 (19·5–28·0) 23·0 (19·0–28·0) 7·5, 6·5 0·28

Diastolic blood pressure, mm Hg 70·0 (60·0–79·0) 69·0 (60·0–78·0) 4·4, 4·3 0·44

Systolic blood pressure, mm Hg 125·0 (110·0–140·0) 123·0 (110·0–139·0) 4·4, 4·3 0·15

Temperature, °C 37·5 (36·9–38·3) 37·5 (36·8–38·4) 2·9, 2·8 0·96

Heart rate, bpm 92·5 (80·0–107·0) 91·0 (79·0–106·0) 1·7, 1·7 0·07

SpO₂, % 94·0% (92·0–97·0) 95·0% (92·0–97·0) 15·1, 14·7 0·21

Laboratory values

Creatinine, µmol/L 92·8 (72·0–127·0) 89·0 (71·0–122·2) 25·4, 25·0 0·05

Sodium, mmol/L 136·0 (133·0–139·0) 136·0 (133·0–139·0) 1·2, 0·8 0·20

Urea, mmol/L 7·5 (5·1–12·0) 7·4 (5·0–11·1) 23·1, 22·3 0·85

CRP, mg/L 192·4 (90·0–300·0) 183·1 (80·4–293·9) 12·5, 10·6 0·15

Glucose, mmol/L 7·3 (6·1–9·0) 7·2 (6·0–8·9) 8·8, 9·6 0·08

White blood cell count, 10⁹ cells 
per L

12·6 (9·1–17·0) 12·5 (9·0–17·1) 2·1, 1·7 0·32

Comorbidities

Neoplastic disease 135 (8·3%) 135 (8·3%) 9·0, 8·9 0·95

Liver disease 59 (3·6%) 56 (3·5%) 11·0, 11·1 0·85

Congestive heart failure 284 (17·4%) 248 (15·3%) 2·3, 2·2 0·12

Renal disease 237 (14·5%) 209 (12·9%) 16·1, 16·6 0·19

Diabetes 405 (24·8%) 392 (24·2%) 0·6, 0·6 0·71

COPD 376 (23·1%) 386 (23·9%) 0·6, 0·6 0·59

Baseline disease severity indicators

PSI

Total score 106·0 (78·0–132·0) 103·0 (77·0–132·0) 0·3, 0·4 0·22

Class I 131 (8·0%) 120 (7·5%) ·· ··

Class II 195 (12·0%) 190 (11·8%) ·· ··

Class III 263 (16·1%) 299 (18·6%) ·· ··

Class IV 607 (37·2%) 578 (35·7%) ·· ··

Class V 430 (26·4%) 423 (26·2%) ·· ··

CURB-65†

Total score 1·0 (0·0–2·0) 1·0 (0·0–2·0) 29·5, 27·9 0·78

Score 0–2 1045 (64·1%) 1068 (66·0%) ·· ··

Score 3–5 105 (6·4%) 98 (6·1%) ·· ··

Other

Initial ICU admission‡ 494 (30·3%) 486 (30·1%) 18·2, 17·7 0·91

Initial need for invasive 
mechanical ventilation§

94 (5·8%) 88 (5·4%) 50·0, 50·2 0·70

Data are n (%) or median (IQR). COPD=chronic obstructive pulmonary disease. CRP=C-reactive protein. ICU=intensive 
care unit. PSI=pneumonia severity index. *Distributions of the placebo and corticosteroid groups were compared using 
a Fisher exact test for categorical variables and a two-sample t test for continuous variables, without adjusting for 
multiple testing. †We obtained individual patient data regarding CURB-65 scores from six trials.16,17,20−22,24 ‡We obtained 
individual patient data regarding initial ICU admission from seven trials.15−17,20−22,24 §We obtained individual patient data 
regarding initial need for invasive mechanical ventilation from four trials.17,21,22,24

