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Summary
Background Identifying pneumonia subphenotypes in understudied populations can advance equitable personalized 
medicine for pneumonia care. We aimed to derive and validate subphenotypes of patients presenting with 
community-acquired pneumonia (CAP) in Southeast Asia.

Methods This secondary analysis included three prospective cohorts conducted between March 2013 and April 2020. 
First, we performed latent class analysis to identify subphenotypes using clinical and laboratory variables in a 
prospective cohort of adults hospitalized with CAP in northeastern Thailand. Next, we compared clinical and bio
logical features between the subphenotypes and then developed a parsimonious classifier model (PCM) for accurate 
subphenotype assignment. We then validated the accuracy of PCM subphenotype assignment in an external, 
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multinational prospective cohort of patients hospitalized with CAP in Southeast Asia. Finally, in an exploratory 
analysis, we used the PCM to assign pneumonia subphenotypes in a prospective cohort of patients hospitalized with 
COVID-19 in the United States of America and evaluated a heterogeneity of treatment effect with corticosteroids.

Findings Among 953 CAP patients in the Thai derivation cohort, we identified two subphenotypes: CAP1 (141, 15%) 
and CAP2 (812, 85%). We observed greater respiratory failure, 28-day mortality, inflammatory cytokines and 
metabolic derangements among CAP1 patients. A four-variable PCM discriminated subphenotype assignment in 
bootstrap internal validation (optimism-corrected C-statistic 0.97). In the Southeast Asian external validation 
cohort, CAP1 and CAP2 subphenotypes assigned by the PCM shared similar differential clinical features and 
outcomes with the Thai derivation cohort. In the cohort of patients with COVID-19, CAP1 and CAP2 
subphenotypes assigned by the PCM differed by key clinical characteristics and revealed an interaction between 
corticosteroid treatment and mortality (P = 0.002).

Interpretation In Southeast Asia, CAP subphenotypes are associated with distinct outcomes, inflammatory profiles, 
and metabolomic signatures. These subphenotypes may represent unique targets for future CAP interventional 
trials.
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Research in context

Evidence before this study
Most studies investigating subphenotypes or endotypes in 
sepsis patients have been performed in high-income 
countries (HICs) with few investigating community-acquired 
pneumonia (CAP), a leading infectious cause of death 
globally. We searched PubMed for studies published up to 
July 2024 using the search terms: (“community-acquired 
pneumonia” OR “CAP”) AND (“subphenotypes” OR 
“endotypes” OR “latent class analysis” OR “unsupervised 
clustering”) with no language restrictions and identified 35 
studies. Of these, five studies investigated CAP 
subphenotypes or endotypes, though none were performed 
in low- or middle-income countries, all included variables 
that may not be widely available in resource-limited settings, 
and only two included external validation.

Added value of this study
To our knowledge, this is the first study to identify and 
validate subphenotypes of CAP in a resource-limited setting 
and the first metabolomic comparison of CAP 
subphenotypes. By applying latent class analysis to clinical 
variables in a prospective cohort in Southeast Asia, we 
identified two CAP subphenotypes that differed in 
inflammatory profiles, metabolomic signatures, and 

outcome. A parsimonious model of four routinely available 
clinical and laboratory variables discriminated subphenotype 
assignment in a multinational external validation cohort in 
Southeast Asia. Subphenotypes were also reproduced in a 
COVID-19 cohort in the U.S. and revealed an interaction 
between corticosteroid treatment and mortality. The 
strengths of this study include its large derivation cohort and 
multicenter external validation cohort from multiple 
countries in Southeast Asia. Furthermore, our dataset 
featured limited missing data, near-universal follow-up, and 
analyzed only variables from within the first 24 h after 
admission to the study hospital.

Implications of all the available evidence
We identified CAP subphenotypes derived in a unique, 
tropical setting defined by distinct inflammatory profiles, 
metabolomic signatures, and outcome. The ability to classify 
CAP patients using a simple four-variable model could 
facilitate rapid bedside risk stratification and enable future 
studies to test differences in treatment responses by the 
subphenotypes. As most subphenotype studies are 
performed in HICs, this study represents an important step 
toward context-specific precision medicine.
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Introduction
Recent advancements in translational critical care have 
highlighted shortcomings in the prevailing syndrome- 
based approach to managing critical illness.1,2 

Investigations into host responses have delineated 
heterogeneous subgroups, termed subphenotypes, in 
patients with sepsis, acute kidney injury, and acute 
respiratory distress syndrome (ARDS), some of which 
differ in their response to certain interventions.3–8 

Consequently, there is an increasing focus on imple
menting a precision medicine approach, where future 
management strategies could be based on sub
phenotype identification. This approach holds potential 
for improving outcomes in acute care settings.1

The vast majority of studies investigating sub
phenotypes in infected patients have been performed in 
high-income countries (HICs).3,4,9,10 Few studies have 
investigated community-acquired pneumonia (CAP) 
specifically, which may exhibit distinct host immune 
responses compared with other infectious 
etiologies.7,11–13 Pneumonia, the leading infectious cause 
of death globally, is associated with 2.5 million deaths 
yearly.14 Low- and middle-income countries (LMICs), 
including in Southeast Asia, suffer the highest pneu
monia mortality rates.14 Patients with CAP in tropical 
regions of Southeast Asia exhibit distinct de
mographics, comorbidities, and etiologic pathogens 
compared to those in HICs.15,16 Even well-established 
interventions for severe infection in HICs have 
proven ineffective or detrimental in LMICs, including 
sepsis protocols in sub-Saharan Africa.17,18 Such het
erogeneity of treatment effect across populations may 
be due, in part, to yet unrecognized subphenotypes 
reflecting setting-specific factors.19 Infection-related 
subphenotypes have limited reproducibility, therefore, 
contextualized research is necessary in regions most 
burdened by CAP.20

