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Circulating Metabolites Differentiate
Acute Ischemic Stroke from Stroke Mimics
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Objective: Early discrimination of patients with ischemic stroke (IS) from stroke mimics (SMs) poses a diagnostic challenge. The circulating metabolome might reﬂect pathophysiological events related to acute IS. Here, we investigated
the utility of early metabolic changes for differentiating IS from SM.
Methods: We performed untargeted metabolomics on serum samples obtained from patients with IS (N = 508) and SM
(N = 349; deﬁned by absence of a diffusion weighted imaging [DWI] positive lesion on magnetic resonance imaging [MRI])
who presented to the hospital within 24 hours after symptom onset (median time from symptom onset to blood sampling = 3.3 hours; interquartile range [IQR] = 1.6–6.7 hours) and from neurologically normal controls (NCs; N = 112). We
compared diagnostic groups in a discovery-validation approach by applying multivariable linear regression models, machine
learning techniques, and propensity score matching. We further performed a targeted look-up of published metabolite sets.
Results: Levels of 41 metabolites were signiﬁcantly associated with IS compared to NCs. The top metabolites showing
the highest value in separating IS from SMs were asymmetrical and symmetrical dimethylarginine, pregnenolone sulfate, and adenosine. Together, these 4 metabolites differentiated patients with IS from SMs with an area under the
curve (AUC) of 0.90 in the replication sample, which was superior to multimodal cranial computed tomography (CT;
AUC = 0.80) obtained for routine diagnostics. They were further superior to previously published metabolite sets
detected in our samples. All 4 metabolites returned to control levels by day 90.
Interpretation: A set of 4 metabolites with known biological effects relevant to stroke pathophysiology shows unprecedented utility to identify patients with IS upon hospital arrival, thus encouraging further investigation, including multicenter studies.
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troke is the leading cause of adult disability1 with the
majority caused by brain infarction. Discriminating
patients with ischemic stroke (IS) from stroke mimics
(SMs) is important, as misclassiﬁcation may result in

S

inappropriate interventions, in withholding treatments
with proven efﬁcacy, and in inefﬁcient allocation of
resources, such as stroke unit care. Routine diagnostics
with multimodal computed tomography (CT) has limited
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capacity for differentiating IS from SMs within the ﬁrst
hours after the event.2–4 Hence, there is great demand for
novel diagnostic markers. The circulating metabolome
sensitively captures pathophysiological events in multiple
organs and might thus reﬂect events related to acute IS,
such as cerebral injury, systemic responses (eg, stress),5
and processes within the vasculature.6 Here, we used
untargeted metabolomics in a discovery-validation approach
to identify metabolites that would allow differentiating IS
from SMs. We further performed a systematic literature
review to identify circulating metabolites reportedly associated with IS in the ﬁrst 24 hours after symptom onset and
assessed their diagnostic utility in our dataset in relation to
the metabolite set identiﬁed here.

Methods
Patient Enrolment
We recruited patients with rapidly developing clinical
signs suggestive of stroke who presented to the emergency
department of the medical center at LMU, Munich, Germany, a tertiary level center, within 24 hours of symptom
onset. Blood sampling was performed upon hospital
arrival and prior to routine diagnostic multimodal CT
(“reference standard”). The ﬁnal diagnosis of IS was based
on the presence of a diffusion weighted imaging (DWI)positive lesion on magnetic resonance imaging (MRI) or a
new lesion on a delayed CT scan.7 Patients without a
DWI-positive lesion on MRI were classiﬁed as having
SMs.7 For all cases, the ﬁnal decision about group allocation (IS or SM) was made after blood sampling. Stroke
etiology was classiﬁed according to the TOAST system.
Neurologically normal controls (NCs) were recruited
through the stroke prevention unit at LMU. Subjects were
excluded if they suffered from hemorrhagic stroke, active
malignant disease, inﬂammatory or infectious disease, or
had undergone surgery within the last 3 months. The discovery (stage 1) and validation (stage 2) samples (Fig 1A)
were recruited between February 2014 and August 2015
and between August 2015 and November 2016, respectively. Patients with IS and NCs from the validation sample were matched with respect to age, sex, hypertension,
smoking history, hypercholesterolemia, obesity, diabetes
mellitus, family history of cardiovascular disease, and use
of medication. The derivation sample (stage 3) included
the IS group from stage 2 and patients with SMs recruited
between February 2014 and November 2016. The validation sample (stage 4; see Fig 1A) was recruited between
April 2015 and October 2018 and used propensity scores
to match patients with IS and patients with SMs for age,
sex, hypertension, diabetes mellitus, major cardiovascular
events, and time from symptom onset to blood sampling
October 2020

