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Background-—Venous thromboembolism (VTE) is a complex thrombotic disorder that constitutes a major source of mortality and
morbidity. To improve understanding of the cause of VTE, we conducted a metabolomic analysis in a case-control study including
240 incident VTE cases and 6963 controls nested within 3 large prospective population-based cohorts, the Nurses’ Health Study,
the Nurses’ Health Study II, and the Health Professionals Follow-Up Study.

Methods and Results-—For each individual, we measured 211 metabolites and collected detailed information on lifestyle factors.
We performed logistic regression and enrichment analysis to identify metabolites and biological categories associated with
incident VTE risk, accounting for key confounders, such as age, sex, smoking, alcohol consumption, body mass index, and
comorbid diseases (eg, cancers). We performed analyses of all VTEs and separate analyses of pulmonary embolism. Using the
basic model controlling for age, sex, and primary disease, we identified 60 nominally significant VTE- or pulmonary embolism–
associated metabolites (P<0.05). These metabolites were enriched for diacylglycerols (Ppermutation<0.05). However, after
controlling for multiple testing, only 1 metabolite (C5 carnitine; odds ratio, 1.25; 95% confidence interval, 1.10–1.41;
Pcorrected=0.03) remained significantly associated with VTE. After further adjustment for body mass index, no metabolites were
significantly associated with disease after accounting for multiple testing, and no metabolite classes were enriched for nominally
significant associations.

Conclusions-—Although our findings suggest that circulating metabolites may influence the risk of incident VTE, the associations
we observed were confounded by body mass index. Larger studies involving additional individuals and with broader metabolomics
coverage are needed to confirm our findings. ( J Am Heart Assoc. 2018;7:e010317. DOI: 10.1161/JAHA.118.010317)
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V enous thromboembolism (VTE), a spectrum of disease
that comprises deep venous thrombosis (DVT) and

pulmonary embolism (PE), is a common and potentially lethal
medical condition. VTE accounts for 100 000 annual deaths
in the United States1 and is a major source of morbidity.
With its high early mortality, sustained morbidity, and high
incidence (1–2/1000 Americans per year),2 the primary
prevention of VTE remains an issue of major public health
importance; and an in-depth understanding of disease

physiological characteristics is required to improve primary
prevention.

VTE is a multifactorial disorder involving complex genetic,
metabolic, and environmental interactions. Despite the many
VTE-associated factors that have been identified, the biolog-
ical mechanisms by which most of them affect disease risk
remain unexplained. For example, although VTE susceptibility
genes discovered through earlier studies largely involve direct
alterations in the clotting system,3,4 more recent genome-
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wide association studies have discovered loci (TSPAN15 and
SLC44A2) outside of the coagulation cascade.5–7 Similarly,
the mechanism by which most environmental factors trigger
VTE remains unclear.8–14 Thus, although identifying risk
factors for VTE represents important progress, there are still
major gaps in our understanding of VTE pathophysiological
characteristics.

Metabolites are the final downstream products of the
genome and are shaped by environmental factors; thus, they
are well suited to reveal the physiologic state before disease
onset as well as the complex interplay between genes,
environmental risk factors, and VTE. However, although high-
throughput metabolomic methods have identified metabolites
contributing to cardiovascular disease risk,15–19 this approach
has not been widely applied to VTE. To date, only one
retrospective pilot study of 40 male VTE cases and 40
controls, with blood samples collected after VTE diagnosis,
has been published.20

The aim of this study was to analyze 240 incident VTE
cases and 6963 controls with available prediagnostic
metabolomics data, nested within 3 well-established large-
scale population cohorts, to identify metabolites associated
with VTE and to improve our understanding of VTE patho-
physiological characteristics.

Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure. All codes are

available and can be provided by the authors on request
(xiajiang@hsph.harvard.edu).

Study Population
We performed a large-scale case-control study consisting of
7203 individuals nested within 3 prospective cohorts, the
NHS (Nurses’ Health Study), the NHS II, and the HPFS (Health
Professionals Follow-Up Study), to identify associations of
specific metabolites and metabolite profiles with the risk of
incident VTE. Details on characteristics of each cohort have
been described elsewhere.21–23 Briefly, the NHS was estab-
lished in 1976, when 121 700 female registered nurses, 30
to 55 years of age, completed an initial questionnaire. During
1989 to 1990, blood samples were collected from 32 826
NHS participants.24 The NHS II was established in 1989,
when 116 429 female registered nurses, 25 to 42 years of
age, completed an initial questionnaire. During 1996 to 1999,
blood samples were collected from 29 611 NHS II
participants.25 The HPFS was established in 1986, when
51 529 male dentists, optometrists, osteopaths, podiatrists,
pharmacists, and veterinarians in the United States, 40 to
75 years of age, completed an initial questionnaire. During
1993 to 1995, blood samples were collected from 18 225
HPFS participants.26 Participants in the 3 cohorts have been
followed up by mailed questionnaires every 2 years to update
exposure information and ascertain nonfatal incident dis-
eases. The follow-up rates for each biennial cycle have
consistently been >90%.

We identified self-reported incident VTE cases (first event
of either PE or DVT) among individuals who were free of
cardiovascular disease at the time of blood draw. Specifically,
participants were asked every 2 years whether a physician
had diagnosed them with PE since the prior questionnaire.
Moreover, in NHS, women reported DVT events by writing in
DVT as an “other major illness” occurring since the prior
questionnaire. In NHS II and HPFS, participants were asked
whether a physician had diagnosed them with DVT since the
prior questionnaire.

In the current study, we included 240 incident VTE cases
(of which, 125 were incident PE cases) and 6963 controls, for
whom metabolomics data had been generated through
previous case-control studies of other phenotypes, including
amyotrophic lateral sclerosis, rheumatoid arthritis, Parkinson
disease, diabetes mellitus, chronic stress, and ovarian,
pancreatic, and prostate cancer. For all subjects, blood
samples were collected before VTE diagnosis. All subjects
were of European ancestry. Study protocols were approved by
the Institutional Review Boards of Brigham and Women’s
Hospital and Harvard T.H. Chan School of Public Health. This
study and the consent process for the use of blood samples
were approved by the Human Research Committee of

Clinical Perspective

What Is New?

• We performed a population-based case-control study to
systematically investigate the relationship between circu-
lating metabolites and risk of incident venous thromboem-
bolism (VTE).

• After controlling for common confounders, such as age, sex,
and provoking diseases, we found that C5 carnitine was
significantly associated with incident VTE and that the
metabolomics category diacylglycerols were enriched in
both VTE and pulmonary embolism.

What Are the Clinical Implications?

• By demonstrating nominal associations in prospectively
collected data, our findings provide preliminary evidence in
support of an altered physiological state before the VTE
event and may specifically inform future research into
metabolic changes and pathophysiological characteristics of
VTE.
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Partners Healthcare and the Institutional Review Board of the
T.H. Chan Harvard School of Public Health (protocols
2013P000713 [Genetic Risk Factors for Venous Thromboem-
bolism] and 2006P001122 [Pulmonary Embolism in the NHS,
NHS II, HPFS, and UK Biobank]). Cohort subjects received a
letter informing them that blood samples would be used for
genetic and other -omic research and were given the
opportunity to opt out of such research. Any participants
who opted out were not included in this analysis.

Metabolomics Assays
The blood samples were collected in heparin tubes from
women in NHS and in EDTA tubes from men in HPFS.
Participants arranged to have their blood collected and
shipped the sample via overnight mail with an icepack to a
central laboratory. On arrival, the samples were processed,
and aliquots of plasma, white blood cells, and red blood cells
were stored in a liquid nitrogen freezer. More than 95% of
samples arrived within 24 hours of collection.27 As men-
tioned, plasma metabolomics data were combined from a
series of smaller studies of NHS, NHS II, and HPFS samples
conducted over a period of several years. Data from each
substudy were log transformed and converted to Z scores
before merging the data sets. Metabolomics data were
acquired using several liquid chromatography–tandem mass
spectrometry methods designed to measure polar metabo-
lites and lipids, as described in detail previously.28–30 Briefly,
high-resolution, accurate mass profiling data were acquired
using liquid chromatography–tandem mass spectrometry
systems composed of Nexera X2 U-HPLC systems (Shimadzu
Corp, Marlborough, MA) coupled to Q Exactive and Exactive
Plus orbitrap mass spectrometers (Thermo Fisher Scientific,
Waltham, MA). Polar metabolites were separated using
hydrophilic interaction liquid chromatography with positive
ion mode mass spectrometry detection, whereas C18 chro-
matography with negative ion mode detection and C8
chromatography with positive ion mode detection were used
to profile metabolites of intermediate polarity and lipids,
respectively. Raw data were processed using TraceFinder
software (Thermo Fisher Scientific) and Progenesis QI (Non-
linear Dynamics, Newcastle upon Tyne, UK). In addition,
pooled plasma samples were analyzed after intervals of �20
participant samples to enable standardizing temporal drift in
instrument response over time and between batches. For
each method, metabolite identities were confirmed using
authentic reference standards or reference samples.

In the current study, we excluded unknown metabolites
and metabolites unlikely to be informative in analysis with an
intraclass correlation (ICC) <0.6 or with no variance; we
further excluded nonparticipant samples, such as drift pool
samples. Finally, we included 211 named metabolites that

were measured in all 3 cohorts. Most of these metabolites
(81%) were lipids or lipid intermediates.

Statistical Analyses
We conducted unconditional logistic regression to identify
metabolites that were associated with the risk of VTE and the
PE subtype. The relative concentration of each metabolite was
initially transformed using natural logarithm, and then scaled to a
mean value=0 and an SD=1. We quantified the odds ratios (ORs)
and 95% confidence intervals for the relationship between each
metabolite (one metabolite at a time), modeled as a continuous
variable, and disease status (VTE or PE), modeled as a binary
variable, while controlling for potential confounders. We first
performed the association analysis using all subjects in a “basic”
model adjusted for age, sex, and provoking disease (whether the
participant was a case or control in case-control studies of other
phenotypes). We then fitted a “full” model incorporating
additional covariates, including alcohol consumption, smoking
status, body mass index (BMI), and fasting status at blood draw,
all measured at the time of blood draw (before VTE diagnosis).

We further grouped metabolites into categories on the basis
of their biological class and identified categories that were
enriched (or depleted) for nominal associationswith VTE (or PE).
We compared the observed hypergeometric P values by testing
the null hypothesis that the probability of a nominally significant
association did differ across classes to those calculated in 5000
simulated null data sets inwhich case status had been randomly
permuted within sex strata. The permutation P value for each
class was calculated as k/5001, where k is the number of
permutations, where Ppermuted≤Pobserved.

Principal component (PC) analysis redefines a data set into a
new set of variables (PCs) that are mutually orthogonal linear
combinations of the original variables. We next applied this PC
analysis approach to convert the 211 correlatedmetabolites into
a set of linearly uncorrelated variables (PCs). We used a method
named “singular value decomposition” to examine the covari-
ance/correlations between individuals and the built-in R function
“prcomp” to perform the analysis. We extracted the first several
PCs (N=19 PCs) that explained at least 80% of the total variance
and repeated the association analyses (the same crude and full
models as previouslymentioned) using PCs as exposures instead
of the metabolites.

Finally, we performed 2 sensitivity analyses. In our first
sensitivity analysis, we used multiple imputation to account for
missing information for some covariates and metabolites, using
“fully conditional specification” models through the R package
“mice” (multivariate imputation by chained equations).31 This
procedure predicts the missing value of a variable using existing
values from other variables, thereby allowing individuals who
previously lacked data back into the analysis, with covariate
values similar to those actually observed among individuals with
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the same pattern of other covariates. We performed 5 rounds of
multiple imputations. Predictive mean matching was used for
numeric variables, such as metabolites; logistic regression was
used for binary variables with 2 levels; and bayesian polytomous
regression was used for factor variables with >2 levels. We
combined and averaged the estimates from5 repeated complete
data analyses into a single set of estimates and standard errors
by Rubin’s rules. In our second sensitivity analysis, we limited the
analysis to subjects who were controls in the studies fromwhich
they were derived, to reduce the impact of confounding by
comorbid illnesses, especially cancers.