We hypothesized that commonly available clinical 
and laboratory data could be used to categorize patients 
with CAP into distinct subphenotypes in a prospective 
cohort of patients with community-acquired infection 
in northeastern Thailand. We then sought to externally 
validate these subphenotypes in a multinational multi
center cohort in SE Asia. Finally, to explore whether 
subphenotype outcomes may differ by treatment, we 
sought to identify these subphenotypes in patients 
hospitalized with COVID-19 in the United States and 
assessed for a differential relationship between corti
costeroid treatment and mortality.21–24

Methods
Study participants
Derivation cohort
Patients aged 18 years or older admitted to Sunpa
sitthiprasong Hospital in Ubon Ratchathani, Thailand, 
with suspected infection were prospectively enrolled 

into the Thai derivation cohort between 2013 through 
2017 (Ubon-sepsis, Fig. 1).23 This cohort has been 
described previously.23 Enrollment occurred if patients 
had been admitted within the previous 24 h with 
attending physician suspicion of infection and at least 
three documented systemic manifestations of infection, 
according to the 2012 Surviving Sepsis Campaign.25 

This secondary analysis focused on patients with CAP 
defined by the presence of all three of the following 
criteria: 1) respiratory symptoms, 2) primary admission 
diagnosis of pneumonia by the treating clinician, and 3) 
final (discharge) diagnosis of pneumonia or melioi
dosis. Discharge diagnosis of melioidosis was included 
in the CAP criteria because it is common practice to 
record a melioidosis pneumonia patient as only 
“melioidosis” in the medical record.

External validation cohort
Patients aged 18 years or older admitted with suspected 
infection at 13 referral hospitals in three countries in 
Southeast Asia (Thailand, Vietnam, and Indonesia) 
were prospectively enrolled into the SE Asian external 
validation cohort between 2013 and 2015 (SEAICRN, 
Fig. 1); this cohort has been described previously and 
utilized the same enrollment criteria for adult partici
pants as Ubon-sepsis.24 CAP criteria were similar to 
those used in Ubon-sepsis and are described in the 
Supplementary Material.

COVID-19 cohort
A third cohort of mechanically ventilated adults with 
COVID-19 in the U.S. was analyzed to assess if sub
phenotypes could be reproduced.7,26 Among patients 
age 18 years or older admitted to intensive care units at 
two hospitals affiliated with New York-Presbyterian 
Hospital/Columbia University Irving Medical Center 
from March 2, 2020, through April 30, 2020, patients 
were included in the COVID-19 cohort if they fulfilled 
the following criteria: 1) had a positive PCR test for 
SARS-CoV-2, 2) required invasive mechanical ventila
tion, and 3) met criteria for ARDS using the Berlin 
definition.27 Clinical and laboratory variables were 
recorded on the initial day of mechanical ventilation 
unless otherwise specified.

Latent class analysis
Baseline demographic data, clinical data, and routine 
laboratory tests were considered as class-defining vari
ables in the latent class analysis (LCA) model; classifi
cation was conducted in the Thai derivation cohort 
without consideration of clinical outcomes. The list of 25 
class-defining variables was decided a priori based on 
literature supporting their role in CAP, their inclusion in 
published subphenotyping studies in sepsis and ARDS, 
and by missingness and correlation criteria according to 
best practices as described in the Supplementary 
Material and Supplementary Tables S1 and S2.5,11,28,29 
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All clinical variables were assessed at screening within 
24 h of admission to the study hospital, and laboratory 
variables were obtained on day zero or day one after 
admission to the study hospital. Variables were pro
cessed prior to LCA and model fit determined as 
described in the Supplementary Material.29 LCA was 
conducted using Mplus version 8.9 (Muthen and 
Muthen, Los Angeles, CA).

Outcomes
The association of CAP subphenotype with 28-day 
mortality unadjusted and adjusted for age, sex, comor
bidities, modified Sequential Organ Failure Assessment 
(SOFA) score, and outside hospital transfer status was 
evaluated using the Cox proportional hazards model. 
Statistical analyses other than LCA were performed us
ing Stata/SE version 14.2 (College Station, TX).

Plasma cytokine assays in the derivation cohort
Plasma samples were obtained at the time of enroll
ment from all patients in the parent cohort and frozen 
at −80 ◦C.23 Cytokine assays were performed on plasma 
from a subset of subjects randomly selected from each 
subphenotype. IL-6, TNF-α, IL-1β, and IL-10, chosen 
based on their role in CAP host responses, were 
measured by electrochemiluminescence multiplex 
assay (Meso Scale Discovery, Rockville, MD) and were 
log2 transformed for analysis. Linear regression was 

performed separately for each cytokine with CAP sub
phenotype as the independent variable adjusted by 
modified SOFA score and transfer status.30–32

Metabolomic analyses in the derivation cohort
Plasma metabolomic profiles were analyzed in a CAP 
subset in the Thai derivation cohort with metabolomic 
data available from a separate study, in which subjects 
were systematically selected by pathogen as described in 
the Supplementary Material.33 In brief, plasma was ob
tained at enrollment from all patients in Ubon-sepsis. 
Subjects with a positive culture for Burkholderia pseudo
mallei were selected for plasma metabolomics as well as 
a random sample from those who were bacteremic due 
to other pathogens, and a random sample from those 
who were culture negative. Sample preparation and ul
trahigh performance liquid chromatography-tandem 
mass spectrometry of plasma samples were performed 
by Metabolon, Inc. (Morrisville, NC, USA).33 Linear 
regression was performed with log2 metabolite abun
dance as the dependent variable and CAP subphenotype 
as the independent variable, and the R package “glob
altest” (version 5.50.0) was used for pathway analysis.

