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Abstract
Background and Objectives
Women have higher lifetime risk of stroke than men, and metabolic factors seem more strongly
associated with stroke for women thanmen. However, few studies in either men or women have
evaluated metabolomic profiles and incident stroke.

Methods
We applied liquid chromatography–tandem mass spectrometry to measure 519 plasma me-
tabolites in a discovery set of women in the Nurses’Health Study (NHS; 454 incident ischemic
stroke cases, 454 controls) with validation in 2 independent, prospective cohorts: Prevención
con Dieta Mediterránea (PREDIMED; 118 stroke cases, 791 controls) and Nurses’ Health
Study 2 (NHS2; 49 ischemic stroke cases, 49 controls). We applied logistic regression models
with stroke as the outcome to adjust for multiple risk factors; the false discovery rate was
controlled through the q value method.

Results
Twenty-three metabolites were significantly associated with incident stroke in NHS after
adjustment for traditional risk factors (q < 0.05). Of these, 14 metabolites were available in
PREDIMED and 3 were significantly associated with incident stroke: methionine sulfoxide,
N6-acetyllysine, and sucrose (q < 0.05). In NHS2, one of the 23 metabolites (glucuronate) was
significantly associated with incident stroke (q < 0.05). For all 4 metabolites, higher levels were
associated with increased risk. These 4 metabolites were used to create a stroke metabolite
score (SMS) in the NHS and tested in PREDIMED. Per unit of standard deviation of SMS, the
odds ratio for incident stroke was 4.12 (95% confidence interval [CI] 2.26–7.51) in PRE-
DIMED, after adjustment for risk factors. In PREDIMED, the area under the receiver operating
characteristic curve (AUC) for the model including SMS and traditional risk factors was 0.70
(95% CI 0.75–0.79) vs the AUC for the model including the traditional risk factors only of 0.65
(95% CI 0.70–0.75), corresponding to a 5% improvement in risk prediction with SMS (p <
0.005).

Discussion
Metabolites associated with stroke included 2 amino acids, a carboxylic acid, and sucrose. A
composite SMS including these metabolites was associated with ischemic stroke and showed
improvement in risk prediction beyond traditional risk factors.

Classification of Evidence
This study provides Class II evidence that a SMS accurately predicts incident ischemic stroke
risk.

MORE ONLINE

Class of Evidence
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therapeutic and diagnostic
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Stroke is the leading cause of long-term disability and the
fourth leading cause of death for women in the United States.1

Women account for almost 60% of all stroke deaths and the
lifetime stroke risk is 20% higher in women than men.1,2 Clear
sex differences in stroke exist. Women with stroke have higher
rates of hypertension and atrial fibrillation than men and
lower rates of prior coronary heart disease (CHD).1 Diabetes
is a stronger risk factor for stroke in women than men.3 Al-
though we have substantial knowledge of key risk factors for
stroke in women, there is still a gap between identified risk
factors and the most proximate biological processes that
mediate this risk. Improved understanding of the metabolic
milieu through metabolomic measurements may advance bi-
ologic therapies and identify new pharmacologic strategies for
stroke prevention and treatment.

Previous literature has highlighted the associations of me-
tabolites with stroke risk factors including type 2 diabetes4

and cardiovascular disease (CVD).5 Previous work has also
suggested that n-3 long chain fatty acids may be related to
lower risk of stroke.6,7 We, and others, have previously
identified metabolites associated with incident CHD,8-16 but
data for stroke are limited. Analyzing 114 strokes that oc-
curred in 3,904 men and women from the Atherosclerosis
Risk in Communities (ARIC) study, investigators identified
serum levels of 2 long-chain dicarboxylic acids, tetradecane-
dioate and hexadecanedioate, as being strongly associated
with incident ischemic stroke after adjusting for risk factors.17

A recent meta-analysis of data from 7 prospective cohorts
investigated 147 circulating plasma or serum metabolites us-
ing nuclear magnetic resonance and 1,791 incident strokes in
38,797 participants. The analyses revealed 10 significant as-
sociations including amino acids (histidine, phenylalanine),
glycolysis-related metabolites, acute phase reaction markers,
and lipoprotein subfractions.18

Despite strong evidence for sex differences in stroke and for
sex-specific differences in the serum metabolome,19 pro-
spective studies of stroke in women are scarce. In order to
identify metabolites associated with incident stroke, we ex-
amined the association between metabolomic profiles and
incident ischemic stroke in female participants of the Nurses’
Health Study (NHS). We then validated these stroke me-
tabolites in 2 independent validation datasets: the Nurses’
Health Study 2 (NHS2) and the Prevención con Dieta

Mediterránea (PREDIMED) prospective20,21 cohorts. We
created a stroke metabolite score (SMS) for incident stroke of
the validated metabolites in the NHS and evaluated its asso-
ciated risk prediction over traditional risk factors in the
PREDIMED cohort.