Results

Characteristics of Study Subjects
Metabolomics assays of serum samples from 240 incident
VTE cases (125 incident PE cases) and 6963 controls resulted
in 211 named metabolites measured in all 3 cohorts (the
study flow is shown in Figure S1). Those metabolites cover

mainly lipids and lipid intermediates (ie, 12 diacylglycerols, 42
triacylglycerols, 23 phosphatidylethanolamines, 36 phos-
phatidylcholines, 12 cholesterol esters, 7 sphingomyelins, 9
lysophosphatidylcholines, 6 lysophosphatidylethanolamines,
and 22 carnitines), as well as other small molecules, such as
amino acids and nucleotides (Tables S1 and S2). As shown in
Table 1, compared with the controls and consistent with the
epidemiological characteristics of VTE, we found that VTE (and
PE) cases were significantly older in age, were more likely to
be men, had more prevalent comorbidities (ie, cancers), and
were more likely to be overweight. Despite the comparable
proportions of current and past smokers observed among
cases and controls, the cases smoked more heavily.

Metabolites Associated With VTE or PE in the
Basic Model
Usingmultivariable logistic regression models adjusted for age,
sex, and original study end point (basic model), we identified 50
metabolites that were nominally associated with VTE (P<0.05).

Table 1. Characteristics of Study Subjects by Disease Status

Characteristics

VTE PE Controls P Values

(N=240) (N=125) (N=6963) VTE vs Controls PE vs Controls

Age, mean�SD, y 56.2 (9.4) 55.4 (8.9) 52.7 (9.8) 5.2910�8* 0.0011*

Sex

Women 170 (70.8) 100 (80.0) 5744 (82.5) 0.0005* 0.48

Men 70 (29.2) 25 (20.0) 1219 (17.5)

Smoking status

Current 18 (7.6) 5 (4.0) 654 (9.4) 0.53 0.12

Past 89 (37.7) 45 (36.3) 2427 (35.0)

Never 129 (54.7) 74 (59.7) 3854 (55.6)

Pack-years, mean�SD 25.4 (20.5) 25.4 (21.0) 19.4 (17.0) 0.0039* 0.06

Alcohol consumption, mean�SD, g/d 9.7 (11.0) 7.5 (9.0) 9.5 (12.0) 0.85 0.09

Fasting status at blood draw

Yes 175 (72.9) 95 (76.0) 5154 (74.0) 0.71 0.69

No 65 (27.1) 30 (24.0) 1808 (26.0)

BMI, kg/m2

<25 73 (30.8) 32 (25.8) 3526 (51.5) 0.0005* 0.0005*

25–29 105 (44.3) 57 (46.0) 2193 (32.1)

≥30 59 (24.9) 35 (28.2) 1121 (16.4)

Mean�SD 27.6 (5.4) 28.3 (5.1) 25.8 (5.0) 5.1910�7* 2.6910�7*

With an end point†

Yes 133 (56.8) 81 (65.9) 3159 (48.2) 0.013* 0.0005*

No 101 (43.2) 42 (34.1) 3396 (51.8)

Data are given as number (percentage) unless otherwise indicated. BMI indicates body mass index; PE, pulmonary embolism; VTE, venous thromboembolism.
*P<0.05. PE is a subset of VTE.
†With an endpoint was a case in one of the previous case-control studies of other phenotypes (amyotrophic lateral sclerosis, rheumatoid arthritis, Parkinson disease, diabetes mellitus,
chronic stress, and ovarian, pancreatic, and prostate cancer) from which our study population was derived.
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Table 2. Metabolites Significantly Associated With VTE or PE, Models Adjusted for Age, Sex, and End Points

Metabolites

VTE PE

OR (95% CI)
Crude
P Value

Corrected P Value

OR (95% CI)
Crude
P Value

Corrected P Value

TPPFP FWR FDR TPPFP FWR FDR

C5 carnitine 1.25 (1.10–1.41) 0.0005* 0.07 0.03* 0.07 1.24 (1.04–1.47) 0.015* 0.70 0.73 1.00

C34:2 diacylglycerol 1.30 (1.10–1.55) 0.003* 0.33 0.11 0.67 1.46 (1.13–1.88) 0.004* 0.36 0.35 0.59

C34:1 diacylglycerol 1.29 (1.09–1.53) 0.003* 0.38 0.16 0.59 1.36 (1.06–1.74) 0.015* 0.66 0.76 1.00

C36:1
phosphatidylethanolamine

1.31 (1.09–1.57) 0.003* 0.07 0.09 0.36 1.39 (1.07–1.82) 0.015* 0.30 0.46 0.59

C36:1 diacylglycerol 1.28 (1.08–1.51) 0.004* 0.38 0.22 0.68 1.33 (1.05–1.70) 0.020* 0.64 0.72 1.00

C52:2 triacylglycerol 1.31 (1.09–1.58) 0.004* 0.41 0.33 0.65 1.41 (1.07–1.86) 0.014* 0.66 0.74 1.00

C50:3 triacylglycerol 1.31 (1.09–1.57) 0.004* 0.41 0.25 0.70 1.54 (1.17–2.04) 0.002* 0.28 0.21 0.64

C36:2 diacylglycerol 1.28 (1.08–1.51) 0.005* 0.38 0.27 0.68 1.39 (1.08–1.78) 0.009* 0.54 0.58 0.69

C34:3 diacylglycerol 1.30 (1.08–1.56) 0.005* 0.38 0.25 0.68 1.45 (1.10–1.90) 0.007* 0.57 0.58 0.73

C32:1 diacylglycerol 1.29 (1.08–1.53) 0.005* 0.38 0.18 0.59 1.38 (1.06–1.79) 0.016* 0.58 0.66 1.00

Valine 1.20 (1.05–1.36) 0.006* 0.56 0.48 0.80 1.32 (1.11–1.57) 0.002* 0.24 0.21 0.38

Isoleucine 1.19 (1.05–1.35) 0.006* 0.41 0.48 0.76 1.22 (1.03–1.45) 0.022* 0.75 0.82 1.00

C14:0
lysophosphatidylcholine

1.23 (1.06–1.43) 0.006* 0.43 0.45 0.73 1.24 (1.01–1.53) 0.038* 0.87 0.92 1.00

C50:2 triacylglycerol 1.27 (1.07–1.51) 0.007* 0.63 0.48 0.82 1.37 (1.06–1.78) 0.017* 0.61 0.76 0.92

C48:3 triacylglycerol 1.27 (1.06–1.51) 0.009* 0.58 0.36 0.76 1.41 (1.08–1.85) 0.011* 0.39 0.42 0.89

C48:2 triacylglycerol 1.27 (1.06–1.52) 0.009* 0.58 0.43 0.73 1.36 (1.04–1.78) 0.026* 0.73 0.71 1.00

C52:1 triacylglycerol 1.26 (1.06–1.50) 0.010* 0.56 0.45 0.81 1.33 (1.02–1.73) 0.032* 0.75 0.76 1.00

C32:2 diacylglycerol 1.27 (1.06–1.52) 0.011* 0.63 0.54 0.84 1.31 (1.00–1.73) 0.05 0.94 0.97 1.00

C54:1 triacylglycerol 1.24 (1.05–1.47) 0.011* 0.60 0.48 0.83 1.25 (0.98–1.60) 0.08 0.92 0.96 1.00

C50:4 triacylglycerol 1.25 (1.05–1.49) 0.013* 0.73 0.66 0.95 1.49 (1.14–1.95) 0.004* 0.39 0.44 0.69

C50:1 triacylglycerol 1.24 (1.04–1.48) 0.014* 0.64 0.64 0.87 1.32 (1.01–1.71) 0.038* 0.77 0.88 1.00

Trimethylamine-N-oxide 1.17 (1.03–1.32) 0.014* 0.79 0.74 0.92 1.14 (0.96–1.36) 0.12 1.00 1.00 1.00

C54:2 triacylglycerol 1.23 (1.04–1.46) 0.017* 0.77 0.69 0.89 1.30 (1.01–1.67) 0.043* 0.85 0.89 1.00

C38:5 diacylglycerol 1.23 (1.04–1.45) 0.017* 0.76 0.80 0.97 1.25 (0.97–1.59) 0.08 0.99 0.99 1.00

C46:2 triacylglycerol 1.23 (1.03–1.47) 0.019* 0.79 0.60 0.87 1.30 (1.00–1.68) 0.049* 0.87 0.87 1.00

C3 carnitine 1.16 (1.02–1.32) 0.021* 0.77 0.82 0.97 1.28 (1.08–1.52) 0.005* 0.31 0.44 0.69

C46:1
triacylglycerol

1.23 (1.03–1.47) 0.021* 0.75 0.62 0.89 1.27 (0.98–1.64) 0.07 0.94 0.94 1.00

C36:2
phosphatidylethanolamine

1.22 (1.03–1.45) 0.021* 0.77 0.72 0.93 1.39 (1.07–1.79) 0.012* 0.28 0.44 0.64

C20:5
lysophosphatidylcholine

0.82 (0.69–0.97) 0.022* 0.79 0.82 0.97 0.82 (0.64–1.06) 0.13 1.00 1.00 1.00

C38:4
phosphatidylethanolamine

1.21 (1.02–1.44) 0.026* 0.79 0.83 1.00 1.25 (0.97–1.60) 0.09 0.97 1.00 1.00

C36:3
diacylglycerol

1.21 (1.02–1.44) 0.026* 0.85 0.85 1.00 1.39 (1.08–1.78) 0.010* 0.59 0.61 0.83

C34:2
phosphatidylethanolamine

1.23 (1.02–1.48) 0.028* 0.65 0.78 0.93 1.47 (1.10–1.95) 0.008* 0.15 0.23 0.13

Leucine 1.15 (1.02–1.31) 0.029* 0.86 0.88 1.00 1.25 (1.05–1.49) 0.012* 0.59 0.69 0.89

Kynurenic acid 1.16 (1.01–1.32) 0.030* 0.79 0.84 0.97 1.12 (0.94–1.34) 0.20 1.00 1.00 1.00

Continued
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However, after multiple correction, only 1 metabolite remained
significant (C5 carnitine; OR, 1.25; 95% confidence interval,
1.10–1.41; Pcorrected=0.03) (Table 2). Likewise, we identified 41
metabolites that showed nominal associations with PE (P<0.05),
yet none survived multiple testing correction (Table 2). Most of
these PE-associated metabolites (at P<0.05) were also associ-
ated with incident VTE. The total 60 nominally significant
metabolites we identified were highly correlated with each other
(median values for Pearson correlation, 0.42 and �0.13;
maximum values for Pearson correlation, 0.97 and �0.53,

respectively) and clustered into subgroups, as presented in a
heat map (Figure 1).