Development of a classifier and external validation 
of subphenotypes
A parsimonious classifier model (PCM) to identify 
subphenotype assignment was derived, internally 

Fig. 1: Study flow diagram. Abbreviations: CAP = community-acquired pneumonia, LASSO = Least Absolute Shrinkage and Selection Operator, 
N.Y.C. = New York City, U.S.A. = United States of America, PCM = parsimonious classifier model.
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validated, and applied to external cohorts as described 
in the Supplementary Material. In brief, Least Absolute 
Shrinkage and Selection Operator (LASSO), a regres
sion technique that retains only the most important 
variables needed for prediction, identified the fewest 
variables predictive of subphenotype assignment.34 Lo
gistic regression using the LASSO-identified variables 
was then used to develop a PCM in the full Thai deri
vation cohort. The optimal cut-point for subphenotype 
assignment was calculated using the Youden index 
method. Then, internal validation was performed via 
bootstrap validation with 200 replicates to obtain an 
optimism-corrected C-statistic, as recommended by 
Harrell et al.35–37 The PCM was then applied to the SE 
Asian external validation cohort to classify sub
phenotypes. Proportion of subphenotypes, clinical var
iables, and outcomes were compared between 
subphenotypes in the external validation cohort in the 
same manner as in the derivation cohort.

Evaluation of subphenotypes in COVID-19
Next, the PCM and optimal cut-point were applied to an 
external cohort of adults hospitalized with COVID-19 
receiving mechanical ventilation in NYC, U.S.A. to 
assign subphenotypes.26 Clinical and biological charac
teristics were compared between assigned sub
phenotypes and mortality was assessed in unadjusted 
and adjusted analyses. Overlap between these CAP 
subphenotypes derived from the Thai derivation cohort 
and previously published COVID-19 subphenotypes was 
reported by Cohen’s kappa. Cox regression was per
formed with an interaction term between subphenotype 
assignment and corticosteroid exposure to assess if an 
association between corticosteroid exposure (non-ran
domized) and death differed by CAP subphenotype.

Ethics
Written informed consent was obtained from study 
participants or their representatives prior to enrollment 
in the parent Ubon-sepsis study and SEAICRN study, 
and waiver of consent was applied for the COVID-19 
cohort. These studies were approved by the Sunpa
sitthiprasong Hospital Ethics Committee (039/2556), 
the Ethics Committee of the Faculty of Tropical Medi
cine, Mahidol University (MUTM2012-024-01 and 
MUTM2024-022-01), the University of Washington 
Institutional Review Board (42988), the Oxford Uni
versity Tropical Research Ethics Committee 
(OXTREC172-12 and 530-24), appropriate local and 
national ethics committees in SE Asia, and the insti
tutional review board at Columbia University Irving 
Medical Center (AAAS8916).

Role of the funding source
The funding source had no role in study design, data 
collection, analysis, decision to publish, nor preparation 
of the manuscript.

Results
Patient characteristics
Of the 4989 subjects enrolled into the parent Ubon-sepsis 
cohort, 953 met criteria for CAP and were included in the 
Thai derivation cohort (Table 1). The median age was 67 
years (interquartile range [IQR] 52–78) and 413 (43%) 
were female. Median modified SOFA score was 4 (IQR 
2–6) and 28-day mortality was 291/953 (30.5%).

Clinical features of subphenotypes in the 
derivation cohort
LCA was applied to the Thai derivation cohort and 
model fit characteristics are summarized in 
Supplementary Table S3. A two-class model provided 
the best fit and was chosen for further analysis with 
subphenotypes termed CAP1 and CAP2. Out of 953 
total patients, 15% were assigned to CAP1 (141/953) 
and 85% were assigned to CAP2 (812/953). Several 
clinical features differentiated CAP1 from CAP2 as 
shown by the standardized mean differences in Table 2 
and Fig. 2. Compared with CAP2, patients assigned to 
CAP1 had higher modified SOFA score, more 
abnormal vital signs, and higher proportion of patients 
receiving vasopressors and/or mechanical ventilation 
(Table 2, Fig. 2). Age, symptom duration, body tem
perature, and proportion of patients with diabetes were 
all similar between the subphenotypes. Patients 
assigned to CAP1 also had more frequent bacteremia 
(Table 2 and Supplementary Table S4). Among bacter
emic patients, the Gram-negative pathogens 
B. pseudomallei and Klebsiella pneumoniae were more 
frequent in CAP1, while the Gram-positive pathogen 
Streptococcus pneumoniae was more frequent in CAP2.

Characteristicsa Thai derivation 
cohort (Ubon-sepsis)

SE Asian external 
validation cohort 
(SEAICRN)

COVID-19 
cohort

No. of patients 953 183 472
Demographics

Age in years, median (IQR) 67 (52–78) 59 (45–75) 65 (55–73)
Female sex, n (%) 413 (43.3) 70 (38.3) 157 (33.3)

Pre-existing conditions, n (%)
Diabetes 220 (23.1) 33 (18.0) 205 (43.4)
Chronic kidney disease 124 (13.0) 13 (7.1) –
Chronic cardiovascular disease 104 (10.9) 11 (6.0) 116 (24.6)
Chronic lung disease 176 (18.5) 13 (7.1) –
Cancer 25 (2.6) 3 (1.6) –
HIV 14 (1.5) 2 (1.1) –

Transferred from another facility, n (%) 802 (84.2) 69 (37.7) –
SOFA score, median (IQR)b 4 (3–7) 2 (0–5) 7 (6–9)
28-day mortality, n (%) 291 (30.5) 48 (26.5) 252 (53.6)

Abbreviations: HIV = Human Immunodeficiency Virus; SOFA = Sequential Organ Failure Assessment.
aContinuous variables are presented as median (interquartile range) and categorical data are presented as n 
(%). bModified SOFA score presented for Ubon-sepsis and SEAICRN is described in the Supplementary Material.