The primary research question being addressed in this study is
to discover and validate metabolomic profiles that are asso-
ciated with incident ischemic stroke risk after adjustment for
traditional stroke risk factors utilizing multiple, independent
prospective cohorts.

Methods
Datasets

Nurses’ Health Study (Discovery Cohort)
The discovery dataset was sampled from the NHS, a pro-
spective cohort study established in 1976, when 121,700 US
female registered nurses aged 30–55 years completed a
baseline questionnaire. All NHS participants completed bi-
ennial questionnaires since study inception to report exposure
status and disease diagnoses. From 1989 to 1990, 32,826NHS
participants, ages 43–70 years, provided a heparin blood
sample and completed a short questionnaire.22 From 2000 to
2002, a second blood sample was collected from a subset of
these women (n = 18,743 women, aged 53–80 years, >98%
postmenopausal) using the same protocol as in the original
collection.23

From this subcohort with at least one blood specimen, 454
women with incident ischemic stroke confirmed by medical
record review (cases) and an equal number of 1:1 matched
controls were selected into this study. Matching factors in-
cluded age, race, hormone therapy (HT) use, smoking status,
history of CHD, and fasting status.

Nurses’ Health Study 2 (Validation Cohort)
The NHS2 was established in 1989 including a total of
116,430 women, ages 25–42 years at entry into the study. As
in the NHS, all NHS2 participants completed biennial ques-
tionnaires since study inception to report exposure status and
disease diagnoses. Blood samples were collected between
1996 and 1999 in a subset of 29,611 participants ages 32–54
years at blood draw.24 From this subset of participants, 49

Glossary
ARIC = Atherosclerosis Risk in Communities; AUC = area under the receiver operating characteristic curve; BMI = body mass
index; CHD = coronary heart disease; CI = confidence interval; CV = coefficient of variation; CVD = cardiovascular disease;
DAG = diacylglycerol; FDR = false discovery rate; HDL = high-density lipoprotein; HT = hormone therapy; LC-MS = liquid
chromatography–mass spectrometry; MetSO = methionine sulfoxide; MI = myocardial infarction; MSEA = metabolite set
enrichment analysis; NES = normalized enrichment score; NHS = Nurses’ Health Study; NHS2 = Nurses’ Health Study 2;
NMR = nuclear magnetic resonance; OR = odds ratio; PREDIMED = Prevención con Dieta Mediterránea; SMS = stroke
metabolite score; TAG = triacylglycerol.
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women with confirmed incident ischemic stroke and 49
controls matched by the samemethods as NHSwere selected.

Our study was restricted to ischemic strokes confirmed by
physician review of medical records. Participants who repor-
ted a nonfatal stroke on biennial questionnaire were asked for
permission to review their medical records. Deaths were
reported by next of kin or postal authorities or determined by
systematic searches of the National Death Index, and per-
mission for medical records was sought. Strokes were con-
firmed according to the National Survey of Stroke criteria,25

requiring evidence of a sudden or rapid onset of neurologic
deficit that persisted for more than 24 hours or until death.
Strokes were classified as ischemic stroke when there was
evidence of thrombotic or embolic occlusion of a cerebral
artery. The reproducibility of our classification system is
high.26 Thrombotic strokes were further defined as large ar-
tery infarctions (involving the cortical artery regions) or small
artery infarctions (in deep areas without involvement of the
cortex). Strokes were defined as embolic if evidence of an
embolic source was present in the medical record and if im-
aging studies or neurology consult supported the diagnosis;
large artery infarctions due to carotid atherosclerotic plaque
were classified as embolic strokes. CT or MRI documentation
was available for 95% of cases.