Enrichment Analysis
We further identified specific metabolite categories that were
enriched for nominally significant associations with VTE or PE
cases using a permutation test to account for correlation
within metabolite classes. We found diacylglycerols to show
more associations with VTE and PE than non-diacylglycerol

Table 2. Continued

Metabolites

VTE PE

OR (95% CI)
Crude
P Value

Corrected P Value

OR (95% CI)
Crude
P Value

Corrected P Value

TPPFP FWR FDR TPPFP FWR FDR

C48:1 triacylglycerol 1.21 (1.02–1.45) 0.030* 0.87 0.82 0.97 1.27 (0.98–1.64) 0.08 0.96 0.98 1.00

C32:0 diacylglycerol 1.20 (1.02–1.42) 0.030* 0.89 0.89 1.00 1.23 (0.96–1.56) 0.10 0.99 1.00 1.00

C36:1 phosphatidylcholine
plasmalogen

0.83 (0.70–0.98) 0.031* 0.86 0.88 1.00 0.81 (0.64–1.04) 0.10 0.99 1.00 1.00

1-Methyladenosine 1.16 (1.01–1.33) 0.031* 0.90 0.88 1.00 1.05 (0.87–1.25) 0.63 1.00 1.00 1.00

C52:3 triacylglycerol 1.22 (1.02–1.46) 0.032* 0.87 0.91 1.00 1.45 (1.09–1.93) 0.010* 0.55 0.56 0.89

Glutamate 1.15 (1.01–1.30) 0.033* 0.90 0.92 1.00 1.13 (0.94–1.34) 0.19 1.00 1.00 1.00

Alanine 1.15 (1.01–1.31) 0.033* 0.89 0.91 1.00 1.13 (0.95–1.35) 0.17 1.00 1.00 1.00

C36:4 phosphatidylethanolamine 1.21 (1.01–1.45) 0.035* 0.90 0.92 1.00 1.25 (0.96–1.62) 0.10 0.99 1.00 1.00

C4-OH carnitine 1.16 (1.01–1.33) 0.037* 0.60 0.69 0.95 1.22 (1.01–1.47) 0.043* 0.74 0.77 1.00

C38:2 phosphatidylcholine 1.20 (1.01–1.43) 0.038* 0.91 0.96 1.00 1.34 (1.04–1.73) 0.024* 0.78 0.86 1.00

Tryptophan 0.88 (0.77–0.99) 0.041* 0.95 0.97 1.00 0.79 (0.67–0.93) 0.004* 0.32 0.36 0.59

Hydroxyproline 1.14 (1.00–1.29) 0.045* 0.95 0.94 1.00 1.08 (0.91–1.29) 0.39 1.00 1.00 1.00

C36:3 phosphatidylcholine
plasmalogen

0.84 (0.71–1.00) 0.046* 0.91 0.92 1.00 0.89 (0.69–1.14) 0.37 1.00 1.00 1.00

C50:5 triacylglycerol 1.19 (1.00–1.42) 0.048* 0.94 0.95 1.00 1.37 (1.05–1.78) 0.018* 0.64 0.66 0.95

C30:0 diacylglycerol 1.20 (1.00–1.43) 0.048* 0.92 0.88 1.00 1.21 (0.93–1.57) 0.16 1.00 1.00 1.00

C52:0 triacylglycerol 1.18 (1.00–1.40) 0.049* 0.91 0.90 1.00 1.19 (0.93–1.52) 0.16 1.00 1.00 1.00

C38:3 phosphatidylcholine 1.19 (1.00–1.41) 0.053 0.95 0.98 1.00 1.30 (1.01–1.68) 0.043* 0.87 0.85 1.00

C22:5 CE 0.86 (0.74–1.00) 0.06 0.95 0.98 1.00 0.79 (0.65–0.96) 0.016* 0.71 0.66 1.00

C52:4 triacylglycerol 1.18 (0.99–1.41) 0.07 0.95 0.99 1.00 1.42 (1.08–1.87) 0.013* 0.63 0.63 0.89

C18 carnitine 0.89 (0.78–1.01) 0.07 0.99 0.99 1.00 0.82 (0.70–0.98) 0.026* 0.85 0.87 1.00

C36:4 diacylglycerol 1.15 (0.97–1.37) 0.12 0.99 1.00 1.00 1.35 (1.04–1.75) 0.024* 0.77 0.81 1.00

C52:6 triacylglycerol 1.15 (0.96–1.36) 0.12 0.99 1.00 1.00 1.31 (1.01–1.70) 0.040* 0.77 0.84 1.00

C54:5 triacylglycerol 1.14 (0.96–1.36) 0.12 1.00 1.00 1.00 1.30 (1.00–1.67) 0.047* 0.88 0.96 1.00

C36:3
phosphatidylethanolamine

1.14 (0.96–1.36) 0.13 0.99 1.00 1.00 1.32 (1.02–1.71) 0.036* 0.64 0.78 0.92

C20:5 CE 0.89 (0.75–1.05) 0.17 1.00 1.00 1.00 0.75 (0.59–0.97) 0.027* 0.74 0.78 1.00

Glycine 0.93 (0.82–1.06) 0.31 1.00 1.00 1.00 0.83 (0.69–1.00) 0.049* 0.96 0.97 1.00

The logistic regression analysis was performed for each metabolite using the basic model adjusted for age, sex, and end point. CE indicates cholesterol ester; CI, confidence interval; FDR,
false discovery rate; FWR, family-wise error rate; OR, odds ratio; PE, pulmonary embolism; TPPFP, tail probability of the proportion of false positives; VTE, venous thromboembolism.
*P<0.05.
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metabolites (enrichment Ppermutation=0.004 for VTE and
Ppermutation=0.03 for PE) (Table 3).

Metabolites Associated With VTE or PE in the Full
Model
Obesity, a well-established primary risk factor for VTE, has
been associated with a broad range of metabolic alter-
ations.32 We, therefore, performed additional analyses incor-
porating BMI and other potential confounders (smoking
status, alcohol consumption, and fasting status) into the
regression model (full model). We identified 3 metabolites
associated with VTE and 3 metabolites associated with PE
with nominal significance (P<0.05). However, none survived
multiple testing correction (Table 4).

We next performed analysis to explore the possibility that
metabolites may mediate the risk effect of BMI in VTE or PE.
Consistent with established knowledge, we observed an
association between BMI and disease risk in our data, in
which each unit increase in BMI was associated with a 7%
increase in VTE risk (OR, 1.07; 95% confidence interval, 1.05–
1.10) and a 9% increase in PE risk (OR, 1.09; 95% confidence
interval, 1.06–1.12), adjusting for age, sex, and original study
end point. We found almost no alterations in the effect of BMI
when sequentially adjusting for the 60 nominally significant
VTE- or PE-associated metabolites (Figures 2 and 3). We also
performed a formal mediation analysis using the R package
“mediation.” We found a significant direct effect between BMI
and VTE/PE, but no significant mediation effects through
metabolites (Table S3). These results indicate that the effect

Figure 1. Left panel: correlation matrix of the 60 significant (P<0.05) venous thromboembolism–, pulmonary embolism–associated
metabolites identified from the basic model. We calculated Pearson correlation coefficients for each metabolite with all other metabolites and
mapped these pairwise coefficients into a heat map. The color of each checker represents the directions and magnitudes of correlation. Red
reflects positive correlations, blue reflects negative correlations, and white reflects the midpoint (0). A darker color represents a stronger
correlation. Metabolites with similar magnitude of correlation are clustered into blocks. Right panel: stacked bar plot of loadings for each
metabolite. The length of the bar represents the strength of loading (the weights calculated from principal component [PC] analysis). A longer
bar means a higher proportion of that metabolite tagged by the particular PC. The percentage of variance of each of the 3 PCs is as follows: PC1,
48%; PC2, 6%; PC3, 5%. CE indicates cholesterol ester.
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of BMI on VTE or PE is most likely driven through other
pathways.

PC Analysis
We further reduced the dimension of analysis by only examining
the first 19 PCs that explained accumulatively 80% of the
variance in metabolites. Consistent with results shown from our
main analysis, we found PC3, which captured a higher proportion
of loading strength in C5 carnitine (Figure 1), to be significantly

associatedwith bothVTE andPE in the basicmodel (P=0.001 and
P=0.002, respectively). These results withstood Bonferroni
correction for the numbers of PCs tested (Pthreshold=0.05/
19=0.003). However, none remained significant after adjusting
for BMI (Table 5).

To ensure that the adjustment for potential confounding
factors has been used effectively, we compared the distribu-
tion of our potential confounding factors as well as VTE/PE
status across the quantiles of the exposure, PC3. As shown in
Table 6, age, sex, smoking status and intensity, fasting status,
BMI, comorbid illness, and VTE/PE status all differed signif-
icantly across different categories of exposure. We thus
believe it is appropriate to include these potential confound-
ing factors in our regression models.

Multiple Imputation and Sensitivity Analysis
To improve statistical power, we used multiple imputation to
estimate missing values in the data set. The distribution of
metabolites and covariates remained unchanged before and
after imputation, indicating plausibility of imputation values (data
not shown). We found 42 nominally significant metabolites (37
VTE associated and 24 PE associated, with an overlap of 19)
(Table 7), most of which (41 of 42 [98%]) were also identified by
the original basic model, in which only subjects with complete
information on the covariates were included and analyzed.

Finally, to reduce potential confounding, we performed
another sensitivity analysis removing all individuals who were
cases in the original metabolomics studies from which our
data set was compiled. When we limited our analysis to
subjects who were controls in the original studies, we found
37 nominally significant metabolites (34 VTE associated and
11 PE associated, with an overlap of 8) (Table 8); 33 of these
(89%) were also discovered in the original basic model. In
both sensitivity analyses, we observed highly consistent
estimates (ORs) compared with the results from the original
basic model.

Table 3. Enrichment Analysis for Significant Metabolites

Category

No. of

Significant

Metabolites

in the

Category

No. of Total

Metabolites

in the

Category Disease

Permutation

P Value

Carnitine 3 24 VTE 0.41

Diacylglycerols 11 12 VTE 0.004*

Lysophosphatidylcholine 2 9 VTE 0.23

Phosphatidylcholine 3 36 VTE 0.54

Phosphatidylethanolamine 5 23 VTE 0.32

Triacylglycerols 16 42 VTE 0.14

Other 10 40 VTE 0.39

Carnitine 4 24 PE 0.35

Cholesteryl esters 2 12 PE 0.28

Diacylglycerols 8 12 PE 0.03*

Lysophosphatidylcholine 1 9 PE 0.25

Phosphatidylcholine 2 36 PE 0.53

Phosphatidylethanolamine 4 23 PE 0.32

Triacylglycerols 15 42 PE 0.11

Other 5 40 PE 0.59

Only metabolite categories with nominal significant associations (from Table 2) were
shown in the table. PE indicates pulmonary embolism; VTE, venous thromboembolism.
*P<0.05.

Table 4. Metabolites Significantly Associated With VTE or PE, Models Adjusted for BMI

Metabolites

VTE PE

OR (95% CI) Crude P Value

Corrected P Value

OR (95% CI) Crude P Value

Corrected P Value

TPPFP FWR FDR TPPFP FWR FDR

C14:0 lysophosphatidylcholine 1.22 (1.04–1.44) 0.02* 0.83 0.88 1.00 1.25 (1.00–1.57) 0.06 1.00 1.00 1.00

C5 carnitine 1.17 (1.02–1.34) 0.03* 0.83 0.89 1.00 1.18 (0.98–1.43) 0.09 1.00 1.00 1.00

Tryptophan 0.87 (0.76–0.99) 0.04* 0.96 0.95 1.00 0.77 (0.65–0.92) 0.003* 0.28 0.30 0.64

C50:3 triacylglycerol 1.15 (0.94–1.40) 0.18 1.00 1.00 1.00 1.36 (1.00–1.85) 0.048* 0.97 0.96 1.00

C34:2 phosphatidylethanolamine 1.14 (0.94–1.38) 0.19 1.00 1.00 1.00 1.36 (1.01–1.82) 0.04* 0.68 0.77 1.00

The logistic regression analysis was performed for each metabolite using the full model adjusted for age, sex, end point, BMI, alcohol consumption, smoking status, and fasting status. BMI
indicates body mass index; CI, confidence interval; FDR, false discovery rate; FWR, family-wise error rate; OR, odds ratio; PE, pulmonary embolism; TPPFP, tail probability of the proportion
of false positives; VTE, venous thromboembolism.
*P<0.05.
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Discussion

We performed a population-based case-control study to
systematically investigate the relationship between circulat-
ing metabolites and risk of incident VTE. After controlling
for common confounders, such as age, sex, and provoking

diseases, we found that C5 carnitine was significantly
associated with incident VTE and that the metabolomics
category DAGs were enriched in both VTE and PE. After
further adjustment for BMI, no metabolites were signifi-
cantly associated with disease accounting for multiple
testing.