(Table 1). These samples were convenience samples. The
replication sample (stage 5; see Fig. 1A) was recruited
between October 2018 and February 2020 and formed a
consecutive series with hemorrhagic stroke as the only
exclusion criterion. SM in the replication sample also
included patients who received CT as the only imaging
modality. Written informed consent was obtained from all
subjects in accord with ethical approval. The study was
conducted in accordance with the Declaration of Helsinki
and is reported according to the Standards for Reporting
of Diagnostic Accuracy Studies (STARD) guidelines.8
Neuroimaging
Multimodal CT was obtained as part of clinical routine
using a standard protocol that included noncontrast CT,
CT angiography, and CT perfusion. CT examinations were
performed on SOMATOM Deﬁnition scanners (Siemens
Healthcare, Forchheim, Germany). CT perfusion was
obtained with 0.6-mm collimation and 100-mm scan coverage in the z-axis using adaptive spiral scanning. The
datasets were acquired continuously over 48 seconds
(32 cycles, 1 sweep every 1.5 seconds). CT perfusion data
were processed using the manufacturer’s software (Syngo
Neuro Perfusion CT; Siemens Healthineers, Forchheim,
Germany) to generate perfusion maps. MRI scanning was
performed between 1 and 8 days after symptom onset on
1.5 Tesla or 3 Tesla scanners with 3 or 5 mm slice gaps.
Infarct volumes were quantiﬁed as previously described.9,10
Metabolome Analyses
Untargeted metabolite proﬁling (“index test”) was planned
after data collection and performed by experimenters
blinded to group allocations at the Genome Analysis Center
(Helmholtz-Zentrum München) and by Metabolon
(Durham, NC).11 Serum samples from the discovery sample were analyzed with a Linear Ion Trap tandem mass
spectrometry (LTQ-XL MS/MS; Thermo Scientiﬁc)
coupled with Ultra Performance Liquid Chromatography
(UPLC; Acquity-UPLC, Waters) and consisted of reverse
phase (RP)/ UPLC-MS/MS analysis in positive and negative electrospray ionization (ESI) mode. All other samples
were analyzed with a Q-Exactive high resolution/accurate
mass spectrometry (MS) interfaced with a heated ESI
source and Orbitrap mass analyzer (Thermo Scientiﬁc)
coupled with UPLC and consisted of 2 separate (RP)/
UPLC-MS/MS methods with positive ESI mode, one with
negative ESI mode, and (hydrophilic interaction liquid
chromatography [HILIC])/UPLC-MS/MS with negative
ESI mode. Curation was performed by Metabolon. Because
of the identiﬁcation of dimethylarginine in stage 1, we performed targeted MS-based analyses of methylated arginine
derivatives evidencing signiﬁcantly elevated levels of
737
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FIGURE 1: A discovery-validation approach identiﬁes 30 metabolites associated with ischemic stroke (IS). (A) Sampling and
analytical strategy employing a discovery-validation approach comparing patients with ischemic stroke (IS, N = 508) with
neurologically normal controls (NCs, N = 112; stage 1 and 2) and with stroke mimics (SMs; N = 349; stages 3, 4, and 5).
Diagnostic groups were compared by multivariable linear regression models and random forest regression. The diagnostic utility
of metabolites was determined by receiver operating characteristic (ROC) analyses. (B) Forty-nine metabolites showed
signiﬁcantly altered levels in patients with IS compared to NCs in the discovery sample. Of these, 41 metabolites met the criteria
for statistical signiﬁcance also in the validation sample. Shown are results from the full model. (C and D) Thirty endogenous
metabolites enabled differentiating patients with IS from NCs in a random forest classiﬁcation (C) and in 5 other classiﬁcation
models (D). (E) Heatmap of the z-scores of the 30 endogenous metabolites. Metabolites and subjects were clustered using
hierarchical clustering. The color gradient from red to blue reﬂects z-scores from −4 to 4. *The group of 40 patients with IS in
stage 2 corresponded to the group of patients with IS in stage 3. †Metabolites with a false discovery rate-adjusted p value
> 0.05, thus not meeting the criteria for statistical signiﬁcance in the validation sample. 12-HETE = 12-Hydroxyeicosatetraenoic
acid; A = amino acid; ADMA = asymmetrical dimethylarginine; adj.-p = p value adjusted for multiple testing; AUC = area under
the curve; β = standardized β from the full model; CV = cofactor/vitamin; Disc = discovery sample; E = energy; GPC =
glycerophospholipid; GPE = glycerophosphoethanolamine; KNN = k-nearest neighbors; L = lipid; LDA = linear discriminant
analysis; LR = logistic regression; MC = metabolite class; N = nucleotide; NB = naïve Bayes; RF = random forest; SDMA =
symmetrical dimethylarginine; SVM = support vector machines; U = unknown metabolite; Val = validation sample; X =
xenobiotic; X-metabolites = structurally unnamed biochemicals, which have been identiﬁed by their recurrent chromatographic
and mass spectral data.