Table 2: Patient characteristics measured at baseline of the 3248 patients from the eight included 
randomised controlled trials
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not significant (OR 0·40 [95% CI 0·12 to 1·36] vs 
0·75 [0·52 to 1·06], pinteraction=0·33). We observed similar 
results in the individual trials that made up the test cohort 
(appendix pp 27–28). In the full cohort, there was no 
significant difference, but the point estimate of relative 
benefit was smaller in PSI class IV–V compared with PSI 
class I–III (OR 0·72 [95% CI 0·54 to 0·95] vs 0·60 [0·25 to 
1·42], pinteraction=0·77), whereas the point estimate of 
absolute benefit was greater, with a mortality rate 
reduction of 3·3% (95% CI 1·1 to 5·5) in PSI class IV–V 
compared with 0·8% (–0·5 to 1·9) in PSI class I–III 
(appendix p 21). This phenomenon is known as risk 
magnification. In the train cohort, both relative and 
absolute benefit were greater in PSI class IV–V than in 
PSI class I–III (appendix p 21).

In the full cohort (ie, all patients hospitalised with 
CAP), adjuvant therapy with corticosteroids significantly 
reduced 30-day mortality, with 106 (6·6%) of 1618 patients 
having died at 30 days in the corticosteroid group 
compared with 140 (8·7%) of 1606 in the placebo group 
(OR 0·72 [95% CI 0·56–0·94], p=0·017; figure 3). This 
overall effect was similar in both the test cohort (0·71 
[0·50–0·99], p=0·044; figure 3) and train cohort (0·76 
[0·50–1·15], p=0·20; appendix p 21), but showed large 
variety among the individual trials (appendix p 29). We 
observed small differences between marginal ORs and 
ORs conditional on prognostic factors (appendix p 30).

The non-linear Tian method with extra, dichotomised 
terms selected the interaction terms with both 
(continuous) CRP and dichotomised glucose (split at 
7 mmol/L) as predictors for benefit. However, when 
evaluated using the test cohort, it did not outperform the 
(linear) Tian method in terms of AUC benefit or 

calibration for benefit, whereas the more flexible causal 
machine learning methods showed even worse 
performances (appendix p 76).

We obtained individual patient data regarding 90-day 
mortality, length of ICU stay, and 28-day need for invasive 
mechanical ventilation from four trials,15,20,21,24 28-day 
need for vasopressors from three trials,15,20,24 hospital 
re-admission from four trials,16,17,20,22 length of hospital stay 
from six trials,15–17,20–22 hyperglycaemia from four trials,15–17,21 
hospital-acquired infections from six trials,15–17,20,21,24 
gastrointestinal bleeding from five trials,15,17,20,21,24 CURB-65 
scores from six trials,16,17,20−22,24 initial ICU admission from 
seven trials,15−17,20−22,24 initial invasive mechanical ventilation 
from four trials,17,21,22,24 and microbiological aetiology from 
seven trials.15−17,20−22,24

Adjuvant therapy with corticosteroids significantly 
reduced 90-day mortality by 2·8% (95% CI 0·4 to 5·2; 
OR 0·73 [95% CI 0·51 to 0·99], p=0·042), 28-day need for 
invasive mechanical ventilation by 4·8% (2·1 to 7·5; 0·59 
[0·42 to 0·82], p=0·0019), 28-day need for vasopressors 
by 6·9% (4·0 to 9·7; 0·54 [0·40 to 0·72], p<0·0001), and 
median length of hospital stay from 7 days to 6 days 
(Kruskal–Wallis test p=0·0002) and ICU stay from 7 days 
to 5 days (Kruskal–Wallis test p=0·0009; appendix 
pp 31–32). However, it significantly increased hospital 
re-admission by 3·3% (95% CI –5·3 to –1·5; OR 1·95 
[95% CI 1·24 to 3·07], p=0·0038; appendix p 31) and 
hyperglycaemia by 12·0% (–17·0 to –6·9; 2·25 [1·62 to 
3·17], p<0·0001; appendix p 32). Corticosteroid therapy 
significantly increased hyperglycaemia risk (44 [12·8%] 
of 344 in the placebo group vs 84 [24·8%] of 339 in the 
corticosteroid group; 2·50 [1·63–3·83], p<0·0001) and 
hospital re-admission risk (30 [3·7%] of 814 in the placebo 
group vs 57 [7·0%] of 819 in the corticosteroid group; 
1·95 [1·24–3·07], p=0·0038). Hospital-acquired infec-
tions occurred in 331 (12·5%) of 2650 patients and 
gastrointestinal bleeding in 33 (1·7%) of 1958, but 
corticosteroids had no significant effect on either 
outcome. We observed no significant HTE on secondary 
endpoints or adverse events between the subgroups 
identified by the PSI and the corticosteroid-effect model 
(appendix pp 33–38).