PREDIMED (Validation Cohort)
The PREDIMED trial27 randomized 7,447 men and women
at high risk of developing CVD to 1 of 3 interventions: a
Mediterranean dietary intervention supplemented with virgin
olive oil, a Mediterranean dietary intervention supplemented
with nuts, or advice about a low-fat diet. All participants
provided written informed consent. The primary endpoint for
this trial was a composite of myocardial infarction (MI),
stroke, and CVD death. The metabolomics substudy utilized a
case–cohort study design nested within PREDIMED: a ran-
dom selection of eligible participants with baseline EDTA
plasma samples (approximately 10% of the cohort) and all
incident CVD cases with available samples were selected. This
PREDIMED dataset of 980 participants included 791 non-
cases and 118 incident strokes, 76 incident MI, and 5 par-
ticipants with both incident stroke and MI.28 We excluded all
participants with incident MI and based the analysis on the
791 noncases and 118 incident stroke cases. Plasma samples
were collected using EDTA, processed immediately, shipped
at −4°C, and then stored at −70°C until analysis.

Metabolomics
For all 3 cohorts, metabolomic measurements were per-
formed at the Broad Institute using 4 complementary
liquid chromatography–mass spectrometry (LC-MS)
methods (HILIC-positive, HILIC-negative, C8-positive,
C18-negative) as described in a previous publication16 and
in the supplement (eAppendix 1, links.lww.com/WNL/
B679). For NHS, metabolomic measures included all 4
platforms with 519 measured metabolites and a median
coefficient of variation (CV) of 12.9%. In NHS2,

measurements included 4 platforms (HILIC-positive,
HILIC-negative, C8-positive, C18-negative)16; the subset
of metabolites that met the threshold for discovery in NHS
were analyzed in each of these datasets. For PREDIMED
samples, only the HILIC-positive, C8-positive, and
HILIC-negative methods were available.28 For each
method, pooled plasma reference samples were included
every 20 samples and results were standardized using the
ratio of the value of the sample to the value of the nearest
pooled reference multiplied by the median of all reference
values for the metabolite. For each method, metabolite
identities were confirmed using authentic reference stan-
dards or reference samples. Blinded split samples were also
included and used to calculate the CV for each metabolite.

Statistical Analysis

Metabolite Preprocessing
All metabolites were natural logarithm transformed and
standardized to render their distributions with zero mean and
unit variance. Missing values below the limit of detection were
imputed to equal one-half the lowest observed value. Me-
tabolites with greater than 50% missing values were excluded.

Two-Stage Study Design
Discovery and validation of metabolite–stroke associations
was carried out in a 2-stage framework (Figure 1). Metabolites
associated with incident stroke were discovered in the NHS
dataset (n = 908; 454 ischemic stroke cases). Metabolites that
met the threshold for statistical significance in the discovery
stage (q < 0.05) were carried forward for validation in the
NHS2 dataset (n = 98; 49 incident ischemic strokes) and in
the PREDIMED dataset (n = 909; 118 incident strokes).

Discovery
In the NHS dataset, 519 identifiedmetabolites were examined
individually in conditional logistic models with incident stroke
case/control status as outcome and metabolite levels as the
primary predictor. Minimal models adjusted only for match-
ing factors including age, race, HT use, smoking status, history
of coronary heart disease, and fasting status; fully adjusted
models included additional adjustment for body mass index
(BMI) (continuous), HT and aspirin use, histories of hy-
pertension, diabetes, and elevated cholesterol, total choles-
terol, high-density lipoprotein (HDL), and hemoglobin A1C.
Adjustment for multiple testing and control of the false dis-
covery rate (FDR) was based on the Storey q value procedure
implemented in the R package qvalue.29 Metabolites that met
the q value threshold of 0.05 in the minimal model were
evaluated in fully adjusted models. Statistically significant as-
sociations in the discovery cohort satisfied a q value <0.05 in
both the minimal and fully adjusted models.

Validation
Metabolites that met the threshold for statistical significance
in discovery were evaluated individually for association with
incident stroke in the NHS2 and PREDIMED datasets. In the
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NHS2 dataset, all discovery metabolites were examined in-
dividually in conditional logistic regression models using the
same covariate sets used for discovery excluding histories of
diabetes and elevated cholesterol (due to model convergence
failure). In the PREDIMED dataset, the subset of available
discovery metabolites was examined individually in logistic
regression models with adjustment for age (continuous), sex,
intervention arm, BMI (continuous), histories of elevated
cholesterol, hypertension, and diabetes, and total and HDL
cholesterol. Metabolite interactions with sex were evaluated
using the Wald test for the interaction coefficient.

Metabolite associations were considered to have validated if
the q value in the minimally adjusted model was less than 0.05
and the p value in the fully adjusted model was less than 0.05
in at least one validation cohort (NHS2, PREDIMED).