asymmetrical dimethylarginine (ADMA) and symmetrical
dimethylarginine (SDMA) in patients with IS compared
with NCs, and thus considered both metabolites in stages
3, 4, and 5.
Search Strategy and Selection Criteria for the
Systematic Review
We performed a comprehensive search of PubMed
from database inception to July 10, 2020, using the
following search inquiry: (metabolomics or metabonomics or
metabolome or (metabolic and (proﬁling or signature or
738

biomarker or proﬁle)) or metabolite) and (stroke or (cerebrovascular and (attack or accident or disease)) or (cerebral and
ischemia)). We considered publications for inclusion if
they reported original data of circulating metabolite levels
from patients with IS in comparison to NCs or SMs. We
excluded studies with blood sampling beyond 24 hours of
symptom onset. There was no language restriction.
Statistical Analysis
Metabolites were selected if detectable in at least 50% of
the samples. After setting missing values as 50% of the
Volume 88, No. 4
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TABLE 1. Demographic and Clinical Characteristics of the Study Samples
Stage 1
Characteristics

Stage 2 Stage 3

Stage 4

Stage 5

NC N = 72

IS 74

NC 40

IS 40

SM 33

IS 105

SM 105

IS 289

SM 211

67

73a

72

73

71

71

71

74

74

61

a

44

40

38

73

47

47

44

51

Hypertension

46

77a

50

65

61

71

65

76

64a

Smoking history

42

57

35

45

39

50

44

30

33

Hypercholesterolemia

25

37

28

28

42

38

42

28

32

Obesity

14

19

13

13

14

15

16

15

19

Demographic characteristics
Age, mean, years
Female, %
Vascular risk factors, %

a

Diabetes mellitus

3

20

8

13

18

15

15

21

21

Previous TIA/stroke/MI

4

27a

10

30a

52

39

36

25

28

13

15

13

13

18

8

13

15

16

ΔT, mean, hours

n/a

7.0

n/a

4.5

6.5

4.7

4.6

4.8

4.1

NIHSSc, median

n/a

4

n/a

5

n/a

6

n/a

6

n/a

IV, mean, ml

n/a

17

n/a

16

n/a

30

n/a

27

n/a

LAA

n/a

22

n/a

40

n/a

11

n/a

13

n/a

Cardioembolism

n/a

28

n/a

30

n/a

49

n/a

42

n/a

Small-artery occlusion

n/a

10

n/a

3

n/a

6

n/a

3

n/a

Other determined

n/a

4

n/a

0

n/a

7

n/a

5

n/a

Undetermined

n/a

37

n/a

28

n/a

29

n/a

37

n/a

Family history

b

Stroke etiology, %

a

p < 0.05 for comparison of diagnostic groups in all 5 stages.
Family history for cardiovascular disease.
c
NIHSS upon admission.
ΔT = time from symptom onset until hospital arrival; IS = ischemic stroke; IV = infarct volume; LAA = large-artery atherosclerosis; n/a = not available;
NC = neurologically normal control; NIHSS = National Institutes of Health Stroke Scale; MI = myocardial infarction; SM = stroke mimic; TIA =
transient ischemic attack.
