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Plasma Metabolites in Early Sepsis |dentify
Distinct Clusters Defined by Plasma Lipids

OBIJECTIVES: Unbiased global metabolomic profiling has not been used to iden-
tify distinct subclasses in patients with early sepsis and sepsis-associated acute
respiratory distress syndrome. In this study, we examined whether the plasma me-
tabolome reflects systemic illness in early sepsis and in acute respiratory distress
syndrome.

DESIGN: Plasma metabolites were measured in subjects with early sepsis.

SETTING: Patients were admitted from the emergency department to the ICU
in a plasma sample collected within 24 hours of ICU admission. Metabolic pro-
filing of 970 metabolites was performed by Metabolon (Durham, NC). Hierarchical
clustering and partial least squares discriminant clustering were used to identify
distinct clusters among patients with early sepsis and sepsis-associated acute
respiratory distress syndrome.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Among critically ill patients with
early sepsis (n = 197), three metabolically distinct subgroups were identified,
with metabolic subtype driven by plasma lipids. Group 1, with 45 subjects (23%
of cohort), had increased 60-day mortality (odds ratio, 2; 95% CI, 0.99-4.0;
p = 0.04 for group 1 vs all others). This group also had higher rates of vasopres-
sor-dependent shock, acute kidney injury, and met Berlin acute respiratory dis-
tress syndrome criteria more often (all p < 0.05). Conversely, metabolic group 3,
with 76 subjects (39% of cohort), had the lowest risk of 60-day mortality (odds
ratio, 0.44; 95% ClI, 0.22-0.86; p = 0.01) and lower rates of organ dysfunction
as reflected in a lower Simplified Acute Physiology Score Il (p < 0.001). In con-
trast, global metabolomic profiling did not separate patient with early sepsis with
moderate-to-severe acute respiratory distress syndrome (n = 78) from those with
sepsis without acute respiratory distress syndrome (n = 75).

CONCLUSIONS: Plasma metabolomic profiling in patients with early sepsis
identified three metabolically distinct groups that were characterized by different
plasma lipid profiles, distinct clinical phenotypes, and 60-day mortality. Plasma
metabolites did not distinguish patients with early sepsis who developed acute
respiratory distress syndrome from those who did not.

KEY WORDS: acute respiratory distress syndrome; clustering; metabolomics;
phenotype; sepsis

sing “genomics” (omics) to identify clinically relevant disease subtypes
of patients has led to breakthroughs in personalized therapy for mul-
tiple diseases. Examples of successful personalized therapies include the
immune checkpoint inhibitor-based therapy targeting the programmed cell death
1 pathway in patients with cancer (1) or asthma therapy based on T helper 2 cell-
associated inflammatory disease (2). The need to identify clinically important and
biologically distinct clusters in critically ill patients with sepsis and the acute res-
piratory distress syndrome (ARDS) is increasingly recognized (3, 4). In critically
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ill patients with sepsis, whole blood gene expression
and plasma proteins have been used to classify subjects
into differential mortality groups (4-7). In patients with
ARDS, plasma proteins have been used to categorize
patients into “hyperinflammatory” and “hypoinflamma-
tory” classes. The hyperinflammatory classification is as-
sociated with a higher risk of mortality and a differential
response to therapy in several randomized clinical trials
and prospective clinical cohorts (8-11).

Metabolomics is a promising profiling technique to
study the marked metabolic changes that occur during
critical illness (12, 13). Plasma lactate, a marker of a
transition to anaerobic metabolism, is the most widely
used biomarker in sepsis. An elevated plasma lactate
level is used to define septic shock (14), and serial lac-
tate levels are used to monitor response to therapy
(15). Advances in metabolomics enable profiling of a
much greater proportion of human plasma metabo-
lites at decreasing cost. Recently, the task force for the
Research Committee of the Surviving Sepsis Campaign
identified five key basic and translational science re-
search priorities (16). The first two priorities include:
1) elucidating mechanisms that underlie sepsis and 2)
how sepsis alters metabolism. Metabolomic profiling
has the potential to address both of these poorly un-
derstood biological mechanisms of injury in sepsis.