Table 1: Characteristics of the derivation, external validation, and COVID-19 cohorts.
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CAP subphenotypes and death
One-hundred of 141 (71%) patients assigned to CAP1 
died by 28 days, and 191/812 (24%) of patients assigned 
to CAP2 died by 28 days. In unadjusted Cox regression, 
CAP1 assignment was associated with higher hazard of 
death within 28-days compared with CAP2 (71% vs. 
24%, HR 4.8, 95% CI 3.8–6.1, P < 0.001; Table 2, Fig. 3). 
Given the evident differences in illness severity be
tween CAP1 and CAP2, we assessed if CAP1 was 
associated with death adjusted for relevant indicators of 
severity. Compared with CAP2, CAP1 remained asso
ciated with higher hazard of death in Cox regression 
adjusted for age, sex, Charlson Comorbidity Index, 
modified SOFA score, and transfer status (HR 2.60, 
95% CI 1.90–3.56, P < 0.001; Table 2).

CAP subphenotypes and biological profiles
We then compared plasma inflammatory cytokine 
concentrations at the time of enrollment between sub
phenotypes. Patients assigned to CAP1 had markedly 
higher enrollment concentrations of IL-6, TNF-α, IL-1β, 
and IL-10 compared to CAP2 (Supplementary Table S5, 
Fig. 4A). Next, we performed metabolomic analyses to 
investigate the under-studied role of the host metabolic 
response to infection, which may contribute to hetero
geneity in CAP.9,38–40 We analyzed the 125 subjects 
(CAP1: n = 50, CAP2: n = 75) with enrollment time
point plasma metabolomic data available in the deri
vation cohort (782 metabolites). Baseline characteristics 
were similar in this subset compared with the full 
Ubon-sepsis CAP cohort (Supplementary Table S7) and 
etiologies of bacteremia showed similar separation be
tween CAP1 and CAP2 in this subset (Supplementary 
Table S8).

In the models adjusted for modified SOFA score, 
123 plasma metabolites were significantly differentially 
abundant comparing subphenotypes (Supplementary 
Tables S9 and S10, adjusted P < 0.05; Fig. 4B). 
Compared to those assigned to CAP2, CAP1 patients 
had increased metabolites associated with energy 
superpathways including glycolysis, and decreased 
metabolites associated with lipid superpathways 
including lysophospholipids. Out of 67 investigated 
pathways, 26 were significantly different by sub
phenotype (adjusted P < 0.05, Supplementary 
Table S11, Fig. 4C) and were consistent with the indi
vidual metabolite analyses.

Development of a classifier model to identify CAP 
subphenotypes
We next sought to develop a parsimonious classifier 
model (PCM) to accurately classify patients by sub
phenotype. A four-variable model was identified using 
LASSO to classify subphenotype in the Thai derivation 
cohort: venous lactate, platelet count, vasopressor use 
[yes/no], and heart rate. When tested via bootstrap in
ternal validation, this four-variable PCM gave an 

optimism-corrected C-statistic of 0.97 (95% CI 
0.96–0.99, Supplementary Table S12) to discriminate 
subphenotype assignment. When compared with 
modified SOFA scores (0.89, 95% CI 0.87–0.93) and 
CURB-65 (0.68, 95% CI 0.62–0.73), the four-variable 
PCM had superior subphenotype discrimination 
(Supplementary Table S12).

External validation of CAP subphenotypes in SE 
Asia
We next attempted to validate the subphenotypes by 
applying the PCM to an external cohort (SEAICRN), 
which utilized the same criteria as the Thai derivation 
cohort. Of the 815 adults enrolled in the SEAICRN 
cohort, 185 met CAP criteria; two were missing at least 
one PCM variable and were excluded. Therefore, 183 
patients were analyzed in the SE Asian external vali
dation cohort. The median age was 59 years (IQR 
45–75) and 70 (38%) were female. Median modified 
SOFA score was 2 (IQR 0–5) and 28-day mortality was 
48/183 (27%).

The PCM was applied to the SE Asian external 
validation cohort: 53/183 (29%) were assigned to CAP1 
and 130/183 (71%) to CAP2. Separation of clinical 
variables between CAP1 and CAP2 (Fig. 2B and D) was 
similar to separation observed in the Thai derivation 
cohort, and standardized mean differences between 
CAP1 and CAP2 strongly correlated in the derivation 
and external validation cohorts (Pearson r = 0.82; 95% 
CI 0.61–0.92; P < 0.001; Supplementary Figure S3). 
Consistent with the derivation cohort, patients assigned 
to CAP1 vs. CAP2 in the external validation cohort 
exhibited a more severe clinical phenotype including 
higher modified SOFA score, more abnormal vital 
signs, and higher proportion of patients receiving va
sopressors and/or mechanical ventilation (Table 2). As 
in Ubon-sepsis, CAP1 had lower total leukocyte count 
and higher proportion of patients with lymphopenia 
and bacteremia. Pathogen differences were similar to 
the derivation cohort as well, though the smaller sam
ple size in external validation yielded few positive blood 
cultures for each pathogen. Finally, paralleling the Thai 
derivation cohort, patients assigned to CAP1 had higher 
hazard of death compared with those assigned to CAP2 
(Table 2, Fig. 3) and the HRs for death in the external 
validation cohort (crude HR 4.14, 95% CI 2.38–7.18, 
adjusted HR 2.25, 95% CI 0.97–5.18) were similar to 
the HRs in the derivation cohort (Table 2).