b

lowest observed value, ion counts were log-normalized
and scaled. Metabolites were assessed using linear regression in a basic (age and sex) and full model (age, sex,
hypertension, history of smoking, body mass index, major
cardiovascular events, glucose levels, high-density lipoprotein cholesterol levels, and glomerular ﬁltration rate). The
p values were false discovery rate-adjusted using the
2-stage step-up procedure (α = 0.05)12 and considered statistically signiﬁcant if p < 0.05 in both models. Receiver
operating characteristics were constructed using random
forest classiﬁcation with 10,000 trees, linear discriminant
analysis, logistic regression, k-nearest neighbors, naïve
October 2020

Bayes, and support vector machines.13 For the training
set, we used 5 repeats of 10-fold cross-validation. Conditional variable importance was determined by random forest regression across 200 runs. Statistical analyses were
performed in R software, version 3.5.0.

Results
The sampling strategy and baseline characteristics of our
study samples are presented in Figure 1A, Table 1, and
Supplementary Table S1. CT ﬁndings and ﬁnal diagnoses
of patients from the discovery, derivation, and validation
739
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FIGURE 2: 2A set of 4 metabolites differentiates IS and SM. (A) Random forest variable importance analysis for the 30 validated
endogenous metabolites to differentiate patients with IS from patients with SM (stage 3). Shown are the 10 metabolites that
ranked highest. (B to D) ROC curves for differentiating patients with IS from patients with SMs in the derivation (stage 3; B),
validation (stage 4; C), and replication sample (stage 5; D). (E) ROC curves for differentiating patients with IS from patients with
SMs in the validation sample when excluding patients with SM that received rt-PA (N = 13) and when excluding patients with IS
that were recruited after rt-PA administration (N = 22). Shown are the results for the combined set of 4 metabolites (M-SET:
ADMA, SDMA, pregnenolone sulfate, and adenosine), multimodal CT, and the combination of both. (F) ROC curve for the
comparison of IS versus NCs using the same set of metabolites in the validation sample (stage 2). 5-Dodec. = 5-Dodecenoate
(12:1n7); 10-Hepta. = 10-Heptadecenoate (17:1n7); 10-Non. = 10-Nonadecenoate (19:1n9); ADMA = asymmetrical
dimethylarginine; Cortico. = corticosterone; CT = computed tomography; IS = ischemic stroke; Marga. = margarate (17:0); NC =
neurologically normal control; Pregn. = pregnenolone sulfate; ROC = receiver operating characteristic; SDMA = symmetrical
dimethylarginine; SM = stroke mimic; rt-PA = recombinant tissue-type plasminogen activator.