Stroke Metabolite Score
The metabolite coefficients in the SMS were estimated in a
conditional logistic regression model in the NHS. The con-
ditional logistic regression model included all metabolites that
met the threshold for validation in either NHS2 or PRE-
DIMED (Mx1, Mx2, Mx3, Mx4). The metabolites were natural
logarithm transformed and standardized as described earlier.

This set of metabolites was included jointly as predictors
with adjustment for the full set of risk factors. The metab-
olite regression coefficients (β1; β2; β3; β4) estimated from
the conditional logistic regression model in NHS were
used to calculate the SMS for each participant; that
is, SMS = β1pMx1 + β2pMx2 + β3pMx3 + β4pMx4. The
SMSwas calculated as a measure of the composite effect of the
set of validated metabolites. Using the regression coefficients
(β1; β2; β3; β4) estimated in the NHS cohort, the SMS was
calculated similarly for each participant in the NHS2 and
PREDIMED. The improvement in risk prediction attribut-
able to the SMS above traditional risk factors was assessed in
the PREDIMED cohort. The area under the receiver oper-
ating characteristic curve (AUC) associated with the logistic
regression model that included SMS and traditional risk fac-
tors was compared to the AUC of the model that included
traditional risk factors only. The test of the difference in the
AUC between these 2 models was based on the DeLong test.30

Metabolite set enrichment analysis (MSEA) was performed in
the NHS to identify metabolite classes showing coordinated,
significant changes in relative abundance between stroke cases
and controls. Metabolites were grouped into metabolite sets
by mapping 519 metabolites to 26 unique metabolite classes.
For each of the 26 metabolite classes, a MSEA enrichment
score was calculated to reflect the degree to which the set of
metabolites within the class had concordant associations with
stroke risk. Details are available in the Supplement (links.lww.
com/WNL/B679).

A differential network analysis using the DINGO algorithm31

was conducted in the NHS to identify the network of differ-
ential partial correlations between metabolite pairs, compar-
ing stroke cases to controls. Differential network analysis was
carried on the subset of the 519 metabolites measured in the
NHS that satisfied a threshold of nominal p < 0.1 in fully
adjusted models. The DINGO algorithm estimates a metab-
olomic network in which nodes represent individual metab-
olites and weighted edges indicate the difference in metabolite
pair partial correlations between stroke cases and controls.
Thus, a positive edge weight implies that the partial correla-
tion in the stroke cases is higher than in the controls; con-
versely, a negative edge weight indicates a lower partial
correlation in cases relative to controls. Community detection
was performed on the differential network to identify densely
connected subsets of metabolites within the differential net-
work. The metabolites of the differential network were ranked
according to 3 network connectivity measures: hub, be-
tweenness, and closeness centrality, each of which was cal-
culated using the igraph R package.32 Details are presented in
the Supplement, links.lww.com/WNL/B679.

Standard Protocol Approvals, Registrations,
and Patient Consents
Approval to conduct this study was received from the In-
stitutional Review Board at Mass General Brigham and all
participants gave informed consent.

Figure 1 Overview of the 2-Stage Discovery–Validation
Framework in 3 Independent Datasets: The
Nurses’ Health Study (NHS), Nurses’ Health
Study 2 (NHS2), and Prevención con Dieta Med-
iterránea (PREDIMED) Studies

Four metabolites (N6-acetyl lysine, methionine sulfoxide, glucuronate, and
sucrose) met the threshold for validation in either NHS2 or PREDIMED.
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Data Availability
Qualified researchers may request access to the data from the
NHS and NHS2 cohorts by application through the NHS
website.33

Results
The baseline characteristics of the 908 women in the NHS
discovery set, including 454 incident ischemic stroke cases, 98
women in the NHS2 validation set including 49 incident is-
chemic stroke cases, and 909 participants in the PREDIMED
study including 118 incident total strokes are shown in
Table 1. The mean age at sample acquisition in the NHS and
PREDIMED was comparable (65–70 years); participants in
the NHS2 study were younger, with a mean age of 45 years.
Median time to incident stroke was 5.5 years in the NHS, 5.2
years in NHS2, and 3.2 years in PREDIMED. In the NHS
discovery dataset, a total of 519 unique, identified metabolites
were measured; the median (10th–90th percentile) of the
CVs was 12.9 (8.8–33.6).

In the NHS, 73 of the 519 metabolites were significantly
associated with incident ischemic stroke (q value < 0.05)
controlling for matching variables alone (age, race, HT use,
smoking status, history of CHD, and fasting status); of these,
23 metabolites remained significant after additionally

adjusting for stroke risk factors including BMI, history of
elevated cholesterol, history of hypertension, history of di-
abetes, hormone therapy use, aspirin use, total cholesterol,
HDL cholesterol, and hemoglobin A1C (q value < 0.05).
Results of the discovery analysis are shown in eTables 1 and 2
(links.lww.com/WNL/B679).