We and others have reported that the plasma metab-
olomic profile of critically ill patients differs between
survivors and nonsurvivors (17, 18). However, it is un-
known to what extent plasma metabolic profiling in
critically ill patients reflects the biology of early sepsis
and ARDS. At least four prior groups have carried out
plasma metabolic profiling in ARDS cohorts (19-22).
The study design has varied widely, and studies were
limited by a small sample size as well as control popu-
lations comprised of healthy controls (20) or mechani-
cally ventilated postoperative surgical patients (19). In
addition, metabolomic profiling techniques differed
between studies (i.e., nuclear magnetic resonance or
mass spectrometry [MS], targeted profiling of known
metabolites vs nontargeted profiling). As such, poten-
tially significant metabolic pathways in patient with
early sepsis who develop ARDS are unknown.

In this study, we obtained plasma samples from
patients with early sepsis and carried out plasma
metabolomic profiling of over 900 metabolites. The
first aim was to determine whether there are metabol-
ically distinct subgroups of patients with early sepsis
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and examine variation in clinical outcomes among
these groups. Our second aim was to determine
whether plasma metabolites can distinguish critically
ill patients with early sepsis who develop ARDS from
those who do not. Our third aim was to compare pre-
viously identified ARDS-associated metabolites with
the severity of illness, the plasma metabolite subgroup,
and ARDS status in our study population.

METHODS

Population

Patients included in this retrospective cohort study
comprised 197 patients prospectively enrolled in the
early assessment of renal and lung injury (EARLI) co-
hort between November 13, 2008, and December 14,
2016. Briefly, patients were recruited from the emer-
gency departments of the University of California San
Francisco Moffitt-Long Hospital and San Francisco
General Hospital and were eligible for enrollment
if admitted to the ICU, as described previously (7).
Plasma samples were collected within 24 hours of ICU
admission. ARDS was adjudicated using two-person
review of chest radiographs and presence of ARDS by
American-European Consensus Conference (23) and
Berlin (24) criteria. The study was approved by the in-
stitutional review board at the University of California,
San Francisco, approval number 310987.

Patient selection for the retrospective cohort study
was based on the presence of sepsis as a risk factor for
ARDS (Supplemental Fig. 1, http://links.Iww.com/
CCX/A730). A detailed explanation of patients included
in aims 1 and 2 is provided in the online Supplemental
Methods (http://links.lww.com/CCX/A730).

Metabolic Profiling Strategy

One-hundred fifty microliters aliquots of citrated
plasma were profiled by Metabolon (Durham, NC) on
a nontargeted metabolome platform capable of quan-
tifying thousands of identified metabolites. Briefly,
proteins were precipitated with methanol, and the
resulting extracts were analyzed with three comple-
mentary methods: ultrahigh performance liquid chro-
matography/tandem mass spec (UHLC)/MS/MS2 for
basic species, UHLC/MS/MS2 for acidic species, and
UHLC/MS/MS2 for lipids. Data analysis was per-
formed with Metabolon’s software and included peak
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peaking, retention time alignment, quantification, data
curation, and normalization. Peaks were identified by
matching against an in-house library of authentic stan-
dards and routinely detected unknown compounds.
To assess technical and process variability, a quality
control sample was used which consisted of individual
samples combined into a single aliquot.