sample are provided in Supplementary Table S2. Our
sample of patients with IS covered a broad range of infarct
volumes (0.035 to 385 ml) and was representative of the
general stroke population admitted to our center with
740

regard to age, sex, and stroke etiologies (Supplementary
Table S3).
To establish a set of circulating metabolites that differentiates patients with IS from NCs and patients with
Volume 88, No. 4
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FIGURE 3: The 4 metabolites are linked to the acute phase of IS. (A) Metabolite levels of ADMA, SDMA, pregnenolone sulfate,
and adenosine returned to control levels at day 90 post-stroke in the discovery sample (stage 1). (B) Levels of SDMA upon
admission were higher in patients with cardioembolic stroke compared with patients with stroke due to LAA and undetermined
etiology. (C) Levels of pregnenolone sulfate were positively associated with infarct volumes. (D) Adenosine levels negatively
correlated with the processing time from blood sampling to freezing. There were 94.2% of samples that were processed
between 40 and 70 minutes. A and B: Bars indicate p < 0.05. Kruskal–Wallis test followed by Dunn multiple comparison test. B
and C: Data from stage 5. D: Data from stage 4. ΔT = time difference; ADMA = asymmetric dimethylarginine; CE =
cardioembolism; LAA = large-artery atherosclerosis; mass spec. = mass spectrometry; min = minutes; other = other determined
etiology; SAO = small-artery occlusion; SDMA = symmetric dimethylarginine; Und. = undetermined etiology.

SMs, we performed metabolomic proﬁling on serum samples obtained upon hospital arrival (IS: N = 508; SM:
N = 349; median time from symptom onset = 3.3 hours;
interquartile range [IQR]: 1.6–6.7 hours) and from NCs
(N = 112; see Fig. 1A, Table 1). Among 689 measured
metabolites in the discovery sample (stage 1), 180 metabolites were detected in less than 50% of the samples leaving
509 metabolites for analysis. Comparing patients with IS
October 2020

with NCs there were 49 metabolites that met the
prespeciﬁed criteria for statistical signiﬁcance in the discovery sample (stage 1; see Fig. 1A, B). Forty-one of them
also met these criteria in the validation sample (stage 2),
including 16 fatty acids, the steroids cortisol and pregnenolone sulfate, the tricarboxylic acid (TCA) cycle intermediates citrate and malate (all elevated), the amino acid
proline, and the nucleosides adenosine, guanosine, and
741
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FIGURE 4: PRISMA Flow Diagram of Study Selection. Record
identiﬁcation, screening, eligibility review, and selection for
this systematic review. ΔT = time difference; h = hours; IS =
ischemic stroke; N/A = not available; NC = neurologically
normal control; PRISMA = Preferred Reporting Items for
Systematic Reviews and Meta-analyses; SM = stroke mimic.

inosine (all reduced; see Fig. 1B). Excluding xenobiotic
and unknown metabolites, the 30 endogenous metabolites
differentiated patients with IS from NCs with an area
under the curve (AUC) of 0.961 (Fig. 1C) in a random
forest classiﬁcation. Alternative classiﬁcation models
showed similar AUC values (Fig. 1D). Hierarchical clustering showed considerable collinearity particularly among
fatty acids (Fig. 1E), suggesting redundancies in the classiﬁer. To identify the most informative metabolites for a
reduced classiﬁer that would distinguish IS from SMs
while accounting for collinearity, we assessed conditional
variable importance and found ADMA, SDMA, pregnenolone sulfate, and adenosine to rank highest (stage 3;
Figs. 1A and 2A). These 4 metabolites showed a sensitivity of 82.5% and speciﬁcity of 84.9% resulting in a higher
AUC compared to multimodal CT performed as part of

TABLE 2. Metabolite sets previously reported to be associated with IS within 24 hours from symptom onset and
their diagnostic accuracy in our dataset
Diagnostic accuracy (stages)

Groups (N)

Platf.
(Met.)