Figure 2. The effect size of bodymass index (BMI) on venous thromboembolism (VTE), sequentially adjusted
for each of the 60 significant VTE- or pulmonary embolism–associated metabolites. Blue squares and
horizontal bars represent the odds ratios and confidence intervals of BMI adjusted for that particular
metabolite. The first row (diamond) represents the “crude” effect of BMI without adjustment of anymetabolite.
CE indicates cholesterol ester.
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Scant research has been performed to date using modern
metabolomic techniques to identify risk factors for VTE. Only
one earlier study has examined the relationship between
metabolites and VTE risk.20 This study was small, involving 80
subjects, used a case-control design with blood sampling after
VTE diagnosis, was limited to men <55 years of age, and

lacked adjustment for confounders. A second study identified
metabolites associated with high- versus low-risk PE among
cases but did not examine associations with incident VTE.33

More studies are available analyzing associations between
metabolites and incident cardiovascular disease. In the
Women’s Health Initiative, our colleagues identified a

Figure 3. The effect size of body mass index (BMI) on pulmonary embolism (PE), sequentially adjusting for
each of the 60 significant venous thromboembolism– or PE-associated metabolites. Blue squares and
horizontal bars represent the odds ratios and confidence intervals of BMI adjusted for that particular
metabolite. The first row (diamond) represents the “crude” effect of BMI without adjustment of any
metabolite. CE indicates cholesterol ester.
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Table 5. Association Between 19 PCs and the Disease

PCs
Cumulative
Proportion

VTE PE

Estimate SD Z Score P Value Estimate SD Z Score P Value

Crude model

1 0.48 �0.067 0.137 �0.490 0.624 �0.115 0.182 �0.631 0.528

2 0.54 0.017 0.065 0.256 0.798 0.038 0.090 0.423 0.672

3 0.59 �0.202 0.063 �3.206 0.001* 0.281 0.090 3.124 0.002*

4 0.62 �0.084 0.064 �1.315 0.189 �0.125 0.091 �1.382 0.167

5 0.65 0.031 0.067 0.469 0.639 �0.006 0.097 �0.063 0.950

6 0.67 0.019 0.064 0.290 0.772 0.023 0.094 0.250 0.803

7 0.69 0.048 0.069 0.693 0.488 0.042 0.099 0.428 0.669

8 0.71 �0.012 0.065 �0.185 0.853 �0.079 0.092 �0.858 0.391

9 0.72 0.086 0.065 1.321 0.186 0.212 0.091 2.327 0.020

10 0.73 �0.042 0.062 �0.678 0.497 �0.166 0.089 �1.869 0.062

11 0.74 0.042 0.065 0.647 0.518 �0.061 0.091 �0.669 0.503

12 0.75 0.065 0.064 1.010 0.312 �0.053 0.091 �0.578 0.563

13 0.76 �0.059 0.065 �0.915 0.360 �0.045 0.091 �0.491 0.623

14 0.77 0.096 0.064 1.504 0.133 0.092 0.091 1.009 0.313

15 0.77 0.002 0.062 0.032 0.975 �0.059 0.088 �0.675 0.500

16 0.78 0.142 0.063 2.249 0.025 0.153 0.089 1.720 0.085

17 0.79 �0.123 0.066 �1.857 0.063 0.056 0.088 0.633 0.526

18 0.79 �0.035 0.063 �0.560 0.576 �0.073 0.088 �0.833 0.405

19 0.80 �0.069 0.065 �1.060 0.289 �0.004 0.090 �0.041 0.967

Full model

1 0.48 0.005 0.147 0.033 0.974 �0.052 0.194 �0.268 0.789

2 0.54 0.017 0.072 0.240 0.810 0.001 0.101 0.008 0.994

3 0.59 �0.082 0.071 �1.154 0.249 �0.109 0.100 �1.086 0.278

4 0.62 �0.020 0.069 �0.288 0.774 �0.059 0.097 �0.601 0.548

5 0.65 �0.029 0.072 �0.402 0.688 �0.080 0.105 �0.761 0.447

6 0.67 0.010 0.069 0.149 0.882 0.001 0.100 0.013 0.989

7 0.69 �0.005 0.075 �0.069 0.945 0.018 0.107 0.163 0.871

8 0.71 �0.048 0.070 �0.683 0.495 �0.140 0.100 �1.396 0.163

9 0.72 0.017 0.070 0.236 0.814 0.121 0.099 1.224 0.221

10 0.73 0.011 0.067 0.166 0.868 �0.118 0.095 �1.246 0.213

11 0.74 0.114 0.071 1.615 0.106 0.048 0.099 0.488 0.626

12 0.75 0.022 0.068 0.330 0.741 �0.118 0.097 �1.220 0.222

13 0.76 �0.058 0.069 �0.837 0.403 �0.043 0.097 �0.441 0.659

14 0.77 0.090 0.068 1.317 0.188 0.091 0.097 0.935 0.350

15 0.77 0.018 0.066 0.268 0.789 0.006 0.095 0.067 0.946

16 0.78 0.113 0.067 1.682 0.093 0.101 0.096 1.053 0.293

17 0.79 �0.096 0.070 �1.359 0.174 0.089 0.094 0.944 0.345

18 0.79 0.007 0.067 0.112 0.911 �0.044 0.094 �0.464 0.643

19 0.80 �0.084 0.070 �1.210 0.226 �0.041 0.097 �0.425 0.671

PC indicates principal component; PE, pulmonary embolism; VTE, venous thromboembolism.
*P value withstood multiple corrections (0.05/19).
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signature of 8 metabolites associated with coronary heart
disease, independent of traditional risk factors.28 Women with
C34:2 hydroxy-phosphatidylcholine levels in the highest
quartile had a 4.7-fold increase in coronary heart disease.
Glutamate was also associated with coronary heart disease
outcomes in this study. In addition, Lanfear et al developed a
plasma metabolite profile defined by 13 amino acids, which
predicts the survival of patients with heart failure incremental
to conventional predictors34; Olkowicz et al found 22 amino
acids significantly changed in aortic stenosis35; and Bjerrum
et al identified a reversible proatherogenic lipid profile in
patients with active inflammatory bowel disease.36 These
results suggest the importance of metabolite profile in the
field of cardiovascular disease, but also highlight the novelty

of our results, which may specifically inform future research
into metabolic changes and pathophysiological characteristics
of VTE. More important, by demonstrating nominal associa-
tions in prospectively collected data, our findings provide
preliminary evidence in support of an altered physiological
state before the VTE event.

Our results are in line with previously reported findings.
The only other available high-throughput metabolomics study,
conducted by Deguchi et al, identified decreased plasma
levels of 2 long-chain carnitines (>10 carbon atoms, C12:2
and C18:2) associated with VTE.20 A follow-up experimental
study demonstrated the addition of acyl carnitines to clotting
assays inhibited factor Xa–initiated clotting, with a carbon
length of >14 exhibiting the highest activity. We have

Table 6. Characteristics of Study Subjects by Exposure Status (Quantiles of PC3)

Characteristics Quantile 1 Quantile 2 Quantile 3 Quantile 4 P Values

Age, mean�SD, y 53.7 (9.77) 52.5 (9.59) 52.1 (9.64) 53.0 (10.2) 0.015*

Sex

Women 1455 (80.7) 1514 (84.2) 1541 (85.6) 1404 (77.9) 0.08

Men 347 (19.3) 285 (15.8) 259 (14.4) 398 (22.1)

Smoking status

Current 182 (10.2) 190 (10.6) 170 (9.5) 130 (7.2) 0.0002*

Past 701 (39.2) 586 (32.7) 625 (34.9) 604 (33.7)

Never 907 (50.7) 1018 (56.7) 998 (55.7) 1060 (59.1)

Pack-years, mean�SD 21.2 (17.0) 20.2 (17.4) 19.0 (17.1) 17.6 (17.1) 9.9 9 10�9*

Alcohol consumption, mean�SD, g/d 10.1 (12.6) 9.30 (11.9) 9.18 (12.2) 9.44 (11.1) 0.77

Fasting status at blood draw

Yes 1225 (68) 1367 (76) 1388 (77.1) 1349 (74.9) 2.77 9 10�6*

No 576 (32) 432 (24) 412 (22.9) 453 (25.1)

BMI, kg/m2

<25 569 (32.1) 818 (46.2) 1000 (56.3) 1212 (68.9) 1.92 9 10�55*

25–29 669 (37.8) 623 (35.2) 555 (31.2) 451 (25.6)

≥30 534 (30.1) 328 (18.5) 222 (12.5) 96 (5.5)

Mean�SD 28.1 (5.75) 26.1 (4.94) 25.1 (4.63) 23.9 (3.63) 9.2 9 10�152*

With an end point†

Yes 896 (52.9) 862 (49.7) 783 (45.6) 751 (45.7) 0.044*

No 797 (47.1) 872 (50.3) 934 (54.4) 894 (54.3)

Incident VTE

No 1725 (95.7) 1730 (96.2) 1753 (97.4) 1755 (97.4) 0.0010*

Yes 77 (4.3) 69 (3.8) 47 (2.6) 47 (2.6)

Incident PE

No 1725 (97.7) 1730 (97.7) 1753 (98.5) 1755 (98.9) 0.0012*

Yes 40 (2.3) 40 (2.3) 26 (1.5) 19 (1.1)

Data are given as number (percentage) unless otherwise indicated. BMI indicates body mass index; PC, principal component; PE, pulmonary embolism; VTE, venous thromboembolism.
*P<0.05.
†With an endpoint was a case in one of the previous case-control studies of other phenotypes (amyotrophic lateral sclerosis, rheumatoid arthritis, Parkinson disease, diabetes mellitus,
chronic stress, and ovarian, pancreatic, and prostate cancer) from which our study population was derived.
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Table 7. Metabolites Associated With VTE or PE Using Multiple Imputed Data

Metabolite

VTE PE

Basic Model Full Model Basic Model Full Model

OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value

C5 carnitine 1.25 (1.10–1.41) 0.001* 1.17 (1.02–1.33) 0.02* 1.24 (1.04–1.47) 0.015* 1.13 (0.95–1.36) 0.18

C36:1
phosphatidylethanolamine

1.31 (1.09–1.57) 0.004* 1.26 (1.05–1.53) 0.01* 1.39 (1.07–1.82) 0.015* 1.35 (1.03–1.78) 0.03*

Valine 1.20 (1.05–1.36) 0.006* 1.07 (0.93–1.22) 0.36 1.32 (1.11–1.57) 0.002* 1.14 (0.94–1.37) 0.17

Isoleucine 1.19 (1.05–1.35) 0.006* 1.08 (0.94–1.24) 0.26 1.22 (1.03–1.45) 0.022* 1.07 (0.89–1.29) 0.47

C36:1 diacylglycerol 1.25 (1.06–1.48) 0.008* 1.15 (0.97–1.37) 0.11 1.29 (1.01–1.64) 0.039* 1.17 (0.91–1.50) 0.23

C34:2 diacylglycerol 1.26 (1.06–1.50) 0.009* 1.15 (0.96–1.37) 0.14 1.39 (1.07–1.79) 0.013* 1.23 (0.95–1.61) 0.12

C36:2 diacylglycerol 1.25 (1.05–1.48) 0.011* 1.14 (0.96–1.36) 0.14 1.34 (1.05–1.72) 0.021* 1.20 (0.93–1.56) 0.16

C34:1 diacylglycerol 1.24 (1.05–1.47) 0.012* 1.12 (0.94–1.34) 0.19 1.28 (1.00–1.64) 0.048* 1.14 (0.88–1.47) 0.33

Trimethylamine-N-oxide 1.17 (1.03–1.32) 0.014* 1.15 (1.01–1.30) 0.03* 1.14 (0.96–1.36) 0.122 1.12 (0.94–1.34) 0.19

C52:2 triacylglycerol 1.26 (1.05–1.51) 0.015* 1.14 (0.94–1.38) 0.18 1.31 (1.00–1.72) 0.054 1.16 (0.88–1.53) 0.30

C36:2
phosphatidylethanolamine

1.24 (1.04–1.48) 0.016* 1.20 (1.00–1.43) 0.05 1.37 (1.06–1.77) 0.016* 1.32 (1.01–1.71) 0.04*

C14:0 lysophosphatidylcholine 1.20 (1.03–1.38) 0.016* 1.16 (0.99–1.34) 0.06 1.20 (0.99–1.47) 0.070 1.16 (0.95–1.43) 0.15

C50:3 triacylglycerol 1.25 (1.04–1.50) 0.016* 1.14 (0.95–1.37) 0.17 1.41 (1.07–1.85) 0.015* 1.25 (0.95–1.66) 0.12

C54:1 triacylglycerol 1.22 (1.03–1.45) 0.020* 1.15 (0.96–1.38) 0.12 1.22 (0.96–1.55) 0.111 1.14 (0.89–1.47) 0.31