Data Processing and Statistical Analyses

Phenotypic differences between groups were tested using
Fisher exact test for categorical variables, Wilcoxon rank-
sum for binary continuous variables, and analysis of var-
iance for differences among three groups. Analysis was
performed using Metaboanalyst 3.0 and R v 3.0.1 (25,
26). Prior to analysis, metabolomic data were log,-trans-
formed and auto scaled (27), and metabolites without
variability across samples were removed from analysis.
Global metabolic differences were assessed using
hierarchical clustering with Euclidean distance in
the hclust package in R. To identify clusters based on
plasma metabolomic profiling in patients with early
sepsis, principal components analysis (PCA) and par-
tial least squares discriminant analysis (PLS-DA) were
used (28). PCA reduces the dimensionality of the data
in an unbiased and unsupervised fashion to visualize
the structure of the data. In contrast, PLS-DA is a super-
vised method that maximizes the separation between
groups and is used to reveal discriminant metabolites.
To test the model fit, R* reflects the degree of fit of the
model to the data, whereas Q? is a measure of model
performance on cross-validation (28, 29). To ensure
that between-group differences were robust to overfit-
ting, Q* value with leave-one-out partitioning greater
than or equal to 0.6 was required for significance.
Individual metabolites were tested using logistic re-
gression, adjusting for age, gender, race, pneumonia,
and kidney function (glomerular filtration rate) (30).
Analytes with a log -fold change of greater than 0.3 and
a false discovery rate (FDR) p value of less than 0.20
were considered significant. All metabolites that met
the univariate significance threshold with a confirmed
Human Metabolome Database Identifier were assessed
for pathway overrepresentation using the hypergeomet-
ric test in the Pathway Analysis mbrole 2.0 (31). Node
importance was assigned using relative betweenness
centrality. Pathways with FDR p value of less than 0.05
were considered significant. Metabolic differences were
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assessed between subjects who had early sepsis with
moderate-to-severe ARDS and those without ARDS.

RESULTS

Global Metabolic Profiling of Sepsis Patients
Identifies High Mortality Cluster

Nine-hundred seventy metabolites were identified
using targeted metabolomics profiling of plasma
from 197 subjects with early sepsis collected within
24 hours of admission. Global metabolic profiling
revealed three groups of critically ill patients with
distinct metabolic profiles (Fig. 1). This separation
was highly reproducible (Q* value on leave-one-out
cross-validation of > 0.8, and p < 0.001 on thousand-
fold permutation testing) (Supplemental Fig. 2,
http://links.lww.com/CCX/A730).

The three metabolic groups were characterized
by both a markedly different clinical phenotype and
clinical outcome (Table 1). Group 1, with 45 subjects
(23% of cohort), had increased 60-day mortality (odds
ratio [OR] 2; 95% CI, 0.99-4.0; p = 0.04 for group 1 vs
all others). This group also had higher rates of vaso-
pressor-dependent shock, acute kidney injury, and
met Berlin ARDS criteria more often (all p < 0.05).
Conversely, metabolic group 3, with 76 subjects (39%
of cohort), had the lowest risk of 60-day mortality
(OR, 0.44; 95% CI, 0.22-0.86; p = 0.01) and lower rates
of organ dysfunction as reflected in a lower Simplified
Acute Physiology Score (SAPS) II (p < 0.001). Group 2
was an intermediate risk phenotype.

Plasma lipids were the key metabolites driving be-
tween group differences. The top metabolites ranked
by PLS-DA Variable Importance in Projection score
are shown in Table 2, with the complete results for
all 970 metabolites available in Supplemental Table 1
(http://links.lww.com/CCX/A731). These are notable
for low lipid levels among the group 1 (high mortality
group) and high lipid levels in group 3 (lowest mor-
tality group). In fact, 173 of the 317 metabolites that
distinguish group 1 subjects from all others were lipids.
This is more than expected by chance (OR, 1.8; 95%
CL, 1.4-2.4; p < 0.001). Of the 173 plasma lipids, 170
are lower in group 1 subgroup (p < 0.001). These lipids
represent fatty acid metabolism pathways, lysophos-
pholipids, sphingolipids, and phosphatidylcholines.
Pathway analysis showed significant enrichment for
alpha-linolenic acid and linoleic acid metabolism in
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Figure 1. A, Principal components (PCs) analysis of whole cohort (n = 197) using hierarchical clustering of plasma metabolites reveals three
distinct patient subgroups. B, Partial least squares discriminant analysis (PLS-DA) separates subjects into three subgroups by hierarchical
clustering. C, Heat map of log,-fold change of the top 25 metabolites that differ between groups ranked by PLS-DA Variable Importance in
Projection score. Complete names of all 970 metabolites measured are available in Supplemental Table 1 (http://links.lww.com/CCX/A731).

group 1 relative to all other subjects (FDR p = 0.0013).
Levels of other metabolite classes were more evenly
distributed, except for xenobiotics (Supplemental
Table 2, http://links.Iww.com/CCX/A730).