Metabolites associated with IS in original study

1/2a

3

4

5

Hu et al

IS vs NC
(129 vs 98)

T
(49)

" Alanine, Citrulline,
3-OH-IVCb

0.63

0.54

0.57

0.51

Zhang
et al

IS vs NC
(129 vs 65)

UT

" Arginine, IVC, Ornithine, Aspartic acid
# Asparagineb, AC, DEC, Proline, Tyrosine,
Behenicarnitineb, Prop-C, Valine, Carnitine,
Butyryl-carnitine, Glycineb, ODCb, Tryptophan,
Leucine,
3-OH-BC

0.80

0.51

0.64

0.61

Liu et al

IS vs NC
(66 vs 63)

UT
(1082)

" Betaine, LysoPE (18:2)
# Serine, Isoleucine, PC(5:0/5:0)b

0.62

0.60

0.51

0.53

Sun et al

IS vs HA or
VT
(38 vs 46)

T
(58)

" VCb, Arginine, Palm-C,
3-OH-BC

0.61

0.61

0.51

0.58

Jiang et al

IS vs NC
(67 vs 62)

UT

" Cysteineb, S-AHCb,
Ox-Glutathioneb,
HETE, HODE
# Folic acidb, THFb, Adenosine, Aldosteroneb,
DOCb, S-6Pb, Betaninb

0.70

0.57

0.53

0.53

Study

a

Using the discovery sample (stage 1) as a training set and the validation sample (stage 2) as a test set for differentiating patients with IS from NCs.
Metabolite not detected in the discovery sample.
a
Bold text indicates metabolites meeting pre-speciﬁed criteria for statistical signiﬁcance in the discovery and validation sample (stage 1 and 2).
3-OH-BC = 3-Hydroxylbutyrylcarnitine; 3-OH-IVC = 3-Hydroxyisovalerylcarnitine; AC = Acetylcarnitine; DEC = decanoylcarnitine; DOC =
deoxocathasterone; HA = headache; HETE = hydroxyeicosatetraenoic acid; HODE = hydroxy octadecadienoic acid; IS = ischemic stroke; IVC =
isovalerylcarnitine; LysoPE = lyso-phosphatidylethanolamine; Met. = number of metabolites; NC = neurologically normal control; ODC = octadecanoylcarnitine;
Palm-C = palmitoylcarnitine; PC = phosphatidylcholine; Platf. = platform; Prop-C = propionylcarnitine; S-6P = Sucrose 6-phosphate; S-AHC = S-adenosylhomocysteine; T = targeted; THF = tetrahydrofolate; UT = untargeted; VC = vaccenylcarnitine; VT = vertigo.
b
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clinical diagnostic routine in the derivation sample (0.90
vs 0.74, stage 3; Fig. 2B). Similar results were obtained in
the validation sample (stage 4, sensitivity: 92.4%, speciﬁcity: 82.9%; Fig. 2C), which was selected by propensity
score matching to further control for potential confounders, such as demographics, vascular risk factors, and
medication (N = 210; see Fig. 1A and Table 1), and in a
consecutively recruited replication sample (stage 5, sensitivity: 88.6%, speciﬁcity: 72.7%, AUC = 0.90, N = 500;
Fig. 2D). We further performed 2 sensitivity analyses:
ﬁrst, excluding patients with SMs who received recombinant tissue-type plasminogen activator (rt-PA) and might
thus represent aborted strokes and second, excluding
patients with IS with blood sampling after rt-PA administration. Both analyses showed similar results (Fig. 2E).
The selected set of 4 metabolites also differentiated
between patients with IS and NCs (AUC = 0.92;
Fig. 2F).
Levels of the 4 diagnostic metabolites were largely
normalized by day 90 (D90) after stroke (Fig. 3A) thus
demonstrating a link between altered metabolite levels on
day 1 (D1) and the acute event. Levels of SDMA upon
admission (D1) were signiﬁcantly higher in patients with
cardioembolic stroke compared to patients with largeartery atherosclerotic stroke and stroke of undetermined
etiology (Fig. 3B). Levels of pregnenolone sulfate signiﬁcantly associated with infarct volume (β = 0.66, p
< 0.0001; Fig. 3C) and the National Institutes of Health
Stroke Scale scores upon admission (β = 0.47, p = 0.001).
Assessing the inﬂuence of pre-analytical variability, we
found adenosine levels to negatively correlate with preanalytical sample processing time (Fig. 3D), which importantly did not differ between patients with IS and patients
with SMs (51 vs 51 minutes, p = 0.81).
To relate our ﬁndings to metabolite sets previously
reported to be associated with acute IS, we conducted a
systematic review searching for studies that provided data
on circulating metabolites in patients with IS and that
were limited to blood sampling in the ﬁrst 24 hours after
symptom onset. Of the 3,149 records identiﬁed, 5 studies
met the selection criteria (Fig. 4, Table 2, Supplementary
Table S4).14–18 All of them were single-center, hospitalbased studies comparing patients with IS with either NCs
(N = 4 studies) or patients with headache or vertigo
(N = 1 study). The majority (N = 4 studies) lacked validation in independent samples. Collectively, these studies
reported on 41 different metabolites associated with IS
with only 1 metabolite overlapping between studies.
Twenty-four of the 41 metabolites were represented in
our dataset. A targeted look-up in the current dataset revealed 11 metabolites that met the pre-speciﬁed criteria for
statistical signiﬁcance in the basic model in the discovery
October 2020