Evaluation of subphenotypes in COVID-19 in the 
U.S.
We hypothesized that the subphenotypes identified in 
patients with pneumonia in SE Asia may be shared by 
cohorts of patients in other settings and with different 
causes of pneumonia. We applied the four-variable 
PCM and optimal cut-point to a cohort of adults with 
COVID-19 receiving mechanical ventilation in the U.S. 
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Thai derivation cohort (Ubon-sepsis) SE Asian external validation cohort (SEAICRN)

CAP1 CAP2 Difference (95% CI)a CAP1 CAP2 Difference (95% CI)

Subjects 141 812 – 53 130 –
Baseline demographics

Age in years 64 (50–75) 68 (53–78) 4.0 (−9.0 to 1.0) 57 (46–69) 60 (45–78) −3.0 (−10.0 to 5.0)
Female sex 49 (34.8) 364 (44.8) −10.1 (−18.4 to −1.3) 14 (26.4) 56 (43.1) −16.7 (−31.1 to 1.5)
Body mass index, kg/m2

<18.5 34 (24.6) 224 (28.2) −3.6 (−11.3 to 4.5) 1 (9.1) 10 (16.7) −7.6 (−23.7 to 15.1)
18.5–24.9 91 (65.9) 426 (53.7) 12.2 (3.5–20.8) 10 (90.9) 34 (56.7) 34.2 (9.4–53.1)
25–29.9 11 (8.0) 107 (13.5) −5.5 (−10.4 to −0.2) 0 (0.0) 11 (18.3) −18.3 (−28.6 to −8.9)
≥30 2 (1.4) 36 (4.5) −3.1 (−5.3 to −0.3) 0 (0.0) 5 (8.3) −8.3 (−15.7 to −1.8)

Comorbidities
Diabetes 33 (23.4) 187 (23.0) 0.4 (−7.0 to 8.0) 8 (15.1) 25 (19.2) −4.1 (−15.6 to 8.0)
Heart disease 15 (10.6) 89 (11.0) −0.3 (−5.6 to 5.4) 3 (5.7) 8 (6.2) −0.5 (−7.7 to 7.5)
Chronic lung disease 14 (9.9) 162 (20.0) −10.0 (−15.4 to −4.3) 3 (5.7) 10 (7.7) −2.0 (−9.7 to 5.9)
Smoking 4 (2.8) 17 (2.1) 0.7 (−1.9 to 3.9) 7 (13.2) 20 (15.4) −2.2 (−12.8 to 9.2)
Hypertension 26 (18.4) 255 (31.4) −13.0 (−20.0 to −5.5) 14 (26.4) 55 (42.3) −15.9 (−29.9 to −1.1)
Chronic kidney disease 12 (8.5) 112 (13.8) −5.3 (−10.2 to 0.1) 4 (7.5) 9 (6.9) −0.6 (−7.3 to 9.4)
Cancer 3 (2.1) 22 (2.7) −0.6 (−2.3 to 1.0) 0 (0) 3 (2.3) −2.3 (−5.4 to 0.0)
HIV 1 (0.7) 13 (1.6) −0.8 (−0.9 to 1.0) 0 (0) 2 (1.5) −1.5 (−3.8 to 0.0)

Symptoms
Symptom duration, days
≤2 days 61 (43.3) 323 (39.8) 3.5 (−5.3 to 12.3) 18 (34.0) 56 (43.1) −9.1 (−23.9 to 6.1)
3–7 days 67 (47.5) 407 (50.1) −2.6 (−11.5 to 6.6) 32 (60.4) 60 (46.2) 14.2 (−1.4 to 29.4)
>7 days 13 (9.2) 82 (10.1) −0.9 (−5.9 to 4.6) 3 (5.7) 14 (10.8) −5.1 (−12.7 to 3.6)

Vital signs
Body temperature, ◦C 38 (37–38) 37 (36–38) 0.4 (−0.1 to 0.7) 38 (37–39) 38 (37–39) −0.4 (−1.2 to 0.2)
Heart rate, beats per minute 110 (100–124) 92 (82–102) 18.0 (16.0–22.0) 116 (102–130) 98 (85–110) 18.0 (12.0–29.0)
Respiratory rate, breaths per minute 24 (20–28) 20 (20–24) 4.0 (4.0–6.0) 24 (20–32) 24 (20–30) 0.5 (−4.0 to 4.0)
Systolic blood pressure, mmHg 100 (90–120) 119 (102–134) −19.0 (−21.0 to −9.0) 118 (100–135) 120 (104–140) −2.0 (−14.0 to 7.0)

Organ failure/life support
Mechanical ventilation 121 (85.8) 363 (44.7) 41.1 (34.3–47.8) 17 (32.1) 17 (13.1) 19.0 (5.4–33.3)
Modified SOFA score 9 (6–11) 3 (1–5) 6.0 (5.0–6.0) 6 (4–10) 2 (0–5) 5.0 (3.0–7.0)
SpO2/FiO2 ordinal score 3 (2–4) 2 (0–2) 1.0 (1.0–1.0) – – –
CURB-65 2 (1–3) 1 (1–2) 1.0 (0.0–2.0) 2 (1–3) 2 (1–2) 0.0 (0.0–1.0)
Vasopressors 82 (58.2) 106 (13.1) 45.1 (36.7–53.4) 31 (58.5) 12 (9.2) 49.3 (34.9–63.3)