C3 carnitine 1.16 (1.02–1.32) 0.021* 1.10 (0.96–1.25) 0.17 1.28 (1.08–1.52) 0.005* 1.20 (1.00–1.44) 0.05*

C34:3 diacylglycerol 1.23 (1.03–1.48) 0.022* 1.13 (0.94–1.36) 0.19 1.32 (1.01–1.73) 0.041* 1.19 (0.90–1.56) 0.22

C50:2 triacylglycerol 1.22 (1.03–1.46) 0.024* 1.11 (0.92–1.33) 0.28 1.30 (1.00–1.68) 0.048* 1.15 (0.88–1.50) 0.32

C32:1 diacylglycerol 1.22 (1.02–1.46) 0.026* 1.12 (0.93–1.34) 0.24 1.28 (0.99–1.65) 0.063 1.15 (0.88–1.50) 0.30

C52:1 triacylglycerol 1.22 (1.02–1.46) 0.028* 1.12 (0.93–1.35) 0.23 1.26 (0.98–1.63) 0.076 1.14 (0.88–1.49) 0.32

Leucine 1.15 (1.02–1.31) 0.029* 1.05 (0.92–1.20) 0.50 1.25 (1.05–1.49) 0.012* 1.10 (0.92–1.33) 0.29

Kynurenic acid 1.16 (1.01–1.32) 0.030* 1.12 (0.98–1.27) 0.11 1.12 (0.94–1.34) 0.200 1.07 (0.89–1.28) 0.47

1-Methyladenosine 1.16 (1.01–1.33) 0.031* 1.05 (0.91–1.21) 0.49 1.05 (0.87–1.25) 0.629 0.90 (0.75–1.09) 0.29

C36:1
phosphatidylcholine plasmalogen

0.83 (0.71–0.98) 0.031* 0.87 (0.74–1.03) 0.11 0.82 (0.65–1.03) 0.093 0.87 (0.69–1.11) 0.26

Glutamate 1.15 (1.01–1.30) 0.033* 1.03 (0.90–1.18) 0.66 1.13 (0.94–1.34) 0.185 0.98 (0.81–1.19) 0.88

Alanine 1.15 (1.01–1.31) 0.034* 1.07 (0.93–1.22) 0.36 1.13 (0.95–1.35) 0.172 1.02 (0.85–1.23) 0.84

C38:2 phosphatidylcholine 1.19 (1.01–1.40) 0.036* 1.16 (0.99–1.37) 0.06 1.29 (1.03–1.62) 0.030* 1.25 (1.00–1.57) 0.05*

C48:2 triacylglycerol 1.21 (1.01–1.45) 0.036* 1.12 (0.93–1.35) 0.23 1.27 (0.97–1.66) 0.080 1.16 (0.88–1.53) 0.29

C50:4 triacylglycerol 1.21 (1.01–1.44) 0.037* 1.12 (0.93–1.34) 0.23 1.37 (1.06–1.79) 0.018* 1.25 (0.95–1.63) 0.11

C4-OH carnitine 1.16 (1.01–1.33) 0.037* 1.07 (0.93–1.24) 0.32 1.22 (1.01–1.47) 0.043* 1.10 (0.90–1.35) 0.34

C54:2 triacylglycerol 1.20 (1.01–1.42) 0.039* 1.10 (0.92–1.32) 0.28 1.24 (0.97–1.59) 0.084 1.13 (0.87–1.46) 0.37

C48:3 triacylglycerol 1.20 (1.01–1.44) 0.041* 1.12 (0.93–1.35) 0.22 1.30 (1.00–1.69) 0.050 1.20 (0.91–1.57) 0.20

Tryptophan 0.88 (0.77–0.99) 0.041* 0.89 (0.78–1.01) 0.06 0.79 (0.67–0.93) 0.004* 0.80 (0.68–0.94) 0.01*

C34:2
phosphatidylethanolamine

1.21 (1.01–1.47) 0.042* 1.18 (0.98–1.42) 0.09 1.36 (1.03–1.79) 0.029* 1.32 (1.00–1.74) 0.05

C14:0 sphingomyelin 1.17 (1.00–1.37) 0.044* 1.13 (0.97–1.32) 0.12 1.22 (0.98–1.51) 0.077 1.17 (0.94–1.46) 0.17

Hydroxyproline 1.14 (1.00–1.29) 0.045* 1.12 (0.99–1.28) 0.08 1.08 (0.91–1.29) 0.391 1.06 (0.89–1.27) 0.50

C50:1 triacylglycerol 1.19 (1.00–1.42) 0.046* 1.09 (0.91–1.30) 0.37 1.22 (0.95–1.58) 0.120 1.10 (0.84–1.43) 0.50

Continued
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complemented previous findings by observing the significant
effect of a short-chain carnitine (C5) with VTE, suggesting that
both long- and short-chain carnitines may work in concert in
the complex dynamics of the hemostatic system and the
pathophysiological characteristics of VTE. Further research is
needed to elucidate the biological mechanisms underlying
these observations.

The role of diacylglycerols in VTE pathological character-
istics among humans is unknown. To the best of our
knowledge, no relevant epidemiological evidence is available
relating diacylglycerols and risk of incident VTE. In animals, a
diacylglycerol-enriched diet has been found to inhibit arterial
thrombus formation in ApoE and low-density lipoprotein
receptor double-negative male mice,37 possibly driven by
the protection of vascular endothelium from injury and
lowered serum low-density lipoprotein cholesterols.38 Diacyl-
glycerols constitute only a minor component of the human
diet, and the amount of intake is small. It is likely that the
enrichment of diacylglycerols we identified for VTE and PE
reflects the intermediate effect of triacylglycerols. Well-
designed epidemiological investigations are warranted to
clarify this association in humans.

In addition to carnitine and diacylglycerols, we observed a
few suggestive associations that are of interest, and in
concordance with existing literature. Although none of these
findings survived multiple correction, they may represent
promising avenues for new research. We found several
triacylglycerols, phosphatidylethanolamines, and amino acids
(tryptophan) to be nominally linked with the risk of VTE and PE.
In a study consisting of 477 postmenopausal female VTE cases
and 1986 sex, age-matched controls, elevated circulating
triacylglycerols (>1.05 mmol/L) have been reported to double
the risk of VTE independent of age, hospitalization, malignancy,

height, and weight.39 This association has been supported by
several small case-control studies40–42 and is possibly driven by
a decreased ratio of activated protein C43 and elevated
concentrations of coagulant factors.44–46 Moreover, antibodies
against phosphatidylethanolamines have been detected in
patients with thromboembolic events, such as PE, stroke,
and antiphospholipid syndrome (a systemic thrombotic
diathesis).47,48 In a population-based retrospective case-
control study examining 234 patients with VTE and 236
matched controls, antiphosphatidylethanolamine antibodies
have been found to increase thrombosis risk by 4-fold using
univariate logistic regression, although the effect was attenu-
ated after adjusting for additional covariates.49 In addition to
the lipid-related metabolites, tryptophan is an amino acid
acquired from the diet with anticoagulant properties. In mice, a
tryptophan derivative, TD-26, has been found to decrease death
from acute PE by 90% and attenuate thrombosis weight by 60%.
Downstream experiments have further demonstrated that TD-
26 suppresses platelet aggregation by blocking the binding of
fibrinogen to integrin and reducing protein kinase B phospho-
rylation in platelet phosphatidylinositol 3-kinase signaling.50

Although our results are in line with previous findings, most
of the nominally significant metabolites identified by our
systemic interrogation failed to pass multiple correction or are
attenuated to nonsignificant after adjusting for BMI, making it
difficult to draw firm conclusions. There are several potential
explanations for this. Although, to the best of our knowledge,
this is the largest study of metabolites and incident VTE risk
to date, our power is still limited. With the current sample size
of 240 cases and >6900 controls, we had 80% power to
detect an OR of 1.2 per SD increase in metabolite at a
corrected a level of 0.0003, a stringent P-threshold. Second,
BMI is known to influence a broad range of metabolites. Given

Table 7. Continued

Metabolite

VTE PE

Basic Model Full Model Basic Model Full Model

OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value

C36:3 phosphatidylcholine
plasmalogen

0.84 (0.70–1.00) 0.048* 0.91 (0.76–1.09) 0.32 0.86 (0.67–1.10) 0.226 0.96 (0.75–1.24) 0.77

C36:3 diacylglycerol 1.19 (1.00–1.41) 0.051 1.11 (0.93–1.32) 0.26 1.32 (1.02–1.72) 0.034* 1.21 (0.92–1.58) 0.17

C36:3
phosphatidylethanolamine

1.18 (1.00–1.40) 0.056 1.18 (0.99–1.40) 0.07 1.30 (1.02–1.65) 0.034* 1.30 (1.01–1.66) 0.04*

C22:5 CE 0.87 (0.75–1.01) 0.061 0.91 (0.78–1.06) 0.23 0.80 (0.66–0.98) 0.027* 0.85 (0.69–1.04) 0.11

C18 carnitine 0.89 (0.78–1.01) 0.072 0.90 (0.80–1.03) 0.13 0.82 (0.70–0.98) 0.026* 0.85 (0.71–1.01) 0.06

Glycine 0.93 (0.82–1.06) 0.308 1.02 (0.89–1.17) 0.78 0.83 (0.69–1.00) 0.049* 0.93 (0.77–1.12) 0.43

The basic model adjusted for age, sex, and end point; the full model adjusted for age, sex, end point, body mass index, alcohol consumption, smoking status, and fasting status. The data
were imputed 5 rounds, and estimates were pooled over each round. CE indicates cholesterol ester; CI, confidence interval; OR, odds ratio; PE, pulmonary embolism; VTE, venous
thromboembolism.
*P<0.05.
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Table 8. Metabolites Significantly Associated With VTE or PE in the Sensitive Analysis, Excluding Individuals Recruited as a Case in
Case-Control Selections of Other Outcomes

Metabolite

VTE PE

Basic Model Full Model Basic Model Full Model

OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value

C34:3 diacylglycerol 1.53 (1.16–2.02) 0.003* 1.36 (0.99–1.86) 0.06 1.67 (1.04–2.69) 0.034* 1.56 (0.92–2.64) 0.10

C34:2 diacylglycerol 1.47 (1.14–1.91) 0.003* 1.30 (0.97–1.76) 0.08 1.52 (0.98–2.36) 0.061 1.46 (0.88–2.41) 0.14

C50:3 triacylglycerol 1.48 (1.12–1.96) 0.005* 1.33 (0.97–1.82) 0.08 1.59 (0.99–2.56) 0.057 1.57 (0.91–2.69) 0.11

C50:4 triacylglycerol 1.47 (1.12–1.92) 0.005* 1.27 (0.94–1.71) 0.12 1.76 (1.10–2.82) 0.019* 1.63 (0.97–2.75) 0.07

C34:1 diacylglycerol 1.42 (1.10–1.83) 0.006* 1.25 (0.93–1.67) 0.14 1.26 (0.82–1.94) 0.290 1.18 (0.72–1.93) 0.51

C52:4 triacylglycerol 1.48 (1.11–1.95) 0.007* 1.23 (0.90–1.68) 0.20 1.77 (1.08–2.89) 0.023* 1.56 (0.91–2.66) 0.11

C36:3 diacylglycerol 1.42 (1.10–1.84) 0.007* 1.22 (0.91–1.63) 0.18 1.56 (1.02–2.39) 0.042* 1.44 (0.88–2.34) 0.14

C38:5 diacylglycerol 1.42 (1.10–1.83) 0.007* 1.29 (0.96–1.72) 0.09 1.46 (0.96–2.23) 0.076 1.32 (0.82–2.10) 0.25

C36:4 diacylglycerol 1.43 (1.10–1.86) 0.008* 1.22 (0.91–1.65) 0.18 1.78 (1.14–2.78) 0.011* 1.60 (0.98–2.60) 0.06

C54:5 triacylglycerol 1.43 (1.10–1.86) 0.008* 1.31 (0.98–1.75) 0.07 1.84 (1.17–2.89) 0.008* 1.65 (1.02–2.68) 0.04*