Evaluating the corticosteroid-effect model in the 
ineligible trials,37,38 we observed no benefit in both 
predicted benefit and predicted no benefit subgroups. No 
significant effect modifiers were found, although 
(continuous) CRP interaction approached significance. 
We judged risk of bias due to missingness in the primary 
outcome to be small, but adjustment for aggregation bias 
reduced the strength of the interaction between the 
corticosteroid-effect model subgroups and the treatment. 
The primary analysis without imputation showed similar 
results, but wider CIs due to lower sample size. Different 
imputation methods, as well as the removal of patients 
with high missingness among baseline characteristics, 
yielded similar results. Unlike the PSI, CURB-65 
suggested more benefit in less severe CAP. No significant 

Figure 2: Calibration for benefit results for the corticosteroid-effect model 
for external validation in the test cohort
For four patient groups based on ascending quartiles of the predicted 
individualised treatment effects , the predicted individualised treatment effect 
distributions are visualised using violin plots (medians with IQRs) next to the 
observed mortality reductions (error bars indicate 95% CIs) in each quartile. 
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HTE was found across subgroups based on individual PSI 
classes, initial ICU admission, initial invasive mechanical 
ventilation, or any subgroup based on microbiological 
aetiology, although potential harm was noted in influenza 
(or any viral) infections, especially without a bacterial 
co-infection, with a trend towards significant HTE. After 
adjusting for corticosteroid-effect model subgroups, 
hydrocortisone showed significantly greater benefit than 
other corticosteroids, but we did not find treatment effect 
variation based on dose. We observed significantly better 
outcomes when corticosteroid treatment was initiated 
within 24 h, although this result was solely based on 
Dequin and colleagues’ trial.24 No significant HTE was 
observed for hospital-acquired infections across 
subgroups based on corticosteroid type, dose, or timing. 
Among patient subgroups by microbiological aetiology, 
we found consistent HTE between the subgroups 
identified by the corticosteroid-effect model, except for the 
viral infection group, in which we found point estimates 
that suggest harmful effect in both predicted benefit and 
predicted no benefit groups. Finally, the overall effect of 
corticosteroids on lengths of hospital stay and ICU stay, 
after excluding patients with 30-day mortality, and on 
hospital re-admissions, based on the three trials that 

tracked 30-day re-admissions, showed similarly significant 
results (appendix p 84).

Discussion
In the full cohort, totalling eight RCTs15–17,20–24 and 
3224 patients hospitalised with CAP, adjuvant 
corticosteroid therapy significantly reduced 30-day 
mortality (8·7% in the placebo group vs 6·6% in the 
corticosteroid group). Importantly, at external validation 
in two unseen RCTs (ie, the test cohort),23,24 treatment 
effects varied significantly across patient subgroups 
classified by the proposed corticosteroid-effect model 
based on baseline CRP. No significant mortality 
reduction was observed in patients where the model 
predicted no benefit (ie, baseline CRP ≤204 mg/L), 
whereas adjuvant therapy with corticosteroids sig-
nificantly reduced mortality for patients where the 
corticosteroid-effect model predicted benefit (ie, baseline 
CRP >204 mg/L; 13·0% in the placebo group vs 6·1% in 
the corticosteroid group). Our findings indicate that 
adjuvant corticosteroid therapy did not cause a significant 
increased risk of hospital-acquired infections or bleed-
ing, but it significantly increased the risk of hospital 
re-admissions and hyperglycaemia.