All metabolites that met the threshold for statistical sig-
nificance in discovery were individually evaluated for as-
sociation with incident stroke risk in the PREDIMED and
NHS2 datasets. Of the 23 metabolites, 14 were available to
test in PREDIMED: of these, 3 metabolites were signifi-
cantly associated with stroke in both the minimally and
fully adjusted models (Figure 2, eTable 3, links.lww.com/
WNL/B679). N6-acetyllysine, methionine sulfoxide, and
sucrose/lactose/trehalose were each associated with in-
creased risk of incident stroke in fully adjusted models,
with odds ratios (ORs) for a 1 SD increase in metabolite
levels of 1.30 (95% confidence interval [CI] 1.07–1.59),
1.53 (95% CI 1.28–1.83), and 1.31 (95% CI 1.08–1.59),
respectively. The compound labeled as sucrose/lactose/
trehalose primarily reflects dietary sugar intake. In NHS2,
glucuronate was significantly associated with ischemic
stroke, with a fully adjusted OR of 2.35 (95% CI
1.13–4.89) for a 1 SD increase in metabolite levels. In
addition, in NHS2, the statistical significance of sebacate
(also known as decanedioate) was close to the threshold

Table 1 Baseline Characteristics of Participants in the NHS (n = 908), NHS2 (n = 98), and PREDIMED (n = 909) Datasets

NHS (n = 908) NHS2 (n = 98) PREDIMED (n = 909)

Ischemic stroke cases Controls Ischemic stroke cases Controls Stroke cases Noncases

Number 454 454 49 49 118 791

% Women 100 100 100 100 50.0 56.8

Time to stroke, y 5.5 (2.8) — 5.2 (3.1) — 3.2 (1.7) —

Age, y 65.5 (7.7) 65.5 (7.6) 45.4 (4.0) 45.4 (3.9) 69.9 (6.2) 67.2 (6.0)

BMI, kg/m2 26.5 (5.4) 25.6 (4.5) 28.8 (7.0) 26.7 (7.3) 29.6 (3.7) 29.8 (3.6)

Total cholesterol, mg/dL 220.6 (40.6) 219.8 (42.1) 196.3 (38.4) 196.8 (40.0) 206.7 (34.3) 207.5 (35.5)

HDL cholesterol, mg/dL 59.3 (18.8) 62.6 (18.2) 59.0 (13.0) 61.9 (14.3) 49.4 (10.6) 51.1 (11.5)

Hemoglobin A1C, % 5.9 (1.2) 5.6 (0.6) 6.1 (1.5) 5.5 (0.3) NA NA

White 97.1 98.5 95.9 100 100 100

Current smoker 13.2 11.9 14.3 18.4 15.2 12.9

Prevalent diabetes 15.6 7.9 16.3 0 60.7 46.9

Prevalent hypertension 45.8 38.8 16.3 4.1 83.9 83.9

Elevated cholesterol 17.0 13.4 16.3 2.0 39.8 73.6

HT use 48.9 49.3 12.2 18.4 NA NA

Aspirin use 53.5 50.4 20.4 10.2 NA NA

Abbreviations: BMI = body mass index; HDL = high-density lipoprotein; HT = hormone therapy; NHS = Nurses’ Health Study; NHS2 = Nurses’ Health Study 2;
PREDIMED = Prevención con Dieta Mediterránea.
Values are mean (SD) or %.
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for validation (q value = 0.08) after controlling for
matching variables and was associated with risk in the fully
adjusted model with an OR of 2.85 (95% CI 1.09–7.47) for
a 1 SD increase in levels (eTable 3).

Pearson correlations (r) between the 4 validated metabolites
and biomarkers (total and HDL cholesterol, triglycerides,
hemoglobin A1C, C-reactive protein) or stroke risk factors
(age, BMI) in the NHS are shown in Figure 3. The metabo-
lites were only weakly correlated in magnitude with bio-
markers and stroke risk factors (all r < 0.20), although several
correlations of metabolites with biomarkers were statistically

significant (p < 0.05). The strongest associations in magni-
tude were the correlations of glucuronate with age (r = 0.19;
p < 10−8) and with triglyceride levels (r = 0.18, p < 10−6). The
4 metabolites were modestly tomoderately correlated with one
another (r = 0.13–0.42). CV and percentage of measurements
below the limit of detection for the validated metabolites are
provided in eTable 4 (links.lww.com/WNL/B679).