sample (stage 1) and 4 metabolites (adenosine, proline,
propionylcarnitine, and 12-Hydroxyeicosatetraenoic acid
[HETE]) that also met the criteria in the full model, all
with the same directionality. These 4 metabolites also met
the criteria in the validation sample (see Supplementary
Table S4). The AUC values obtained with the published
metabolite sets to differentiate patients with IS and NCs
in our discovery and validation samples (stage 1 and 2)
ranged from 0.61 to 0.80 (see Table 2), which was considerably lower compared to the metabolite set identiﬁed in
the current sample (0.93 and 0.96 in the discovery and
validation sample, respectively; see Fig. 1C). Applying
published metabolite sets to differentiate patients with IS
and those with SMs in our dataset revealed AUC values
below 0.7 (stages 3–5; see Table 2). Conversely, of the
30 abnormal endogenous metabolites identiﬁed and validated in the current study (stage 1 and 2), 5 (12-HETE,16
adenosine,16 proline,17 oleoylcarnitine,18 and propionylcarnitine14,18) were assessed in previous studies.
Notably, 4 (80%) of them were abnormal and showed the
same directionality in previous datasets (Supplementary
Table S5).

Discussion
Improvements in diagnostic accuracy to discriminate
patients with IS from patients with SM have been shown
to translate into gains in patient safety,19 clinical
outcome,19 and cost-effectiveness.20 Multimodal CT represents the current diagnostic standard upon admission for
detecting intracranial hemorrhage, vessel occlusion, and a
tissue window for systemic thrombolysis and endovascular
treatment,21–23 but has limited utility for the distinction
between IS and SM within the ﬁrst 6 hours after symptom onset2–4 with AUC values of approximately 0.8 as
was also reﬂected by the AUC in the current study.
Importantly, the discriminative power of ADMA, SDMA,
pregnenolone sulfate, and adenosine was markedly higher
in the present study and to our knowledge unprecedented
for blood-based biomarkers.24 Thus, our metabolite set
could complement CT imaging in emergency settings
where MRI is unavailable. Although untargeted metabolomics remain time- and cost-intensive, targeted
metabolite panels now allow quantiﬁcation within less
than 10 minutes25 and at the point of care26,27 moving
clinical applications into reach.
Notably, all 4 metabolites have been linked to stroke
pathophysiology. ADMA and SDMA are endogenous
inhibitors of nitric oxide synthase (NOS) and have been
associated with vascular risk.28 We found a return to control levels 90 days post-stroke, indicating an association
with the acute event rather than marking a population at
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risk. Elevated levels of ADMA and SDMA promote vasoconstriction through NOS inhibition, thus potentially
promoting cerebral ischemia, although this has not been
investigated in detail. Adenosine acts as a vasodilator,
inhibits inﬂammation, and might be neuroprotective.29
We found circulating adenosine levels to be reduced in
the acute phase of IS, which conceivably could have unfavorable effects on stroke outcome, although this would
need to be examined in larger patient samples. We further
found a negative correlation with pre-analytical processing
time, potentially reﬂecting an increased clearance, which
has been described to occur ex vivo.30 Pregnenolone sulfate is mostly synthesized in the adrenal glands, but also
locally in the brain31 and can freely penetrate the blood–
brain barrier. Notably, we found a signiﬁcant association
between the extent of ischemic brain injury and the levels
of pregnenolone sulfate upon admission compatible with
its potential release from the brain. Intracranial injection
of pregnenolone sulfate elicits seizures, which has been
explained by its modulatory effect on GABAA and