Figure 3: Overall effect of adjuvant therapy with corticosteroids and results of external validation of the corticosteroid-effect model and PSI regarding 30-day mortality in the test cohort
Heterogeneity of treatment effect on the relative, odds ratio scale and the absolute, mortality risk difference scale. For the relative scale, we added the pinteraction value. CAP=community-acquired 
pneumonia. CRP=C-reactive protein. NNT=number needed to treat. PSI=pneumonia severity index.

Full cohort
(eight trials, 
n=3224)

Test cohort
(two trials, 
n=1355)

Test cohort subgroups 
by PSI
Less severe CAP
(PSI score ≤90,
class I–III, n=229)
 
Severe CAP
(PSI score >90,
class IV–V, n=1126)

Test cohort subgroups 
by corticosteroid-effect 
model
Predicted no benefit
(CRP ≤204 mg/L, 
n=725)

Predicted benefit
(CRP >204 mg/L, 
n=630)

Placebo 
group

Corticosteroid
group

Odds ratio 
(95% CI)

Mortality
reduction 
(95% CI)

NNT pinteraction

Mortality rate

0 3 6 9 12 15 18 0·25 0·5 1 2 –3 0 3 6 9 12

Odds ratio

Benefit Harm

Mortality reduction

Harm Benefit

Placebo Corticosteroid

140/1606 
(8·7%)

 88/671 
(13·1%)

 9/112
(8·0%)

 79/559 
(14·1%)

 

 49/370 
(13·2%)

 
 39/301 
(13·0%)

 106/1618 
(6·6%)

 66/684 
(9·6%)

 4/117 
(3·4%)

 62/567 
(10·9%)

 46/355 
(13·0%)

 
 20/329
(6·1%)

0·72
(0·56 to 0·94)

0·71 
(0·50 to 0·99)

0·40 
(0·12 to 1·36)

0·75 
(0·52 to 1·06)

0·98 
(0·63 to 1·5)

0·43 
(0·25 to 0·76)

2·2% 
(0·6 to 3·7)

3·5% 
(0·5 to 6·1)

4·6% 
(–0·1 to 9·6)

3·2%
(0·2 to 6·2)

0·3% 
(–4·2 to 4·1)

6·9% 
(2·8 to 10·4)

46

28

21

31

350

14

0·33

0·026

Mortality rate



Articles

10 www.thelancet.com/respiratory   Published online January 29, 2025   https://doi.org/10.1016/S2213-2600(24)00405-3

In the full cohort, we observed slightly less relative 
benefit (in terms of ORs) but greater absolute benefit 
(mortality risk reduction) in patients with CAP in PSI 
class IV–V than in those in PSI class I–III. This 
seemingly counterintuitive finding might be explained 
by risk magnification,41 in which relatively homogeneous 
relative treatment benefits lead to greater absolute 
benefits for patients with higher initial mortality risk. 
A model such as PSI that accurately predicts baseline 
mortality would suffice to identify patients with most 
(absolute) benefit from corticosteroids. However, when 
relative treatment effect is heterogeneous, patient charac-
teristics act as effect modifiers. Our external validation 
results confirmed baseline CRP as a key effect modifier, 
showing non-linear effect modification (appendix 
pp 17–18). The conflicting results from the two recent 
trials23,24 in our test cohort (both focused on severe CAP, 

but used different criteria for severe) might be 
explained by differing CRP distributions: patients 
included in Dequin and colleagues’ trial,24 with positive 
findings for the effect of hydrocortisone, had relatively 
high CRP, whereas those included in Meduri and 
colleagues’ trial,23 which reported no significant effect of 
methylprednisolone, had relatively low CRP (appendix 
p 11).