Routine laboratory biomarkers
Leukocyte count, x 10−9/L 7.2 (3.2–16.5) 13.5 (10.0–18.7) −6.3 (−8.1 to −3.6) 9 (6–16) 15 (9–19) −5.2 (−7.1 to −2.0)
%neutrophils 83 (68–91) 85 (79–90) −2.0 (−6.0 to 0.0) 83 (75–90) 83 (77–89) −0.1 (−3.8 to 5.2)
%monocytes 3 (1–5) 5 (3–7) −2.0 (−3.0 to −1.0) 4 (2–6) 5 (3–7) −1.0 (−2.2 to 0.1)
%eosinophils 0 (0–1) 0 (0–1) 0.0 (0.0–0.0) 0 (0–0) 0 (0–1) −0.2 (−0.3 to −0.1)
%lymphocytes 9 (5–20) 8 (5–13) 1.0 (1.0–4.0) 9 (5–15) 10 (6–16) −0.9 (−3.4 to 2.0)
%basophils 0 (0–0) 0 (0–0) 0.0 (0.0–0.0) 0 (0–0) 0 (0–0) −0.2 (−0.3 to −0.1)
Lymphopenia, <1.0 × 109/L 100 (71.9) 339 (43.2) 28.8 (20.3–36.9) 32 (60.4) 49 (37.7) 22.7 (6.7–38.6)
Hemoglobin, g/dL 10 (9–12) 11 (9–12) −0.6 (−0.8 to 0.0) 12 (10–14) 12 (11–14) −0.3 (−1.6 to 0.8)
Platelet count, x 10−9/L 118 (58–169) 232 (168–314) −114.0 (−142.0 to −97.0) 111 (40–181) 242 (180–307) −131.5 (−172.0 to −88.0)
Creatinine, mg/dL 1.9 (1.3–3.3) 1.2 (0.8–1.9) 0.7 (0.6–1.1) 2 (1–4) 1 (1–2) 0.7 (0.3–1.4)
Lactate, mmol/L 5.4 (3.0–9.5) 1.8 (1.3–2.6) 3.6 (2.8–4.5) 5 (2–9) 2 (1–2) 2.9 (1.3–4.1)
Blood glucose, mg/dL 154 (108–207) 137 (111–181) 17.0 (−4.0 to 31.0) 139 (109–170) 128 (110–174) 10.5 (−14.5 to 26.5)

Micro data
Bacteremia 56 (39.7) 61 (7.5) 32.2 (24.0–40.5) 12 (22.6) 16 (12.7) 9.9 (−2.4 to 23.2)

Transferred from outside facility 130 (92.2) 672 (82.8) 9.4 (4.1–14.3) 31 (58.5) 38 (29.2) 29.3 (13.4–44.5)

Thai derivation cohort (Ubon-sepsis) SE Asian external validation cohort (SEAICRN)

CAP1 CAP2 HR (95% CI) P-value CAP1 CAP2 HR (95% CI) P-value

Death within 28 days 100/141 (70.9) 191/812 (23.5) – – 28/53 (54.9) 20/130 (15.4) – –
Unadjusted 4.81 (3.77–6.13) <0.001 4.14 (2.38–7.18) <0.001
Adjustedb 2.60 (1.90–3.56) <0.001 2.25 (0.97–5.18) 0.058

Abbreviations: HIV = Human Immunodeficiency Virus; SOFA = Sequential Organ Failure Assessment. Continuous variables are presented as median (interquartile range) and categorical data are presented 
as n (%). aDifference in medians or proportions with 95% confidence intervals (CIs) estimated over 10,000 bootstrapped replicates. bHazard ratios were calculated with the use of Cox regression, 
unadjusted and adjusted for age, sex, modified SOFA score, transfer status, and comorbidities (derivation cohort adjusted for Charlson Comorbidity Index; external validation cohort adjusted for 
individual binary variables diabetes, lung disease, kidney disease, alcohol use, smoking).

Table 2: Baseline variables and outcome by subphenotypes in the derivation and external validation cohorts.
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Of 483 subjects in the cohort, 472 had no missingness 
in PCM variables and were included for analysis. The 
median age was 65 (IQR 55–73) and 157 (32%) were 
female, median SOFA score was 7 (6–9), and 90-day 
mortality was 252/472 (54%). Two hundred eight of 
472 (44%) patients were classified as CAP1 and 264/472 
(56%) patients were classified as CAP2 (Supplementary 
Table S13). Clinical characteristics are shown in 
Supplementary Table S14, with CAP1 again exhibiting 
higher markers of inflammation and illness severity 
compared with CAP2. CAP1 and CAP2 exhibited 
moderate overlap with inflammatory subphenotypes 
previously derived in the COVID-19 cohort (CARDS 
class 1 and CARDS class 2, Cohen’s kappa = 0.42, 
Supplementary Figure S4).7 Notable differences 
compared with the CAP subphenotypes in SE Asia 
included similar total leukocyte count and similar pro
portion of lymphopenia between CAP1 and CAP2, and 

the adjusted hazard ratio of death comparing CAP1 vs. 
CAP2 (HR 1.22; 95% CI 0.92–1.61) was lower than that 
observed in the SE Asia cohort. Overall, the analysis in 
the COVID-19 cohort produced subphenotypes that 
shared many, but not all, characteristics compared with 
the SE Asia CAP subphenotypes and moderately over
lapped with a subphenotyping schema developed in a 
high-income country setting.