NMDA receptors.32 Whether elevated levels of pregnenolone sulfate after IS contribute to the occurrence of seizures after stroke remains to be been investigated.
Together, the 4 identiﬁed metabolites might reﬂect both
local and systemic pathophysiological events, including
processes within the vasculature, cerebral injury, and systemic responses (eg, stress and inﬂammation). Studies in
experimental stroke models may provide further insights.
Compared to other metabolite sets previously
reported to be associated with IS within 24 hours after
symptom onset,14–18 our set showed the highest accuracy
for separating patients with IS from patients with SMs
and NCs in our samples. Differences in diagnostic accuracies and in the sets of circulating metabolites may be
routed in (1) different recruitment strategies resulting in
sample differences with regard to age, sex, comorbidities,
and medication, which are known to inﬂuence circulating
metabolite levels33; (2) different metabolomic proﬁling
approaches (untargeted vs targeted) and technologies (eg,
nuclear magnetic resonance spectroscopy vs mass spectrometry); (3) small sample sizes resulting in insufﬁcient
statistical power to capture true differences of hundreds of
measured metabolites; (4) lack of a validation step; and
(5) lack of statistical adjustments for potential confounders
and multiple testing. Among 11 metabolites that overlapped between previously published studies and our discovery analysis after adjusting for age and sex (“basic
model,” stage 1), only 4 also met the prespeciﬁed criteria
for statistical signiﬁcance after adjustment for additional
confounders (“full model”) and were validated in an independent sample (stage 2). Although full metabolite
datasets from previous studies were unavailable, thus
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precluding precise determination of the overlap between
studies, this observation highlights the requirement to
consider confounders in metabolomic studies and to validate ﬁndings, including ours, in independent samples.
Strengths of our study include the discoveryvalidation approach with application of machine-learning
techniques, the comparison with DWI MRI-conﬁrmed
SM as a clinically relevant differential diagnosis, the use of
untargeted metabolomics with a leading platform11
followed by targeted analyses, and a sample size at least
4 times the size of previous studies on the 24-hour time
window. Limitations include the recruitment from a single
center. In addition, our metabolomic assessment did not
capture some metabolite subclasses, such as short-chain
fatty acids. We cannot exclude that metabolite levels had
already been altered before stroke onset. However, we
consider this unlikely given the return to control levels
90 days post-stroke. Our study did not include patients
with DWI-negative stroke, as we used imaging-deﬁned
stroke cases to establish the diagnostic accuracy of the
metabolite set. Finally, we cannot exclude that the diagnostic signature identiﬁed here overlaps with the signature
of other acute diseases, such as myocardial infarction.
However, studies focusing on coronary artery disease and
myocardial infarction have identiﬁed metabolic signatures6,34 different to ours. Future studies may further
explore whether the metabolite set identiﬁed here also discriminates between patients with ischemic and hemorrhagic stroke in the prehospital setting and performs
equally well across speciﬁc subtypes of ischemic stroke.
In conclusion, a set of 4 metabolites shows high
accuracy in differentiating patients with IS from patients
with SMs, thus encouraging external validation and studies in multicenter settings to determine their potential in
guiding clinical decision making.
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