In this study, the effect modelling strategy was better 
suited for HTE than risk modelling, although effect 
modelling is more prone to overfitting and vulnerable to 
false discoveries of effect modification.6,42 This is especially 
problematic in (pooled) randomised trials with small 
sample sizes and few events. This overfitting tendency is 
reflected in the poor performance of non-linear effect 
modelling methods, which outperformed the linear Tian 
method in the train cohort (apparent validation) but 
underperformed in unseen RCTs (appendix p 76). We 
recommend prereg istering trained effect models, as in our 
study, to prevent test data from influencing any choices 
during model training and to reduce overfitting risks.43

In our sensitivity analysis for aggregation bias, Riley and 
colleagues’31 adjustment method reduced the significant 
interaction between treatment effect and subgroups in the 
test cohort (appendix p 85). However, the test cohort 
includes only two trials, limiting accurate modelling of 
between-trial heterogeneity and the reliability of the 
adjustment. Notably, the same interaction direction was 
observed in seven of eight individual trials (appendix 
pp 107–109). Thus, although we cannot fully exclude 
aggregation bias, it is unlikely that the interaction is driven 
primarily by between-trial rather than within-trial effects.31

Although corticosteroid treatment is advised in current 
guidelines for acute respiratory distress syndrome44 and 
septic shock,45 two recent guidelines3,4 on corticosteroid 
treatment for CAP present conflicting perspectives: 
the 2023 European Respiratory Society, European 
Society of Intensive Care Medicine, European Society of 
Clinical Microbiology and Infectious Diseases, and Latin 
American Thoracic Association (ERS/ESICM/ESCMID/
ALAT) guideline3 suggest corticosteroids only in the 
presence of shock, whereas the 2024 Society of Critical 
Care Medicine (SCCM) guideline4 advocates their use for 
all severe CAP cases. However, the 2024 SCCM guideline4 
lacks a unified definition of severe CAP5 and bases its 
recommendation on an aggregate data meta-analysis, 
classifying whole trial populations as severe or less severe, 
which is problematic if one wants to draw conclusions 
about heterogeneity at the individual patient level. Our 
individual patient data meta-analysis, which allows for 
subgroup analysis at the individual patient level, showed 
that on a relative scale (ie, ORs), patients with severe 
CAP do not benefit more than those with less severe CAP, 
whether based on PSI, CURB-65, or need for initial ICU 
admission or invasive mechanical ventilation.26 Instead, 
our externally validated corticosteroid-effect model selected 
CRP as the most important predictor for treatment benefit. 

Figure 4: The absolute treatment effects (A) and numbers of patients (B) in 
the patient subgroups resulting from different CRP decision thresholds
Only patients from the full cohort with non-missing CRP values were included in 
the plot (n=2857). Following the framework by Dahabreh and colleagues,40 
individual patients experience either benefit, harm, or no effect from 
corticosteroids. If the CRP threshold was set too high, patients who benefit from 
corticosteroid treatment were classified into the untreated subgroup, as 
indicated by the upward movement of the orange line (see orange arrow). If set 
too low, patients who experience no effect, or even harm, from corticosteroid 
treatment were classified into the treated subgroup, as indicated by the 
downward movement of the blue line (see blue arrow). The CRP threshold based 
on our proposed corticosteroid-effect model (ie, 204 mg/L) is marked by the 
dashed line. Decision thresholds around 200 mg/L show similar, significant 
heterogeneity of treatment effect. The smooth curves including 95% CIs were 
estimated by a linear loess smoother. The 95% CIs were calculated through 
bootstrapping (1000 bootstrap samples). CRP=C-reactive protein.
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Hence, although we concur with the 2024 SCCM guideline4 
that adjuvant corticosteroid therapy should be considered 
in a CAP subgroup, we emphasise the importance of 
clearly defining this subgroup, and suggest considering 
corticosteroids for those with increased baseline CRP 
concentrations. Although the threshold based on our 
corticosteroid-effect model was 204 mg/L, the optimal 
threshold might be in a wider range of thresholds around 
this value, as we (post hoc) observed significant mortality 
reduction for treated subgroups resulting from CRP 
thresholds around 200 mg/L, splitting patients into 
subgroups of approximately equal numbers of patients 
(figure 4). Our results showed point estimates suggesting 
harmful effects of corticosteroids in patients with influenza 
or other viral infections (regardless of baseline CRP 
≤204 mg/L or >204 mg/L), aligning with existing evidence 
from primarily observational studies.46,47 Although this 
post-hoc and non-significant finding calls for further 
investigation, we recommend caution when treating 
patients with CAP who have viral infections using 
corticosteroids, particularly in the absence of bacterial 
co-infection.