Differential response to corticosteroids in COVID- 
19
Because of the differences in inflammatory markers 
between the subphenotypes, we hypothesized that pa
tients with the CAP1 subphenotype may benefit from 
corticosteroids to a greater extent compared to patients 
with the CAP2 subphenotype. We therefore conducted 
an exploratory analysis of heterogeneity of corticoste
roid treatment effect in the COVID-19 cohort, with the 

a b

c d

Fig. 2: Clinical characteristics and outcomes by subphenotype in the Thai derivation cohort and SE Asian external validation cohort. (a) 
Continuous variables (standardized) by subphenotype assignment in Thai derivation cohort and (b) SE Asian external validation cohort. 
Differences between the standardized values of each variable by subphenotype (y-axis) for the variable shown on the x-axis. The variables are 
sorted by degree of separation between subphenotypes: from the maximum positive separation on the left (where the standardized value of 
CAP1 is higher than the standardized value of CAP2) to the maximum negative separation on the right (where the standardized value of CAP1 
is lower than the standardized value of CAP2). The crossover of the lines indicates that the standardized value for this variable was the same 
for CAP1 and CAP2 (i.e., no difference between CAP1 or CAP2 for this variable). Therefore, variables near the intersection of both lines are 
similar in both subphenotypes. In the Thai derivation cohort, SpO 2/FiO2 ratio is on an ordinal scale as described in the Supplementary 
Material. (c) Categorical variable proportions by subphenotype assignment in the Thai derivation cohort and (d) SE Asian external valida
tion cohort. Lymphopenia was defined as absolute lymphocyte count <1.0 × 109/L. Abbreviations: BMI = body mass index, BP = blood pressure.
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a b

Fig. 3: Kaplan–Meier survival curves by subphenotype in the (a) Thai derivation cohort and (b) SE Asian external validation cohort.

a b

c

Fig. 4: Biological comparisons between subphenotypes in the Thai derivation cohort: (a) Plasma cytokine concentrations by subphenotype. (b) 
Volcano plot comparing differential abundance of plasma metabolites between CAP1 and CAP2 adjusted for age, sex, and modified SOFA 
score. Significant metabolites after Benjamini-Hochberg P-value adjustments are highlighted; red: increased abundance, blue: decreased 
abundance. (c) Barplot of 26 significant metabolic pathways obtained from comparing CAP1 with CAP2 adjusted for age, sex, and modified 
SOFA score. Height of the bars represents negative log10 of Benjamini-Hochberg procedure adjusted P-values. Abbreviations: 
CAP = community-acquired pneumonia, SOFA = Sequential Organ Failure Assessment.
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caveat that corticosteroid exposure was not randomized. 
There was evidence of effect modification, such that 
corticosteroid exposure was associated with lower haz
ard of death in CAP1, but not in CAP2, unadjusted (P- 
value for interaction term = 0.002, Supplementary 
Table S15, Fig. 5) and adjusted for SOFA score, which 
was included to address indication bias (P-value for 
interaction term = 0.002, Supplementary Table S15). 
There was no interaction between corticosteroid expo
sure and SOFA score (as a continuous variable or when 
dichotomized about the median) for death within 90 
days (P = 0.92), nor between corticosteroid exposure 
and shock (P = 0.35).

Discussion
In this study, we identified two novel subphenotypes 
among patients hospitalized with CAP in northeastern 
Thailand by applying LCA to routinely collected clinical 
and laboratory variables. Survival differed between 
these subphenotypes after adjustment for measures of 
illness severity, and subphenotypes demonstrated 
distinct differences in plasma protein biomarkers of 
inflammation and metabolomic signatures. A PCM of 
four routinely available variables discriminated sub
phenotype assignment and was used to externally 
validate the subphenotypes in a multinational multi
center cohort in Southeast Asia. The subphenotypes 

were reproduced in a COVID-19 cohort in the U.S., 
overlapping moderately with previously identified 
COVID-19 subphenotypes, and, in an exploratory 
analysis of observational data, exhibited a differential 
response to corticosteroids. To our knowledge, this is 
the largest prospective study to identify and validate 
subphenotypes of CAP and the first outside of Europe. 
This report of subphenotypes is also the first in a 
resource-limited setting with diverse etiologies of 
respiratory infection and the first to compare meta
bolic profiles.

This study represents an important step toward 
understanding CAP heterogeneity globally, which is 
critical for development of context-specific precision 
treatment approaches. In both the derivation and 
external validation cohorts, CAP1 patients compared 
with CAP2 patients had higher modified SOFA scores, 
more abnormal vital signs, greater proportion with 
respiratory failure requiring mechanical ventilation, 
more frequent bacteremia, and higher mortality. The 
pathogen differences between subphenotypes were 
notable: Gram-negative causes of bacteremic pneu
monia (B. pseudomallei and K. pneumoniae) predomi
nated in CAP1 vs. a Gram-positive cause 
(S. pneumoniae) in CAP2. This suggests that pathogen 
type may contribute to CAP subphenotype assignment, 
possibly reflecting factors unique to this region with a 
high incidence of Gram-negative pneumonia.24,33,41,42

Fig. 5: Results of applying the four-variable parsimonious classifier model (lactate, platelet count, vasopressor use, heart rate) to a cohort of 
472 adults with COVID-19 receiving mechanical ventilation at two centers in New York City, U.S.A. The hazard ratio and 95% confidence 
interval are shown overall and according to subgroup for 90-day mortality. The P-value for the steroid exposure and subphenotype inter
action term in unadjusted Cox regression is presented. SOFA score is dichotomized at the median for the COVID-19 cohort and shock defined 
as receipt of vasopressors.
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Though our dataset lacked the specific plasma pro
teins needed to directly apply subphenotyping schema 
published by other groups (e.g., IL-8, protein-C), the 
separation of clinical variables and plasma cytokines 
was similar to a pneumonia subphenotyping study in 
Europe,11 and to ARDS “hyperinflammatory” and 
“hypoinflammatory” subphenotypes.5,28,43 Further, a 
recent metagenomic analysis in a U.S.A. cohort found 
more frequent bacteremia in the “hyperinflammatory” 
sepsis subphenotype, which parallels our findings in 
CAP1.6 However, the specific pathogen breakdown be
tween sepsis subphenotypes differed in their study 
compared with our CAP subphenotypes. Other notable 
difference from these prior studies is the lymphopenia 
present in CAP1, which has received significant attention 
as a potential marker of immune dysregulation in severe 
CAP.44 A unique feature of our study is the inclusion of 
lactate as a class-defining variable. Few prior sub
phenotyping studies were performed on cohorts with 
lactate available, and inclusion of lactate as a class-defining 
variable may alter subphenotype classification.11,28,45 Lactate 
measurements, e.g., using a point-of-care device, may be 
more readily available in LMICs than plasma protein 
biomarkers, making it a promising candidate as part of 
parsimonious classifier models in prospective studies. 
Future studies could measure lactate as well as variables 
included in published classifier models to more rigorously 
assess overlap of subphenotyping schema developed in 
different cohorts.43