An SMS was estimated in the NHS, in a conditional logistic
regression model that simultaneously adjusted for the 4 vali-
dated metabolites (N6-acetyllysine, methionine sulfoxide,
sucrose/lactose/trehalose, and glucuronate), in addition to

Figure 3 Pearson Correlations Between Validated Metabolites (N6-Acetyllysine, Methionine Sulfoxide, Sucrose, and Glu-
curonate) and Body Mass Index (BMI), Age, and Continuous Biomarkers in the Nurses’ Health Study (NHS)

Statistically significant (p < 0.01) positive correla-
tions are shown in blue and negative correlations
in red. A1C = hemoglobin A1C; CRP = C-reactive
protein; HDL = high-density lipoprotein; TChol =
total cholesterol; Trig = triglycerides.

Figure 2Metabolite AssociationsWith Incident Stroke Discovered in theNurses’Health Study (NHS) and Validated in Either
Nurses’ Health Study 2 (NHS2) or Prevención con Dieta Mediterránea (PREDIMED)

Results from fully adjustedmodels are shown. NHS/NHS2models includedmatching factors (age, race, hormone therapy [HT] use, smoking status, history of
coronary heart disease, and fasting status) with additional adjustment for body mass index (BMI), history of elevated cholesterol (NHS only), history of
hypertension, history of diabetes (NHS only), hormone therapy use, aspirin use, total cholesterol, high-density lipoprotein (HDL) cholesterol, and hemoglobin
A1C. PREDIMEDmodels included age, sex, and intervention armwith additional adjustment for BMI, history of elevated cholesterol, history of hypertension,
history of diabetes, total cholesterol, and HDL cholesterol.
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the full set of stroke risk factors. The estimated regression
coefficients corresponding to the levels of N6-acetyllysine,
methionine sulfoxide, sucrose/lactose/trehalose, and glucuro-
nate in the SMS were 0.09, 0.11, 0.11, and 0.22, respectively.
The SMS, treated as a compositemeasure of the set of validated
metabolites, was used to quantify improvements in risk pre-
diction in the PREDIMED cohort. The SMS was associated
with incident stroke in PREDIMED with an OR of 4.12 (95%
CI 2.26–7.51), corresponding to a 1 SD increase in SMS, after
adjusting for traditional risk factors (eTable 5, links.lww.com/
WNL/B679). The logistic regression model that included the
SMS and traditional risk factors in PREDIMEDhad an AUC of
0.70 (95% CI 0.75–0.79). In comparison, the AUC for the
logistic regression model with the traditional risk factors alone
was 0.65 (95% CI 0.70–0.75). This 5% absolute increase in
AUC attributable to the SMS above and beyond traditional risk
factors was significant (p < 0.005).

In the NHS, the 454 incident stroke cases included 125
thrombotic large artery infarcts, 156 thrombotic lacunar in-
farcts, and 124 embolic strokes. The ORs for the association
of SMS with specific stroke subtype were as follows: throm-
botic large artery infarct (OR 2.23, 95% CI 0.95–5.23, p =
0.07), thrombotic lacunar infarct (OR 5.03, 95% CI
1.84–13.75, p = 0.002), and embolic strokes (OR 2.12, 95%
CI 0.88–5.12, p = 0.10).

The PREDIMED cohort included men (n = 401, 59 stroke
cases) and women (n = 508, 59 stroke cases). The SMS was
associated with incident stroke risk in analyses stratified by
sex, with ORs of 5.42 (95% CI 2.37–12.37) in women and
2.68 (95% CI 1.10–6.53) in men after adjustment for the full
set of stroke risk factors. There was no evidence of modifi-
cation of the association of SMS with incident stroke risk by
sex (p = 0.12). We also evaluated each of the 4 validated
metabolites for effect modification by biological sex in the
PREDIMED cohort. There was no evidence of sex differences
for N6-acetyllysine (p = 0.18), glucuronate (p = 0.58), and
sucrose (p = 0.85). However, there was significant effect
modification by sex for methionine sulfoxide in both minimal
and fully adjusted models (p ≤ 0.02). In fully adjusted models,
methionine sulfoxide was strongly associated with stroke risk
in women (OR 1.85, 95% CI 1.44–2.37, p < 10−5); however,
this association did not meet the threshold for statistical sig-
nificance in men (OR 1.14, 95% CI 0.87–1.51, p = 0.34).