The trial by Dequin and colleagues24 was the only 
one among the included studies that implemented 
a response-dependent treatment regimen, administering 
corticosteroids for either 8 days or 14 days based on 
patient improvement by day 4, as assessed using 
predefined criteria. The strong positive effect found in 
this trial suggests the potential benefit from such 
regimens, although further research is needed to 
confirm this. Moreover, we observed a significantly 
greater benefit from hydrocortisone, based on the trials 
by Dequin and colleagues24 and Confalonieri and 
colleagues,15 suggesting that it might be more effective 
than other corticosteroid types. This post-hoc finding 
should also be interpreted with caution, and further 
research is needed to confirm it. Finally, we observed 
a significantly greater benefit from corticosteroid 
treatment started within 24 h, and even treatment harm 
for patients treated after 48 h, suggesting that patients 
should be treated within 48 h and ideally within 24 h 
after hospital admission. This finding, however, was also 
found post hoc, based on only one trial,24 and therefore 
should be interpreted with caution.

The trial by Torres and colleagues21 included only 
patients with CRP higher than 150 mg/L, motivated by its 
suggested prognostic value. In addition to its diagnostic48 
and prognostic value49 (which could offer risk strat-
ification, but not treatment guidance), CRP has also 
been hypothesised as a predictor of benefit from 
corticosteroids.50,51 The most extensive evidence to date 
regarding CRP as a predictor for corticosteroid benefit in 
patients hospitalised with CAP comes from Briel and 
colleagues,7 who compared CRP concentrations below 
188 mg/L with those at or above this threshold in their 
earlier individual patient data meta-analysis, but found no 
significant HTE. Thus, our study provides the first 

evidence of CRP’s use in guiding corticosteroid treatment. 
Instead of hypothesising a specific effect modifier a priori 
and assessing its credibility,52 we performed a fully data-
driven method, allowing the corticosteroid-effect model 
to select interactions inde pendent of subjective human 
judgements. Although other metrics have been proposed 
to evaluate discrimination for benefit,30,53 we introduced 
the AUC-benefit metric, which avoids one-
to-one matching and fixed decision thresholds. Despite 
not being directly clinically inter pretable, it is useful for 
comparing discriminative pe formance across HTE 
models.

Our study has limitations. First, the included trials 
show some differences, including treatment timing, 
dose, and duration, which makes the pooling of all these 
trials an approach that is debatable. Second, previous 
antibiotic treatment might have affected baseline CRP 
values. In Meduri and colleagues’ trial,23 patients were 
enrolled up to 4 days after hospital presentation, with 
most receiving antibiotics within the first 6 h, although 
it is unclear how many had CRP measured after 
antibiotic treatment. By contrast, in the majority of 
other RCTs, CRP was measured within the first day of 
hospital presentation, as reported in the original 
publications or confirmed by corresponding authors 
(appendix p 38). Third, in three of the four trials from 
which we collected hyperglycaemia data, no standardised 
definition was used (appendix p 39), complicating inter-
pretation. Fourth, additional factors such as radiological 
abnormalities, which could improve individualised 
treatment predictions, were unavailable. Fifth, cytokine 
and chemokine data (available for some trials) were 
not comparable across trials due to differences in 
measurement techniques. Therefore, inflammatory 
profiles could not be assessed in more detail. We 
acknowledge that CRP values were measured using 
different laboratory techniques across trials, with 
patients from 95 hospitals. However, our external 
validation procedure showed the effectiveness of the 
proposed corticosteroid-effect model, even when trained 
and tested on patients with CRP measured using 
various methods, suggesting its usefulness despite this 
limitation—which will persist as long as variation in 
laboratory techniques across hospitals remains. 
Adjuvant therapy with corticosteroids in patients with 
CAP significantly reduced 30-day mortality. Risk 
reduction of 30-day mortality by adjuvant therapy with 
corticosteroids varies significantly across subgroups 
classified by our newly developed and externally 
validated corticosteroid-effect model, driven by CRP. 
Application of the current model has the potential to 
guide a more personalised decision-making process in 
this patient population.
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