C48:3 triacylglycerol 1.42 (1.09–1.87) 0.011* 1.28 (0.95–1.72) 0.11 1.56 (0.98–2.49) 0.061 1.49 (0.90–2.47) 0.12

C36:1 diacylglycerol 1.39 (1.08–1.79) 0.011* 1.23 (0.91–1.65) 0.18 1.24 (0.80–1.90) 0.338 1.15 (0.70–1.88) 0.59

Ornithine 1.30 (1.06–1.60) 0.012* 1.25 (1.00–1.56) 0.05* 1.30 (0.95–1.78) 0.099 1.31 (0.94–1.85) 0.12

C32:1 diacylglycerol 1.40 (1.07–1.82) 0.013* 1.28 (0.95–1.74) 0.11 1.35 (0.87–2.11) 0.181 1.33 (0.81–2.19) 0.26

C50:5 triacylglycerol 1.39 (1.07–1.81) 0.015* 1.20 (0.89–1.61) 0.22 1.67 (1.05–2.65) 0.029* 1.49 (0.91–2.46) 0.12

C52:2 triacylglycerol 1.41 (1.07–1.85) 0.015* 1.20 (0.88–1.64) 0.25 1.19 (0.76–1.87) 0.451 1.09 (0.66–1.79) 0.75

C5 carnitine 1.27 (1.04–1.53) 0.016* 1.16 (0.94–1.43) 0.17 1.36 (1.01–1.81) 0.041* 1.34 (0.98–1.83) 0.07

C32:2 diacylglycerol 1.40 (1.06–1.84) 0.017* 1.29 (0.95–1.75) 0.10 1.28 (0.81–2.03) 0.284 1.22 (0.74–2.01) 0.43

C36:2 diacylglycerol 1.36 (1.06–1.76) 0.018* 1.16 (0.87–1.56) 0.31 1.29 (0.84–2.00) 0.250 1.18 (0.72–1.94) 0.50

C54:1 triacylglycerol 1.37 (1.05–1.77) 0.018* 1.21 (0.90–1.63) 0.21 1.28 (0.83–1.98) 0.265 1.17 (0.72–1.91) 0.53

C52:3 triacylglycerol 1.39 (1.05–1.84) 0.020* 1.14 (0.84–1.55) 0.41 1.46 (0.90–2.37) 0.125 1.29 (0.76–2.20) 0.35

C50:6 triacylglycerol 1.36 (1.04–1.77) 0.024* 1.19 (0.89–1.59) 0.23 1.51 (0.97–2.35) 0.070 1.33 (0.83–2.14) 0.23

C48:2 triacylglycerol 1.36 (1.04–1.78) 0.025* 1.26 (0.93–1.70) 0.14 1.31 (0.84–2.06) 0.234 1.31 (0.80–2.14) 0.29

C36:2 phosphatidylethanolamine 1.36 (1.04–1.77) 0.025* 1.19 (0.88–1.60) 0.26 1.49 (0.95–2.32) 0.082 1.40 (0.85–2.29) 0.18

C46:2 triacylglycerol 1.35 (1.04–1.76) 0.027* 1.24 (0.92–1.66) 0.15 1.34 (0.86–2.09) 0.197 1.28 (0.79–2.06) 0.31

C32:0 diacylglycerol 1.32 (1.03–1.68) 0.028* 1.19 (0.89–1.58) 0.23 1.21 (0.80–1.84) 0.366 1.16 (0.72–1.86) 0.55

C34:2 phosphatidylethanolamine 1.38 (1.03–1.84) 0.028* 1.26 (0.92–1.71) 0.15 1.58 (0.97–2.58) 0.066 1.52 (0.89–2.57) 0.12

Isoleucine 1.25 (1.02–1.52) 0.031* 1.08 (0.87–1.35) 0.47 1.31 (0.97–1.77) 0.074 1.20 (0.86–1.67) 0.29

C50:2 triacylglycerol 1.32 (1.02–1.72) 0.035* 1.18 (0.87–1.59) 0.29 1.23 (0.79–1.91) 0.351 1.18 (0.72–1.93) 0.52

C52:1 triacylglycerol 1.33 (1.02–1.73) 0.035* 1.18 (0.87–1.60) 0.30 1.18 (0.76–1.83) 0.462 1.11 (0.67–1.82) 0.69

C52:0 triacylglycerol 1.31 (1.02–1.68) 0.037* 1.22 (0.91–1.63) 0.19 1.22 (0.80–1.87) 0.352 1.17 (0.72–1.91) 0.52

C38:4 phosphatidylethanolamine 1.31 (1.01–1.69) 0.039* 1.21 (0.92–1.61) 0.18 1.33 (0.87–2.03) 0.184 1.31 (0.83–2.08) 0.25

C54:2 triacylglycerol 1.31 (1.01–1.70) 0.042* 1.09 (0.81–1.47) 0.57 1.23 (0.79–1.93) 0.358 1.08 (0.66–1.78) 0.76

C36:1 phosphatidylethanolamine 1.33 (1.01–1.75) 0.044* 1.15 (0.85–1.56) 0.35 1.32 (0.84–2.07) 0.226 1.20 (0.73–1.95) 0.47

C34:0 phosphatidylinositol 0.83 (0.65–1.07) 0.150 0.82 (0.63–1.07) 0.15 0.68 (0.47–0.99) 0.046* 0.72 (0.48–1.07) 0.11

C3 carnitine 1.12 (0.91–1.37) 0.277 1.02 (0.82–1.27) 0.85 1.41 (1.04–1.91) 0.026* 1.34 (0.97–1.85) 0.07

C36:0 phosphatidylethanolamine 0.91 (0.70–1.19) 0.499 0.86 (0.65–1.14) 0.28 0.64 (0.41–0.99) 0.046* 0.59 (0.36–0.94) 0.03*

The basic model adjusted for age and sex; the full model adjusted for age, sex, body mass index, alcohol consumption, smoking status, and fasting status. CI indicates confidence interval;
OR, odds ratio; PE, pulmonary embolism; VTE, venous thromboembolism.
*P<0.05.
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the complex dynamics between BMI, metabolomic profile, and
VTE, the modest effect of a single metabolite is likely to be
masked by the strong main effect of BMI with our current
sample size. This is also partly reflected by the lack of
mediation effect (ie, the effect of BMI did not change when
adjusting for individual metabolites). Therefore, larger studies
are needed to confirm our preliminary findings. Larger studies
would also help mitigate confounding by BMI through, for
example, well-powered subgroup analysis stratified by BMI.

Our study has several strengths. The combination of
phenotype, robust longitudinal data on environmental expo-
sures, and prospectively collected plasma samples with well-
measured metabolites minimizes the possibility of reverse
causality. The wealth of detailed lifestyle covariates assem-
bled by NHS and HPFS also enables us to adjust for multiple
key confounders, such as age, sex, BMI, smoking, and alcohol
use, which earlier studies did not have the opportunity to
adjust for. Our results support the important role BMI plays
both as a crucial predictor for VTE and an essential
confounder in studies of lipids, and they stress the need to
control metabolomic analyses for BMI. We also performed 2
sensitivity analyses, and findings from the complete case
analysis are robust in both sensitivity analyses, lending
support to the veracity of our results.

Nevertheless, there are several limitations to be acknowl-
edged in addition to the power issue. It is possible that
misclassification could be introduced by self-reported VTE
status. However, all our subjects are health professionals and
phenotype status is collected within a short period after disease
onset, so we believe that the likelihood of bias is low.13 In
addition, the need for prolonged, frequently monitored antico-
agulant treatment reduces the likelihood that a health profes-
sional would misreport a VTE diagnosis. It is also possible that
metabolites measured several years before a VTE event may not
represent the pathophysiologic state just preceding the VTE.
However, metabolites may reflect processes that increase the
risk of disease over time. Moreover, in previous studies, we have
assessed the ICCs to assess the stability of 233 known
metabolites among 594 control subjects with 2 blood samples
collected 10 years apart. The median ICC over 10 years was
0.37 (10th–90th percentile, 0.08–0.55), and 44% of metabolites
had ICCs ≥0.4. The branched chain amino acids (leucine,
isoleucine, and valine) each had ICCs=0.5. This level of
reproducibility is similar to that found for other biological
variables, such as blood pressure (ICC=0.6),51 blood glucose
(ICC=0.52),52 and serum cholesterol (ICC=0.65),53 all exposures
considered to be reasonably well-measured and consistent
predictors of disease in epidemiologic studies. It is also possible
that issues related to preprocessing of blood can attenuate
metabolite estimates. We have studied this in our previous work.
Our group quantified 257 metabolites from archived cohort
plasma samples and found that 75% were reproducible over

delays in preprocessing (Spearman correlation or ICC ≥0.75, for
immediate versus 24-hour delayed processing). We also com-
pared metabolites across fasting time, season of blood collec-
tion, and time of day of blood collection and found that
multivariable-adjusted geometric mean metabolite peak areas
were within 15% across these parameters for nearly all
metabolites (160/166 [96%]).29 Last, metabolites included in
the current study are performed on the Broad Institute platform,
which is weighted toward lipids. We acknowledge that lipidsmay
not be as strongly associated with VTE as other metabolite
classes, and the lack of standardization across metabolomics
platforms makes the generalizability of results challenging.
Future work should focus on other metabolite classes.

Conclusions
Circulating metabolites, including a short-chain carnitine and
possibly diacylglycerols, appear to be associated with risk of
incident VTE, although the associations we observed may be
confounded by BMI. Larger studies involving additional
individuals and with broader metabolomics coverage are
needed to confirm our findings, enhance the generalizability of
results, and deepen our understanding of VTE risk.
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Supplemental Material 



Table S1. The 211 named metabolites and their category. 
Category Metabolites 

Carnitine 

C2 carnitine, C16 carnitine, C10 carnitine, C5 carnitine, C6 carnitine, C8 carnitine, C3 carnitine, 
C18 carnitine, C4 carnitine, C14:1 carnitine, C12 carnitine, C5:1 carnitine, C18:1 carnitine, C14 
carnitine, C26 carnitine, C18:2 carnitine, C4-OH carnitine, C9 carnitine, C10:2 carnitine, C12:1 

carnitine, C14:2 carnitine, carnitine 

Cholesteryl ester (CE) 
C18:2 CE, C16:1 CE, C16:0 CE, C18:1 CE, C14:0 CE, C20:4 CE, C20:5 CE, C22:6 CE, C20:3 CE, 

C18:0 CE, C18:3 CE, C22:5 CE 

Diacylglycerol (DAG) 
C30:0 DAG, C32:0 DAG, C32:1 DAG, C34:1 DAG, C34:2 DAG, C32:2 DAG, C34:3 DAG, C38:5 

DAG, C36:1 DAG, C36:2 DAG, C36:3 DAG, C36:4 DAG 

Lysophosphatidylcholine (LPC) 
C18:1 LPC, C14:0 LPC, C16:0 LPC, C16:1 LPC, C18:0 LPC, C18:2 LPC, C20:4 LPC, C20:5 LPC, 

C22:6 LPC 
Lysophosphatidylethanolamine 

(LPE) 
C18:0 LPE, C16:0 LPE, C18:1 LPE, C18:2 LPE, C20:4 LPE, C22:6 LPE 

Phosphatidylcholine (PC) 

C30:0 PC, C30:1 PC, C32:0 PC, C32:1 PC, C32:2 PC, C34:4 PC, C34:0 PC, C34:1 PC, C34:2 PC, 
C36:4 PC-A, C38:6 PC, C34:3 PC, C36:0 PC, C36:1 PC, C36:2 PC, C38:3 PC, C38:4 PC, C40:6 PC, 

C36:3 PC, C36:4 PC-B, C38:2 PC, C40:10 PC, C40:9 PC, C34:1 PC plasmalogen-A, C34:2 PC 
plasmalogen, C34:3 PC plasmalogen, C34:5 PC plasmalogen, C36:5 PC plasmalogen-B,  C36:5 

PC plasmalogen-A, C38:7 PC plasmalogen, C36:1 PC plasmalogen, C36:2 PC plasmalogen, 
C36:3 PC plasmalogen, C38:4 PC plasmalogen, C40:7 PC plasmalogen, C36:4 PC plasmalogen 