To evaluate concerted differences in metabolite abundance
between stroke cases and controls by metabolite class, MSEA
was performed. Three metabolite classes (steroids and de-
rivatives, triacylglycerols [TAGs], and diacylglycerols
[DAGs]) were significantly enriched for association with
stroke using results from the minimally adjusted model. The
metabolite class of steroids and derivatives, with 33 metabo-
lites, had a significant enrichment of metabolites with inverse
associations with stroke risk (normalized enrichment score
[NES] −2.46, p < 10−5, FDR p < 10−4). TAGs and DAGs,
including 76 and 10 metabolites, respectively, showed

enrichment of metabolites with positive associations with
stroke risk (TAG: NES 1.95, p < 10−5, FDR p < 10−4; DAG:
NES = 1.87, p < 10−3, FDR p < 10−2). However, when results
from fully adjusted models were evaluated in the MSEA al-
gorithm, none of the metabolite classes met the FDR p < 0.05
threshold for statistical significance. Organooxygen com-
pounds, lysophosphatidylethanolamines, and phosphatidyl-
ethanolamine plasmalogens had positive enrichment scores
and indoles and derivatives had a negative enrichment score,
with a nominal p value threshold of 0.05 (see eFigure 1).

A differential network analysis was carried out to understand
the differences in metabolite networks between individuals
who developed ischemic stroke vs controls. The DINGO al-
gorithm was used to estimate a differential network compar-
ing the partial correlation networks between stroke cases and
controls. Sixty-eight metabolites met the criteria for inclusion
in the DINGO algorithm and the resulting differential net-
work included 16 metabolites and 28 differential edges that
met the threshold of FDR p value < 0.05. A community de-
tection algorithm applied to the differential network detected
6 disjoint metabolite communities (Figure 4). Results for the
3 centrality measures (hub centrality,34 betweenness cen-
trality, and closeness centrality35) are shown in eTable 6
(links.lww.com/WNL/B679). Three lipid metabolites, in-
cluding 2 lysophosphatidylethanolamines (C18:3, C16:0)
and C44:2 TAG, were central to the differential network and
ranked among the top 5 metabolites in the network according
to betweenness and closeness centrality.

This study provides Class II evidence that a stroke metabolic
score accurately predicts incident ischemic stroke risk.

Discussion
In this study examining the association of metabolomic profiles
with incident ischemic stroke in women, we discovered and
externally validated 4 metabolites including N6-acetyllysine,
methionine sulfoxide, sucrose/lactose/trehalose, and glucuro-
nate that remained significantly associated with stroke after
adjustment for risk factors. An SMS comprising the validated
metabolites was derived in the NHS, and inclusion of the SMS
resulted in a significant improvement in stroke risk prediction
above traditional stroke risk factors in the PREDIMED cohort.

In our study, increased levels of N6-acetyllysine were associ-
ated with increased risk of incident stroke among women in
the NHS, and incident stroke among men and women in
PREDIMED. N6-acetyllysine is an acetylated amino acid that
is synthesized from lysine by selective acetylation of the ter-
minal amine group.36 Acetylation of lysine residues in histone
proteins regulates the binding of histones to DNA in nucle-
osomes, providing a mechanism for the control of the ex-
pression of genes on that DNA locus.37 Previous literature has
highlighted the broad role of acetylation of proteins in cell
regulation.38 The large majority of intermediate metabolic
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enzymes are acetylated, thereby affecting their enzymatic ac-
tivity, and the rate of acetylation of metabolic enzymes is
dynamically influenced by changes in extracellular condi-
tions.38 N6-acetyllysine has not been previously implicated in
a population-based study of stroke. However, among patients
with mild renal disease, higher levels of N6-acetyllysine were
associated with increased risk of progression to end stage
renal disease, after adjusting for blood pressure, BMI, smoking
status, hemoglobin A1C, albumin to creatinine ratio, esti-
mated glomerular filtration rate, uric acid levels, and medi-
cation use.39

Increased levels of methionine sulfoxide (MetSO) were associ-
ated with increased risk of ischemic stroke in NHS and were
replicated in PREDIMED. MetSO is a product of oxidative
stress. Genetic variation in the MetSO reductase-3 gene
(MSRB3 minor allele G), which converts MetSO back to me-
thionine, was associated with increased odds of brain infarct on
MRI in the Framingham Heart Study.40 In contrast to our
findings, one study of men with poorly controlled diabetes
mellitus found that lower levels of MetSO were associated with
increased risk of CVD41; however, we observed significant effect
modification by sex for the association of MetSO with incident
stroke risk, observing stroke risk in women but not in men.