Comparing metabolomic data between CAP sub
phenotypes is a novel aspect of our study, offering in
sights into host–pathogen interactions and systemic 
metabolic alterations during infection that may under
pin the subphenotypes, which may represent novel 
opportunities for therapeutic intervention.9,33,46,47 We 
found that metabolic profiles differed between the sub
phenotypes in the Thai derivation cohort, both before 
and after adjustment for illness severity. CAP1 was 
characterized by increased glycolytic activity as evidenced 
by higher abundance of lactate, malate, pyruvate, and 
increased activity of the pentose phosphate pathway. A 
shift toward glycolysis has received significant attention 
in sepsis as a potential treatable trait and postulated to 
characterize a “hyperinflammatory” subphenotype of 
ARDS.40,48–50 Lipid dysregulation additionally distin
guished the two subphenotypes. Metabolites decreased 
in CAP1 compared with CAP2 were almost exclusively 
from the Lipid metabolism super-pathway; lysophos
pholipids were the most depleted in CAP1. A recent 
study of metabolic subphenotypes of septic shock found 
low lysophospholipids and high plasma cytokines char
acterized the subgroup with highest mortality.51 A 
similar finding of low lysophospholipids was also found 
in the “hyperinflammatory” subphenotype of ARDS.40 

Lysophospholipids perform immunomodulatory roles 
such as induction of adhesion molecule expression, 
release of chemotactic factors, and induction of 

monocyte chemotaxis, which could explain this finding 
in pneumonia at the intersection of acute lung injury 
and sepsis.52,53 Deeper characterization of dysregulated 
host metabolism in CAP subphenotypes is an important 
area of investigation and an exciting avenue to identify 
novel targets for host-directed therapies.9

In the COVID-19 cohort, the differential response to 
corticosteroids was intriguing, though exploratory 
because steroid treatment was not randomized, treat
ment paradigms differ between COVID-19 and other 
causes of CAP, and host responses between bacterial 
CAP and COVID-19 incompletely overlap.54–59 We found 
that corticosteroid exposure was associated with lower 
mortality in CAP1 but not in CAP2. It is unlikely that 
this heterogeneity of treatment effect was due to dif
ferences in severity of illness alone, as neither SOFA 
score nor shock modified the association between 
corticosteroid exposure and 90-day mortality. This is the 
first study to demonstrate heterogeneity of treatment 
effect within a population hospitalized for infection 
whose subphenotypes were derived from an entirely 
different population, however, this aspect of our study 
is hypothesis-generating and should not be over
interpreted. Prospective evaluation of these sub
phenotypes in randomized controlled trials of CAP in 
diverse care settings and populations are required to 
confirm these findings and to guide context-specific ap
proaches for adjunctive corticosteroid therapy in CAP.

Our study has several strengths. To the best of our 
knowledge, this is the largest prospective study to 
identify and validate subphenotypes of CAP and the 
first conducted in a tropical region with distinct host 
factors and etiologic pathogens. The Thai derivation 
cohort is uniquely large with 53 originating hospitals 
represented, and the SE Asian external validation 
cohort enrolled from 13 centers in three countries in SE 
Asia. Our dataset featured limited missing data, near- 
universal follow-up, and analyzed only variables from 
within the first 24 h after admission to the study hos
pital. Restricting class-defining variables to routinely 
collected clinical and laboratory data further adds po
tential usefulness to this subphenotyping approach, as 
they are likely to be available in resource-limited 
settings.

Our study does have important limitations. While 
our definition of CAP was pragmatic in a resource- 
limited setting, pneumonia misclassification is 
possible. Additionally, it is possible that illness severity 
was the “latent class” or underlying driver separating 
subphenotypes because the reported CAP sub
phenotypes were derived from clinical and laboratory 
variables that may represent final common pathways 
for many underlying biological processes, including 
those that impact illness severity. However, the prog
nostic significance of CAP1 independent of modified 
SOFA score argues against this, and the plasma 
metabolomic distinctions in the Thai derivation cohort 
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were independent of modified SOFA score as well. 
Further, traditional illness severity scores (CURB-65 
and modified SOFA) did not sufficiently discriminate 
CAP subphenotypes in the Thai derivation cohort. In
fectious etiology may contribute to subphenotype 
assignment, though a pathogen was detected in a mi
nority of patients in both SE Asia cohorts as is common 
in clinical practice. The metabolomic analyses were 
performed in a sample selected by pathogen for a 
separate study, which could introduce selection bias. 
However, the patients with and without metabolomic 
data were similar overall in the measured clinical vari
ables and pathogen mix. Finally, the determination of 
subphenotype was cross-sectional; in the few studies 
examining subphenotype assignment over time, sub
phenotype assignment can be dynamic with potential 
prognostic and therapeutic implications.60 This is an 
important area of future research.

In summary, we have identified and externally vali
dated two subphenotypes of patients with CAP in SE 
Asia with distinct inflammatory and metabolomic pro
files and clinical outcomes. These subphenotypes were 
reproduced in a cohort of COVID-19 in the U.S. and 
were associated with differential responses to cortico
steroids in a secondary analysis of observational data. 
These subphenotypes could form a foundation to un
derstand CAP pathophysiology and develop future 
contextualized treatment approaches.
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