Lysophosphatidylethanolamie (PE) 

C34:0 PE, C34:2 PE, C36:4 PE, C38:2 PE, C34:2 PE plasmalogen, C36:0 PE, C36:1 PE, C36:2 PE, 
C38:4 PE, C40:6 PE, C36:3 PE, C38:5 PE, C36:2 PE plasmalogen, C38:6 PE, C34:3 PE 

plasmalogen, C38:3 PE plasmalogen, C38:5 PE plasmalogen, C38:6 PE plasmalogen, C40:7 PE 
plasmalogen, C36:5 PE plasmalogen, C38:7 PE plasmalogen, C36:3 PE plasmalogen, C36:4 PE 

plasmalogen 
Sphingomyeline (SM) C18:0 SM, C16:0 SM, C24:0 SM, C14:0 SM, C20:0 SM, C22:0 SM, C22:1 SM 

Triacylglycerol (TAG) 

C48:0 TAG, C50:0 TAG, C48:1 TAG, C50:1 TAG, C52:4 TAG, C52:0 TAG, C52:1 TAG, C52:2 TAG, 
C54:4 TAG, C48:2 TAG, C50:2 TAG, C52:3 TAG, C54:5 TAG, C56:8 TAG, C54:1 TAG, C54:2 TAG, 
C56:2 TAG, C54:3 TAG, C56:5 TAG, C56:3 TAG, C58:8 TAG, C48:3 TAG, C50:3 TAG, C50:4 TAG, 

C52:6 TAG, C56:9 TAG, C56:6 TAG, C56:7 TAG, C58:9 TAG, C58:7 TAG, C60:12 TAG, C46:0 TAG, 
C46:1 TAG, C46:2 TAG, C50:5 TAG, C50:6 TAG, C54:9 TAG, C56:10 TAG, C52:7 TAG, C54:8 TAG, 

C58:11 TAG, C44:0 TAG 

Others 

β-alanie derivative N-carbamoyl-beta-alanine 

Nitrogenous organic acid creatine 

Amino acid glycine 
derivative 

dimethylglycine 

Amino acid 
glycine, glutamate, tyrosine, phenylalanine, alanine, threonine, asparagine, isoleucine, 

histidine, lysine, serine, ornithine, arginine, glutamine, leucine, methionine, kynurenic acid, 
pipecolic acid, hydroxyproline, valine, citrulline, tryptophan 

organic compound, 
constituent of bile 

taurine 

Diureide of glyoxylic acid allantoin 

Metabolite of 
nicotinamide 

1-methylnicotinamide 

Carboxylic acid of 
piperidine 

pipecolic acid 

TMAO trimethylamine-N-oxide 

Alkaloid found in tobacco cotinine 

Vitamin niacinamide 

Modified nucleosides 1-methyladenosine 

Ceramide C16:0 Ceramide (d18:1), C22:0 Ceramide (d18:1), C24:0 Ceramide (d18:1) 

Phosphatidylserine C40:6 PS, C34:0 PS, C34:0 PI 

N-monomethyl-L-arginine NMMA 

 
 
 



Table S2. HMDB IDs and metabolite names. 
HMDB METABOLITE 

HMDB00026 N-carbamoyl-beta-alanine 
HMDB00062 carnitine 
HMDB00064 creatine 
HMDB00092 dimethylglycine 
HMDB00123 glycine 
HMDB00148 glutamate 
HMDB00158 tyrosine 
HMDB00159 phenylalanine 
HMDB00161 alanine 
HMDB00167 threonine 
HMDB00168 asparagine 
HMDB00172 isoleucine 
HMDB00177 histidine 
HMDB00182 lysine 
HMDB00187 serine 
HMDB00201 C2 carnitine 
HMDB00214 ornithine 
HMDB00222 C16 carnitine 
HMDB00251 taurine 
HMDB00252 sphingosine 
HMDB00462 allantoin 
HMDB00517 arginine 
HMDB00610 C18:2 CE 
HMDB00641 glutamine 
HMDB00651 C10 carnitine 
HMDB00658 C16:1 CE 
HMDB00687 leucine 
HMDB00688 C5 carnitine 
HMDB00696 methionine 
HMDB00699 1-methylnicotinamide 
HMDB00705 C6 carnitine 
HMDB00715 kynurenic acid 
HMDB00716 pipecolic acid 
HMDB00725 hydroxyproline 
HMDB00791 C8 carnitine 
HMDB00824 C3 carnitine 
HMDB00848 C18 carnitine 
HMDB00883 valine 
HMDB00885 C16:0 CE 
HMDB00904 citrulline 
HMDB00918 C18:1 CE 
HMDB00925 trimethylamine-N-oxide 
HMDB00929 tryptophan 
HMDB01046 cotinine 
HMDB01348 C18:0 SM 
HMDB01406 niacinamide 
HMDB02013 C4 carnitine 
HMDB02014 C14:1 carnitine 
HMDB02250 C12 carnitine 
HMDB02366 C5:1 carnitine 
HMDB02815 C18:1 LPC 
HMDB03331 1-methyladenosine 
HMDB04949 C16:0 Ceramide (d18:1) 
HMDB04952 C22:0 Ceramide (d18:1) 
HMDB04956 C24:0 Ceramide (d18:1) 
HMDB05065 C18:1 carnitine 



HMDB05066 C14 carnitine 
HMDB05356 C48:0 TAG 
HMDB05357 C50:0 TAG 
HMDB05359 C48:1 TAG 
HMDB05360 C50:1 TAG 
HMDB05363 C52:4 TAG 
HMDB05365 C52:0 TAG 
HMDB05367 C52:1 TAG 
HMDB05369 C52:2 TAG 
HMDB05370 C54:4 TAG 
HMDB05376 C48:2 TAG 
HMDB05377 C50:2 TAG 
HMDB05384 C52:3 TAG 
HMDB05385 C54:5 TAG 
HMDB05392 C56:8 TAG 
HMDB05395 C54:1 TAG 
HMDB05403 C54:2 TAG 
HMDB05404 C56:2 TAG 
HMDB05405 C54:3 TAG 
HMDB05406 C56:5 TAG 
HMDB05410 C56:3 TAG 
HMDB05413 C58:8 TAG 
HMDB05432 C48:3 TAG 
HMDB05433 C50:3 TAG 
HMDB05435 C50:4 TAG 
HMDB05436 C52:6 TAG 
HMDB05448 C56:9 TAG 
HMDB05456 C56:6 TAG 
HMDB05462 C56:7 TAG 
HMDB05463 C58:9 TAG 
HMDB05471 C58:7 TAG 
HMDB05478 C60:12 TAG 
HMDB06347 C26 carnitine 
HMDB06469 C18:2 carnitine 
HMDB06725 C14:0 CE 
HMDB06726 C20:4 CE 
HMDB06731 C20:5 CE 
HMDB06733 C22:6 CE 
HMDB06736 C20:3 CE 
HMDB07011 C30:0 DAG 
HMDB07098 C32:0 DAG 
HMDB07099 C32:1 DAG 
HMDB07102 C34:1 DAG 
HMDB07103 C34:2 DAG 
HMDB07128 C32:2 DAG 
HMDB07132 C34:3 DAG 
HMDB07199 C38:5 DAG 
HMDB07216 C36:1 DAG 
HMDB07218 C36:2 DAG 
HMDB07219 C36:3 DAG 
HMDB07248 C36:4 DAG 
HMDB07869 C30:0 PC 
HMDB07870 C30:1 PC 
HMDB07871 C32:0 PC 
HMDB07873 C32:1 PC 
HMDB07874 C32:2 PC 
HMDB07883 C34:4 PC 
HMDB07970 C34:0 PC 



HMDB07972 C34:1 PC 
HMDB07973 C34:2 PC 
HMDB07983 C36:4 PC-A 
HMDB07991 C38:6 PC 
HMDB08006 C34:3 PC 
HMDB08036 C36:0 PC 
HMDB08038 C36:1 PC 
HMDB08039 C36:2 PC 
HMDB08047 C38:3 PC 
HMDB08048 C38:4 PC 
HMDB08057 C40:6 PC 
HMDB08105 C36:3 PC 
HMDB08138 C36:4 PC-B 
HMDB08270 C38:2 PC 
HMDB08511 C40:10 PC 
HMDB08731 C40:9 PC 
HMDB08925 C34:0 PE 
HMDB08928 C34:2 PE 
HMDB08937 C36:4 PE 
HMDB08942 C38:2 PE 
HMDB08952 C34:2 PE plasmalogen 
HMDB08991 C36:0 PE 
HMDB08993 C36:1 PE 
HMDB08994 C36:2 PE 
HMDB09003 C38:4 PE 
HMDB09012 C40:6 PE 
HMDB09060 C36:3 PE 
HMDB09069 C38:5 PE 
HMDB09082 C36:2 PE plasmalogen 
HMDB09102 C38:6 PE 
HMDB09805 C34:0 PI 
HMDB10167 C40:6 PS 
HMDB10169 C16:0 SM 
HMDB10368 C18:0 CE 
HMDB10370 C18:3 CE 
HMDB10375 C22:5 CE 
HMDB10379 C14:0 LPC 
HMDB10382 C16:0 LPC 
HMDB10383 C16:1 LPC 
HMDB10384 C18:0 LPC 
HMDB10386 C18:2 LPC 
HMDB10395 C20:4 LPC 
HMDB10397 C20:5 LPC 
HMDB10404 C22:6 LPC 
HMDB10411 C46:0 TAG 
HMDB10412 C46:1 TAG 
HMDB10419 C46:2 TAG 
HMDB10471 C50:5 TAG 
HMDB10497 C50:6 TAG 
HMDB10498 C54:9 TAG 
HMDB10513 C56:10 TAG 
HMDB10517 C52:7 TAG 
HMDB10518 C54:8 TAG 
HMDB10531 C58:11 TAG 
HMDB11130 C18:0 LPE 
HMDB11208 C34:1 PC plasmalogen-A 
HMDB11210 C34:2 PC plasmalogen 
HMDB11211 C34:3 PC plasmalogen 



HMDB11214 C34:5 PC plasmalogen 
HMDB11220 C36:5 PC plasmalogen-B 
HMDB11221 C36:5 PC plasmalogen-A 
HMDB11229 C38:7 PC plasmalogen 
HMDB11241 C36:1 PC plasmalogen 
HMDB11243 C36:2 PC plasmalogen 
HMDB11244 C36:3 PC plasmalogen 
HMDB11252 C38:4 PC plasmalogen 
HMDB11294 C40:7 PC plasmalogen 
HMDB11310 C36:4 PC plasmalogen 
HMDB11343 C34:3 PE plasmalogen 
HMDB11384 C38:3 PE plasmalogen 
HMDB11386 C38:5 PE plasmalogen 
HMDB11387 C38:6 PE plasmalogen 
HMDB11394 C40:7 PE plasmalogen 
HMDB11410 C36:5 PE plasmalogen 
HMDB11420 C38:7 PE plasmalogen 
HMDB11441 C36:3 PE plasmalogen 
HMDB11442 C36:4 PE plasmalogen 
HMDB11503 C16:0 LPE 
HMDB11506 C18:1 LPE 
HMDB11507 C18:2 LPE 
HMDB11517 C20:4 LPE 
HMDB11526 C22:6 LPE 
HMDB11697 C24:0 SM 
HMDB12097 C14:0 SM 
HMDB12102 C20:0 SM 
HMDB12103 C22:0 SM 
HMDB12104 C22:1 SM 
HMDB12356 C34:0 PS 
HMDB13127 C4-OH carnitine 
HMDB13130 C5-DC carnitine 
HMDB13238 C7 carnitine 
HMDB13288 C9 carnitine 
HMDB13325 C10:2 carnitine 
HMDB13326 C12:1 carnitine 
HMDB13331 C14:2 carnitine 
HMDB29416 NMMA 
HMDB42063 C44:0 TAG 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S3. Results from mediation analysis for BMI, each of the 60 significant metabolites and VTE, PE. 