Plasma Metabolites Do Not Differ Between Early
Sepsis Patients With ARDS and Without ARDS

We next tested whether global metabolic profiling
could distinguish patients with early sepsis who have

TABLE 1.

moderate-to-severe ARDS from those at-risk of the syn-
drome but who did not develop ARDS (please refer to
Supplemental Fig. 1, http://links.Iww.com/CCX/A730
for patient selection). In this cohort, patients who de-
veloped ARDS (n = 78) differed from patients with early
sepsis at-risk of ARDS (n = 75) in that they were more
severely ill, with higher baseline SAPS II, vasopressor-
dependent shock, and mortality (Supplemental Table
3, http://links.lww.com/CCX/A730).

Clinical Characteristics in Clusters Identified by Plasma Metabolomic Profiling in 197

Patients With Early Sepsis

Clinical Characteristics

Age, median (interquartile range)
Gender (male), n (%)

Race (White), n (%)

Pneumonia, n (%)

Acute respiratory distress syndrome, n (%)

Simplified Acute Physiology Score I, median (interquartile range)

Shock?, n (%)

Glomerular filtration rate (modification of diet in renal disease),
median (interquartile range)

60-d mortality, n (%)

Group 1, Group 2, Group 3,

N =45 N=76

73 (60-83) 70 (60-77) 66 (55-73) 0.07

26 (58) 47 (62) 34 (44) 0.09
21 (47) 37 (49) 46 (61) 0.22
18 (40) 6 (61) 49 (65) 0.02
24 (53) 3 (43) 21 (28) 0.01

71 (51-85) 55 (42-72) 42 (31-59) < 0.001
26 (58) 37 (49) 32 (42) 0.25
18 (10-28) 38 (27-54) 83 (62-112)< 0.001
23 (51) 31 (41) 20 (26) 0.02

2Shock is defined by need for vasopressors at enroliment.

p by analysis of variance for continuous variables, Fisher exact for categorical variables.
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TABLE 2.

Top Plasma Metabolites Distinguishing Patients in Group 1 or Group 3 Relative to
All Other Subjects With Early Sepsis in the Early Assessment of Renal and Lung
Injury Cohort

Log, FC Log,FC

Partial Least Squares
Group1 Group 3 Discriminant Analysis Variable
vs Other vs Other Importance in Projection Score

Super

Metabolites Pathway Subpathway

Stearate (18:0) Lipid Long chain fatty acid -1.6 1.3 2.3

Palmitate (16:0) Lipid Long chain fatty acid -1.7 1.3 2.2

Serine Amino acid Glycine, serine, and -1.2 1.3 2.1

threonine metabolism

Sphingomyelin (d18:1/14:0, Lipid Sphingolipid metabolism  —1.1 1.1 2.1
d16:1/16:0)

1-stearoyl-2-arachidonoyl- Lipid Phosphatidylcholine -1.2 1.1 2.1
GPC (18:0/20:4)

1-palmitoyl-2-arachidonoyl- Lipid Phosphatidylcholine -1.1 1.1 2.1
GPC (16:0/20:4n6)

1-palmitoyl-2-dihomo- Lipid Phosphatidylcholine -1.3 1.2 2.1
linolenoyl-GPC
(16:0/20:3n3 or 6)2

Palmitoyl sphingomyelin Lipid Sphingolipid metabolism  -1.0 1.1 2.1
(d18:1/16:0)

Pentadecanoate (15:0) Lipid Long chain fatty acid =13 1.1 2.1

Behenoyl sphingomyelin Lipid Sphingolipid metabolism  —1.2 1.1 2.1

(d18:1/22:0)2

FC = fold change, GPC = glycerophosphocholine.

*Metabolites are ranked by Partial Least Squares Discriminant Analysis Variable Importance in Projection score.