In our study, increased levels of sucrose/lactose/trehalose
were associated with increased risk of incident ischemic stroke

in the NHS, and this association was replicated in PRE-
DIMED. Sucrose/lactose/trehalose are sugars resulting from
dietary sugar consumption. Our finding is consistent with the
well-established literature on the link between increased di-
etary sugar consumption and heightened risks of obesity, type
2 diabetes, and CVD, including stroke.42,43 In the prospective
metabolomics study of incident stroke in ARIC (n = 3,904,
114 strokes),17 3 sugars (glucose, trehalose, and mannose)
measured in serum were positively associated with stroke risk
in a model adjusted for age, sex, field center, and batch;
however, this association was attenuated after adjustment for
traditional risk factors. In the analysis by Vojinovic et al.,18

glucose was associated with increased risk of incident stroke,
but their models did not control for baseline hemoglobin
A1C.18 In our study, the association of sucrose/lactose/
trehalose with stroke was robust even after controlling for
cardiovascular risk factors as well as baseline hemoglobin A1C
levels.

Increased levels of sebacate were strongly associated with
incident stroke in NHS. Sebacate was not measured in
PREDIMED and its association with incident stroke risk
was close to the threshold for validation in NHS2 but did
not reach significance. Sebacate, also known as dec-
anedioate and sebacic acid, is a naturally occurring, satu-
rated, straight-chain dicarboxylic acid. A prospective study
of 114 strokes in 3,904 men and women from the ARIC

Figure 4Differential Network of 16Nodes and 28 Edges Comparing Ischemic Stroke Cases to Controls in theNurses’Health
Study (NHS)

Edges included in the differential network satisfied
a false discovery rate p value threshold of 0.05.
Edge width is proportional to themagnitude of the
difference in partial correlation between ischemic
stroke cases and controls. Red edges indicate
edges with higher partial correlation in the stroke
cases relative to controls; black edges indicate
edges with higher partial correlation in the con-
trols relative to stroke cases. Node colors denote
community membership.
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study identified tetradecanedioate and hexadecanedioate as
being strongly associated with incident ischemic stroke after
adjusting for risk factors.17 Both tetradecanedioate and hex-
adecanedioate have similar chemical structures to sebacate (or
decanedioate). Hexadecanedioate has been associated with
blood pressure.44 Further investigation of the underlying path-
ways and mechanisms resulting in the association of these di-
carboxylic acids and stroke is warranted.

Very few metabolites in our study overlapped with those mea-
sured in a recent meta-analysis of incident total stroke and 147
serum/plasma metabolites from 7 prospective studies by Voji-
novic et al.18 Of the 10 metabolites with significant stroke asso-
ciations reported, 2 amino acids, histidine and phenylalanine, were
alsomeasured in our platform.However, these 2 amino acidswere
not significant in our analyses in either minimally or fully adjusted
models in the NHS. Differences in the metabolomic platforms
may have contributed to differences in the findings. The meta-
analysis by Vojinovic et al.18 measured metabolites using nuclear
magnetic resonance (NMR) technology, mostly on the Nightin-
gale platform, compared with our measures by LC-MS.

Our prospective study of the metabolomics of incident ische-
mic stroke in women fills an important gap in the literature,
providing the largest study of the metabolomics of stroke from
a single cohort, validating the metabolites in an independent
dataset and evaluating metabolites in risk prediction. Strengths
include a well-validated LC-MS metabolomics platform, de-
tailed covariate information, and a large number of carefully
adjudicated endpoints. Our study employed a robust, 2-stage
discovery and validation framework in 3 independent datasets.
A limitation of this study was that metabolomics profiling was
obtained at a single point in time, resulting in an inability to
evaluate longitudinal changes in the metabolites over time in
relationship to stroke risk. Moreover, while 95% of the stroke
cases in theNHShad imaging withCT orMRI, only 69%of the
stroke cases in NHS2 had imaging available. In addition, our
discovery dataset in the NHS was predominantly post-
menopausal white women. Thus, future research on the gen-
eralizability of these findings to the broader population with
diverse race/ethnicity and sex compositions is critical.

We identified 23 metabolites associated with incident ische-
mic stroke in women, and validated 4 of these in independent
cohorts. A score comprising the 4 validated metabolites
resulted in significant improvement in stroke risk prediction.
Further research to identify the mechanisms responsible for
these findings, as well as to replicate other metabolites, is
needed.
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