Metabolites 

VTE PE 

ACME P-value ADE P-value Proportion 
P-

value 
ACME P-value ADE P-value Proportion P-value 

glycine 
-9.37E-

06 
0.652 0.000403194 <2e-16 -0.02 0.652 5.77E-06 0.586 0.000168234 <2e-16 0.03 0.586 

glutamate 6.48E-06 0.772 0.000385596 <2e-16 0.01 0.772 -5.50E-06 0.638 0.000181501 <2e-16 -0.03 0.638 

alanine 1.75E-05 0.376 0.000373343 <2e-16 0.04 0.376 1.35E-06 0.924 0.000171261 <2e-16 0.01 0.924 

isoleucine 2.58E-05 0.244 0.000365244 <2e-16 0.06 0.244 9.00E-06 0.456 0.000163253 <2e-16 0.05 0.456 

leucine 1.39E-05 0.542 0.000382088 <2e-16 0.04 0.542 1.17E-05 0.334 0.000160512 <2e-16 0.06 0.334 

C5 carnitine 3.60E-05 0.044 0.000353015 <2e-16 0.09 0.044 9.95E-06 0.286 0.000162819 <2e-16 0.06 0.286 

kynurenic acid 1.27E-05 0.178 0.000377335 <2e-16 0.03 0.178 2.98E-06 0.544 0.000170201 <2e-16 0.02 0.544 

hydroxyproline 6.75E-06 0.072 0.000387503 <2e-16 0.02 0.072 1.14E-06 0.548 0.000173619 <2e-16 0.01 0.548 

C3 carnitine 1.89E-05 0.248 0.000373264 <2e-16 0.04 0.248 1.34E-05 0.062 0.000156661 <2e-16 0.08 0.062 

C18 carnitine 7.55E-06 0.162 0.00038604 <2e-16 0.02 0.162 5.71E-06 0.046 0.00016762 <2e-16 0.03 0.046 

valine 2.03E-05 0.466 0.00037225 <2e-16 0.05 0.466 1.76E-05 0.226 0.000155549 <2e-16 0.10 0.226 

trimethylamine-N-oxide 7.98E-06 0.052 0.0003824 <2e-16 0.02 0.052 2.58E-06 0.256 0.000173467 <2e-16 0.01 0.256 

tryptophan 5.45E-06 0.058 0.000390215 <2e-16 0.01 0.058 3.35E-06 0.014 0.000169348 <2e-16 0.02 0.014 

1-methyladenosine 1.24E-05 0.558 0.000380257 <2e-16 0.03 0.558 -1.03E-05 0.336 0.000183727 <2e-16 -0.05 0.336 

C48:1 TAG 4.70E-05 0.298 0.000436683 <2e-16 0.08 0.298 2.00E-05 0.404 0.000178844 <2e-16 0.09 0.404 

C50:1 TAG 5.84E-05 0.282 0.000429473 <2e-16 0.10 0.282 2.33E-05 0.374 0.000178208 <2e-16 0.11 0.374 

C52:4 TAG 3.01E-05 0.326 0.000459813 <2e-16 0.05 0.326 2.72E-05 0.13 0.000170521 <2e-16 0.13 0.13 

C52:0 TAG 3.69E-05 0.272 0.000443208 <2e-16 0.07 0.272 1.10E-05 0.572 0.000193058 <2e-16 0.05 0.572 

C52:1 TAG 6.78E-05 0.164 0.000421439 <2e-16 0.12 0.164 2.77E-05 0.234 0.000171331 <2e-16 0.12 0.234 

C52:2 TAG 8.94E-05 0.126 0.000399531 <2e-16 0.15 0.126 3.83E-05 0.228 0.000159564 <2e-16 0.18 0.228 

C48:2 TAG 6.92E-05 0.128 0.000413699 <2e-16 0.13 0.128 2.84E-05 0.208 0.000171427 <2e-16 0.13 0.208 

C50:2 TAG 6.96E-05 0.198 0.000416946 <2e-16 0.12 0.198 3.32E-05 0.196 0.000169306 <2e-16 0.15 0.196 

C52:3 TAG 5.18E-05 0.328 0.000439249 0.002 0.09 0.328 3.94E-05 0.158 0.000158253 <2e-16 0.19 0.158 

C54:5 TAG 1.61E-05 0.298 0.000472607 <2e-16 0.03 0.298 1.32E-05 0.18 0.000192021 <2e-16 0.06 0.18 

C54:1 TAG 5.96E-05 0.098 0.000425868 <2e-16 0.10 0.098 1.76E-05 0.362 0.000182034 <2e-16 0.07 0.362 

C54:2 TAG 5.93E-05 0.138 0.000426545 <2e-16 0.11 0.138 2.32E-05 0.272 0.000175867 <2e-16 0.10 0.272 

C48:3 TAG 6.75E-05 0.112 0.000416106 0.002 0.12 0.112 3.75E-05 0.05 0.000159395 <2e-16 0.17 0.05 

C50:3 TAG 8.60E-05 0.1 0.000395266 0.002 0.15 0.1 5.27E-05 0.044 0.000140761 0.002 0.24 0.044 

C50:4 TAG 5.91E-05 0.146 0.000420643 <2e-16 0.11 0.146 4.28E-05 0.044 0.000150813 <2e-16 0.20 0.044 

C52:6 TAG 2.11E-05 0.482 0.000465804 <2e-16 0.03 0.482 2.38E-05 0.108 0.000172855 <2e-16 0.11 0.108 

C20:5 CE 2.06E-06 0.598 0.000484413 <2e-16 0.00 0.598 1.52E-06 0.506 0.000200295 <2e-16 0.01 0.506 

C30:0 DAG 3.95E-05 0.322 0.000451022 <2e-16 0.07 0.322 1.18E-05 0.584 0.000191279 <2e-16 0.06 0.584 

C32:0 DAG 4.34E-05 0.368 0.000450239 <2e-16 0.07 0.368 1.41E-05 0.54 0.000188898 0.002 0.06 0.54 

C32:1 DAG 7.71E-05 0.12 0.000404717 <2e-16 0.14 0.12 3.31E-05 0.202 0.000163808 <2e-16 0.15 0.202 

C34:1 DAG 9.06E-05 0.07 0.000399024 0.002 0.16 0.07 3.29E-05 0.22 0.000165704 <2e-16 0.15 0.22 

C34:2 DAG 8.39E-05 0.07 0.000395183 0.002 0.15 0.07 4.44E-05 0.068 0.000150325 <2e-16 0.21 0.068 

C32:2 DAG 6.77E-05 0.134 0.000417143 <2e-16 0.12 0.134 2.29E-05 0.322 0.000178658 <2e-16 0.11 0.322 

C34:3 DAG 8.14E-05 0.082 0.000402247 0.002 0.15 0.082 4.10E-05 0.124 0.000155848 <2e-16 0.19 0.124 

C38:5 DAG 5.56E-05 0.132 0.000429548 <2e-16 0.10 0.132 1.95E-05 0.376 0.000184155 <2e-16 0.08 0.376 

C36:1 DAG 8.14E-05 0.084 0.000404309 0.002 0.14 0.084 2.83E-05 0.174 0.000172123 <2e-16 0.12 0.174 

C36:2 DAG 7.21E-05 0.094 0.000407986 <2e-16 0.13 0.094 3.66E-05 0.132 0.000163666 <2e-16 0.16 0.132 

C36:3 DAG 4.50E-05 0.19 0.000441522 <2e-16 0.08 0.19 3.06E-05 0.096 0.000168346 0.002 0.14 0.096 

C36:4 DAG 2.30E-05 0.398 0.00046596 <2e-16 0.04 0.398 2.22E-05 0.106 0.000174988 <2e-16 0.10 0.106 

C38:3 PC 3.45E-05 0.512 0.000456829 <2e-16 0.06 0.512 2.32E-05 0.228 0.000174336 <2e-16 0.11 0.228 

C38:2 PC 2.17E-05 0.084 0.00046759 <2e-16 0.04 0.084 1.33E-05 0.056 0.000189686 <2e-16 0.05 0.056 

C34:2 PE 3.46E-05 0.112 0.000452057 <2e-16 0.06 0.112 2.62E-05 0.014 0.000177214 <2e-16 0.11 0.014 

C36:4 PE 2.81E-05 0.098 0.000455749 <2e-16 0.05 0.098 1.26E-05 0.2 0.000195204 <2e-16 0.05 0.2 

C36:1 PE 6.25E-05 0.024 0.000424293 <2e-16 0.11 0.024 2.70E-05 0.038 0.000176214 <2e-16 0.12 0.038 

C36:2 PE 4.17E-05 0.082 0.000448316 <2e-16 0.07 0.082 2.58E-05 0.034 0.000177997 <2e-16 0.11 0.034 

C38:4 PE 4.31E-05 0.098 0.000449684 <2e-16 0.07 0.098 1.53E-05 0.252 0.000187156 <2e-16 0.06 0.252 

C36:3 PE 1.12E-05 0.116 0.000478056 <2e-16 0.02 0.116 8.22E-06 0.044 0.000197157 <2e-16 0.03 0.044 

C22:5 CE 2.59E-05 0.274 0.000464102 <2e-16 0.04 0.274 2.07E-05 0.086 0.000186538 <2e-16 0.09 0.086 

C14:0 LPC 3.22E-05 0.018 0.000412794 <2e-16 0.07 0.018 9.68E-06 0.12 0.000171196 <2e-16 0.05 0.12 

C20:5 LPC 4.13E-05 0.18 0.000454074 <2e-16 0.07 0.18 1.18E-05 0.426 0.000188712 <2e-16 0.06 0.426 

C46:1 TAG 5.12E-05 0.196 0.000434946 <2e-16 0.10 0.196 2.05E-05 0.288 0.000178482 <2e-16 0.09 0.288 

C46:2 TAG 5.24E-05 0.142 0.00042803 <2e-16 0.10 0.142 2.48E-05 0.186 0.000174436 0.002 0.11 0.186 

C50:5 TAG 3.72E-05 0.288 0.000446671 <2e-16 0.06 0.288 3.05E-05 0.082 0.000162244 <2e-16 0.14 0.082 

C36:1 PC plasmalogen 3.04E-05 0.222 0.000457777 <2e-16 0.06 0.222 1.21E-05 0.28 0.000191468 <2e-16 0.06 0.28 

C36:3 PC plasmalogen 3.19E-05 0.344 0.000455781 <2e-16 0.06 0.344 -1.47E-06 0.946 0.00020401 <2e-16 0.00 0.946 

C4-OH carnitine 1.68E-05 0.28 0.000375545 <2e-16 0.04 0.28 7.88E-06 0.322 0.000167538 <2e-16 0.04 0.322 

 
 
 
 
 



Figure S1. Flow chart of current study. 
 

 
 
 

 

 

NHS started in 1976 
121,700 female nurses completed an 
initial questionnaire; 

Blood samples were collected from 
32,826 participants during 1989-1990. 

 
 

 

  

 

 NHSII started in 1989 
116,429 female nurses completed an 
initial questionnaire; 

Blood samples were collected from 
29,611 participants during 1996-1999. 

 
 

HPFS started in 1986 
51,529 male health professionals 
completed an initial questionnaire; 

Blood samples were collected from 
18,225 participants during 1993-1995. 

 
 

All participants were followed up by questionnaires every two years; 

Free of cardiovascular disease at the time of blood draw;  

We selected self-reported VTE or PE, and sampled their controls; 

 

  

1006 incident VTE 

cases, and their controls 

 

766 incident VTE 
cases, and their controls 

 

 

  

 

A total of 240 incident VTE or PE 

cases, and 6963 controls. 

  

Several case-control studies (amyotrophic lateral sclerosis, breast cancer, diabetes, 

metabolic syndrome, ovarian cancer, pancreatic cancer, Parkinson’s disease, prostate 

cancer, rheumatoid arthritis, chronic stress) were established previously, the 

participants’ blood samples were sent for metabolomics assay.  

Combine the VTE cohorts with case-control studies. 

Those phenotypes include:  

 

488 incident VTE 

cases, and their controls 
 

109 VTE cases and 2777 

controls w questionnaire 

& metabolomics data 

 

70 VTE cases and 1219 

controls w questionnaire 

& metabolomics data 

 

  
 

61 VTE cases and 2967 

controls w questionnaire 

& metabolomics data 
 

 