No clustering was observed among the subgroup
of patients with early sepsis and moderate-to-severe
ARDS and those at-risk of the syndrome (Fig. 2A).
Although PLS-DA appears to partially separate
patients with and without ARDS (Fig. 2B), the Q*
value is less than 0.2 on leave-one-out cross-validation
(Supplemental Fig. 3, http://links.lww.com/CCX/
A730), suggesting that the separation likely represents
noise rather than true biological significance.

Individual ARDS-Associated Metabolites Were
Related to the Severity of lliness

To reveal potential biologic mechanisms of ARDS, we
next tested whether individual metabolites differ be-
tween patients with early sepsis with ARDS relative
to those without ARDS. After adjustment, only two
metabolites met our predefined threshold for signifi-
cance: rocuronium and 17alpha-hydroxypregnenolone

Critical Care Explorations

3-sulfate, a sulfated steroid metabolite whose func-
tional significance is not known.

To increase the potential for identification of key
pathways, we used a more liberal FDR threshold of
p value of less than 0.1. This identified 43 metabolites
(Supplemental Table 4, http://links.lww.com/CCX/
A732) and included drugs that may relate to intubation
and mechanical ventilation (i.e., rocuronium, panto-
prazole), which were higher in patients with ARDS.
The other differential metabolites involved numerous
classes, including nucleotides (purine and pyrimidine)
and lipid metabolites.

Given the higher SAPS II and vasopressor-
dependent shock in patients with ARDS, we next
assessed whether individual metabolites associated
with ARDS were related to global severity of illness
rather than ARDS. Indeed, of the 43 metabolites,
29 were correlated with the nonpulmonary SAPS
IT (Pearson’s correlation > |0.2|] and FDR-adjusted
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Figure 2. A, Principal components (PCs) analysis of subject with sepsis and moderate-severe acute respiratory distress syndrome
(ARDS) (n = 78) relative to subjects with sepsis without ARDS (n = 75), showing a lack of separation between these patient
subgroups. B, Partial least squares discriminant analysis poorly discriminates patients with sepsis with compared with without

ARDS.

p < 0.1). After adjustment for the nonpulmonary
SAPS 1I, renal function, age, race, and gender, only
rocuronium and pantoprazole remained significantly
associated with ARDS.

Comparison With Prior ARDS Metabolomic
Literature

Several prior studies examined plasma metabolites in
cohorts of patients with ARDS (19-22). These stud-
ies varied by the sample size, the control population,
and the method of metabolomic profiling (Table 3).
As such, the identified key metabolites varied widely.
Twelve of the previously reported ARDS-associated
metabolites were also quantified using our metabolo-
mic profiling platform. This enabled testing whether
these metabolites are also related to 1) severity of ill-
ness (SAPS II), 2) the plasma metabolite group, or 3)
ARDS status in our patient cohort.

Of the 12 metabolites associated with ARDS status
in previous studies and measured in the EARLI co-
hort, six were associated with the SAPS II. In addition,
seven were nominally associated with plasma metab-
olite group 1 status, and three remained significantly
associated after FDR adjustment for multiple compari-
sons (sphingomyelin, glutamate, phenylalanine). In

6 www.ccejournal.org

comparison, only sphingomyelin was nominally asso-
ciated with ARDS status after adjustment, but the asso-
ciation was weaker than associations of sphingomyelin
with SAPS II and group 1 status and did not withstand
multiple comparisons testing for these 12 metabolites
(FDR p = 0.13) (Table 3).

DISCUSSION

In this large-scale plasma metabolomics profiling study
of early sepsis using unbiased hierarchical clustering,
three metabolically distinct subgroups were identified.
The groups differed most notably in plasma lipid lev-
els across numerous superclasses and were associated
with marked phenotypic differences including widely
differing rates of mortality. Patients with the lowest
lipid levels (group 1) had the highest baseline SAPS I,
renal dysfunction, vasopressor-dependent shock, and
60-day mortality. This study adds important insights
regarding the potential for plasma metabolites to iden-
tify pathobiology-driven subgroups among patients
with early sepsis.

These findings add to the literature on the impor-
tance of lipidomic changes in sepsis. Although our
study is to our knowledge the first to examine hun-
dreds of lipids across several lipid subclasses in a large
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TABLE 3.

Associations of Previously Reported Acute Respiratory Distress Syndrome Metabolites in
the Early Assessment of Renal and Lung Injury Cohort

Simplified
Human Acute Group 1 ARDS

No. of ARDS- Metabolome Physiology vs Other® Status®
Sample Cases/ Control Metabolites Associated Database Scorell? (N=45vs (N=78
References Type Controls Population Profiled Metabolites Identifier (N=197) N=152) vs N=75)

Stringer Plasma 13/8 Healthy 40 Gilutathione 00058 0.6 0.9 0.24
et al (20) adenosine
Phosphatidylserine 10163 0.007 0.12 0.11
Sphingomyelin 12087 <0.001 0.001¢ 0.01¢
Singhetal Serum 26/19 Ventilated >100 Multiple lipids
(21) ICU Creatinine 00562 0.05 0.05 0.11
Lactate 00190 0.001 0.9 0.1
Formate
Glutamate 00148 0.001 0.01¢ 0.82
lzquierdo-  Serum 25/28° H1N1 >100 Methylhistidine 00001 0.11 0.14 0.22
Garcia without . 4
etal (22) ARDS Phenylalanine 00159 0.03 0.003 0.42
glucose
Glutamine 00122 0.66 0.02 0.21
Methylguanidine 00641 0.009 0.7 0.52
Alanine 01522 0.24 0.02 0.1
00161 0.73 0.39 0.73
Viswan Serum 197/68 Ventilated Nuclear Achieve sepa- NA NA NA NA
etal (19) after magnetic  ration with
elective  reso- orthogonal
surgery nance > projections to
500 latent structures
discriminant
analysis

No metabolites
highlighted

ARDS = acute respiratory distress syndrome, NA = not available.

2Simplified Acute Physiology Score Il p is for Pearson’s correlation.

®p values for association with metabolic group and ARDS are adjusted for age, sex, race, and glomerular filtration rate but not for multiple
comparisons.

Analyzed as a derivation (12 ARDS/18 controls) and validation (13 ARDS/10 controls; 3 controls removed) set.

dMetabolites associated with metabolic Group 1 membership after false discovery rate (FDR) adjustment for 12 metabolites, with FDR
p <0.05.

°FDR p = 0.13 after adjustment for 12 metabolites.

Boldface values indicate p < 0.05.

critically ill population, hypocholesterolemia has been  that circulating lipids and lipoproteins bind and neu-
described in multiple critically ill cohorts, including tralize endotoxin (lipopolysaccharide [LPS]) (34).
those with sepsis (32, 33). Cholesterol may playarolein ~ Furthermore, increasing low-density lipoprotein (LDL)
host defense in sepsis, as suggested by the observation  clearance by lowering proprotein convertase subtilisin/

Critical Care Explorations www.ccejournal.org 7
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kexin type 9 levels may be beneficial in sepsis. The
mechanism underlying this benefit may be mediated by
increasing LDL receptor levels and thus also promoting
LPS clearance (35, 36). Additionally, reduced plasma-
free fatty acid levels in patients with acute lung injury
were the rationale behind the ARDS Network OMEGA
trial (omega-3 fatty acid, gamma-linolenic acid, and
anti-oxidant supplementation in the management
of acute lung injury or ARDS), which was a negative
trial (37). Our cross-sectional study cannot determine
whether low levels of plasma lipids are a pathogenic
finding, a reflection of greater severity of illness, or of
higher microbial burden and LPS levels. Therefore,
it remains uncertain whether interventions to raise
plasma lipids could offer potential therapeutic benefit.

The EARLI cohort with its detailed clinical pheno-
typing was also ideal to assess whether plasma metabo-
lites can distinguish other critical illness syndromes,
including ARDS, among patients with early sepsis. This
differs from prior plasma metabolomics studies evaluat-
ing ARDS that compared patients with ARDS to healthy
controls (20) or to postsurgical intubated patients (19).
In the current study, plasma metabolites did not dis-
tinguish patients with moderate-to-severe ARDS from
patients with early sepsis who never developed the syn-
drome. Patients with early sepsis who developed ARDS
were almost twice as likely to belong to the high-risk
metabolic group 1 (although this was not statistically
significant), which reflected their higher baseline se-
verity of illness, including a higher nonpulmonary SAPS
I1. As such, in our cohort of critically ill patients with
early sepsis, plasma metabolites reflect severity of illness
and do not distinguish ARDS among this population.
In addition, as shown in Table 3, previously identified
ARDS-associated metabolites were not associated with
ARDS status in our cohort, but rather with severity of
illness and metabolite group assignment.

Not only does global metabolic profiling fail to sep-
arate patients with early sepsis who develop ARDS
from those who do not, but individual plasma metabo-
lites associated with ARDS identified by other studies
(none of which were adjusted for systemic illness) were
also not associated with ARDS in our cohort after this
correction. The exceptions to this were an association
with rocuronium, a reflection of treatment rather than
biology, and a single metabolite, 17alpha-hydroxy-
pregnenolone 3-sulfate, a sulfated steroid metabolite
that is found in most human tissues that is produced

8 www.ccejournal.org

by the adrenal gland, but without known human bio-
logic function. In this cohort, some of the previously
reported ARDS-associated metabolites were related to
metabolic subgroup assignment and severity of illness,
supporting the observation that plasma metabolites
reflect systemic inflammation and severity of illness
rather than lung injury.

Our prior meta-analysis of all publicly available
whole blood gene expression datasets showed key sim-
ilarities to this study, notably, 1) an inability to iden-
tify a plasma gene expression signal specific to ARDS
to enable building a robust ARDS classifier and 2) the
whole blood gene expression signal was driven by sys-
temic inflammation (38). Taken together, these stud-
ies suggest that a plasma ‘omics may not be an ideal
method for discovering novel lung-specific biology in
critically ill patients or that ARDS per se is not a use-
ful syndromic rubric for capturing a specific biologic
phenotype. Instead, lung injury-specific biospecimen
such as bronchoalveolar lavage (39, 40), pulmonary
edema fluid (41), or heat moisture exchange filter fluid
(42) may provide more proximal and more biologically
relevant material that is less confounded by a systemic
signal present in plasma and whole blood.

We acknowledge some important limitations to this
work. First, although it is one of the largest plasma me-
tabolomics studies of early sepsis performed to date, it
was carried out at a single center. Although our find-
ings were robust based on leave-one-out cross-vali-
dation and permutation testing, the identification of
three metabolically distinct subsets of sepsis requires
external validation in independent populations.
Second, samples were collected up to 24 hours after
ICU admission, and therefore some metabolites may
reflect treatment. Although collecting samples at an
even earlier time point (i.e., at the time of presentation
to the emergency department) may be ideal in future
studies, this will be challenging to achieve. Third, treat-
ment-related factors may influence metabolic profiling
(i.e., administration of propofol or glucose-containing
products that alter metabolism from the fasting state).
However, the lipid metabolites identified in our study
were long chain fatty acids, whereas drugs such as pro-
pofol are small lipophilic hydrocarbons, suggesting our
analysis was less likely affected by this drug. Finally,
metabolomics is one of many ‘omics technologies to
identify biologically distinct subsets of sepsis with dif-
ferent outcomes and potentially differential treatment
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responses (4). Future studies will be needed to deter-
mine whether the same subgroups of patients can be
identified by different methods. Ultimately, a minimal
set of features across different ‘omics technologies may
be necessary to enable accurate and rapid subgroup
identification for the enrichment of future sepsis clin-
ical trials.

In summary, hierarchical clustering of plasma
metabolites in early sepsis identified three clusters
that are characterized by distinct lipidomic differences
that were associated with markedly different severity
of illness and mortality. Global metabolic profiling of
plasma reflects systemic illness in early sepsis but did
not distinguish ARDS from at-risk critically ill controls.
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