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ORIGINAL RESEARCH

Plasma Trimethylamine-N-Oxide 
and Incident Ischemic Stroke: The 
Cardiovascular Health Study and the  
Multi-Ethnic Study of Atherosclerosis
Rozenn N. Lemaitre , PhD; Paul N. Jensen , PhD; Zeneng Wang , PhD; Amanda M. Fretts , PhD; 
Colleen M. Sitlani , PhD; Ina Nemet , PhD; Nona Sotoodehnia , MD; Marcia C. de Oliveira Otto , PhD; 
Weifei Zhu , PhD; Matt Budoff , MD; W. T. Longstreth, MD; Bruce M. Psaty , MD, PhD; 
David S. Siscovick , MD; Stanley L. Hazen , MD, PhD; Dariush Mozaffarian , MD, DrPH

BACKGROUND: The association of circulating trimethylamine-N-oxide (TMAO) with stroke has received limited attention. To ad-
dress this gap, we examined the associations of serial measures of plasma TMAO with incident ischemic stroke.

METHODS AND RESULTS: We used a prospective cohort design with data pooled from 2 cohorts. The settings were the CHS 
(Cardiovascular Health Study), a cohort of older adults, and the MESA (Multi-Ethnic Study of Atherosclerosis), both in the United 
States. We measured plasma concentrations of TMAO at baseline and again during the follow-up using high-performance 
liquid chromatography and mass spectrometry. We assessed the association of plasma TMAO with incident ischemic stroke 
using proportional hazards regression adjusted for risk factors.

The combined cohorts included 11 785 participants without a history of stroke, on average 73 (CHS) and 62 (MESA) years 
old at baseline, including 60% (CHS) and 53% (MESA) women. We identified 1031 total incident ischemic strokes during a 
median 15-year follow-up in the combined cohorts. In multivariable analyses, TMAO was significantly associated with incident 
ischemic stroke risk (hazard ratios comparing a doubling of TMAO: 1.11 [1.03–1.18], P=0.004). The association was linear over 
the range of TMAO concentrations and appeared restricted to those without diagnosed coronary heart disease. An associa-
tion with hemorrhagic stroke was not found.

CONCLUSIONS: Plasma TMAO levels are associated with incident ischemic stroke in a diverse population.

REGISTRATION: URL: https://www.clini​caltr​ials.gov. Unique identifier: NCT00005133.

Key Words: epidemiology ■ risk factors ■ stroke ■ TMAO

Despite a falling mortality rate in recent years, 
stroke remains a heavy burden, especially in the 
elderly.1 Identification of novel modifiable bio-

markers associated with stroke risk is of considerable 
public health importance.

Plasma trimethylamine-N-oxide (TMAO) is a bio-
marker of diet and metabolism, originating from the 
dietary precursors carnitine, choline, and betaine,2 
or directly from fish and shellfish.3 Carnitine, choline, 
and betaine are converted to trimethylamine by the gut 

Correspondence to: Rozenn N. Lemaitre, PhD, University of Washington, Box 359458, 4333 Brooklyn Ave NE, Seattle, WA 98195. Email: rozenl@uw.edu

Supplemental Material is available at https://www.ahajo​urnals.org/doi/suppl/​10.1161/JAHA.122.029230

This manuscript was sent to Jose R. Romero, MD, Associate Editor, for review by expert referees, editorial decision, and final disposition.

For Sources of Funding and Disclosures, see page 8.

© 2023 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-7038-1844
mailto:
https://orcid.org/0000-0001-5836-821X
https://orcid.org/0000-0002-6455-8228
https://orcid.org/0000-0002-5358-2345
https://orcid.org/0000-0001-7656-7482
https://orcid.org/0000-0002-0657-7121
https://orcid.org/0000-0002-2705-6237
https://orcid.org/0000-0002-4585-0688
https://orcid.org/0000-0003-4355-134X
https://orcid.org/0000-0002-9616-1946
https://orcid.org/0000-0002-7278-2190
https://orcid.org/0000-0003-0461-175X
https://orcid.org/0000-0001-7124-6639
https://orcid.org/0000-0001-7958-9492
https://www.clinicaltrials.gov
mailto:rozenl@uw.edu
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.122.029230
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2023;12:e029230. DOI: 10.1161/JAHA.122.029230� 2

Lemaitre et al� TMAO and Stroke

microbiota, and trimethylamine is converted to TMAO 
postabsorption by the liver flavin monooxygenases.4,5 
Foods rich in TMAO precursors, such as red meat 
(carnitine, choline) and eggs (choline), as well as sea-
food increase TMAO levels in dietary interventions.2,6,7

In experimental studies, TMAO promotes athero-
sclerosis and related pathways.8–11 In particular, dietary 
choline or TMAO in mice result in increased plasma 
TMAO and increased atherosclerotic plaques, and in 
subjects undergoing coronary angiography, TMAO 
levels correlate with the extent of vessel disease.8,12 
TMAO also increases foam cell formation in macro-
phages and impairs reverse cholesterol transport in 
mice.13 Therefore we hypothesize that TMAO will be 
associated with risk of incident ischemic stroke.

Plasma levels of TMAO are associated with incident 
atherosclerotic cardiovascular disease14 and all-cause 
mortality15 in the CHS (Cardiovascular Health Study), a 
population-based cohort study. Similarly, in patients with 
prevalent risk factors, TMAO is associated with risk of car-
diovascular disease and death.16–19 However, the associ-
ation of TMAO with incident stroke in population studies 
has received limited attention. To address this gap, we ob-
tained serial measurements of TMAO in 2 cohort studies, 
CHS and MESA (Multi-Ethnic Study of Atherosclerosis), 
and investigated the association of TMAO with the risk of 
incident ischemic stroke in the combined sample.

METHODS
Data Availability
The Data and Material Distribution Agreements we 
signed with CHS and MESA do not allow us to trans-
fer data to outside investigators. Further information on 
the CHS study can be found at https://chs-nhlbi.org/, 
and on the MESA study at https://www.mesa-nhlbi.
org. Source code for the analysis is in Data S1.

Study Design
We used a prospective cohort design with data pooled 
from 2 cohorts.

Study Populations
The study population consists of participants in 2 pro-
spective cohorts, CHS and MESA. CHS participants 
were recruited from 4 US communities as previously 
described.20 The cohort consists of 5201 community-
dwelling men and women, aged ≥65 years at enroll-
ment, recruited in 1989 to 1990, plus an additional 
687 predominantly Black participants recruited in 
1992 to 1993. All CHS activities are currently ap-
proved and participants appropriately consented 
under the University of Washington Institutional 
Review Board approval number STUDY00000109. 
Plasma levels of TMAO were measured in CHS 
samples collected from 5418 participants at base-
line (1989–1990/1992–1993) and again in 1996 to 
1997 for participants with a clinic visit at that time. 
Participants with a history of stroke (n=273) or antibi-
otic use (n=72) at the time of their first TMAO meas-
urement were excluded from the study, leaving 5073 
CHS participants in the analysis. Of those, 2670 par-
ticipants had 2 TMAO measurements.

MESA participants were recruited from 6 US com-
munities as previously described.21 The cohort con-
sists of 6814 men and women, aged 45 to 84 years at 
enrollment and free of clinical cardiovascular disease, 
who were recruited in 2000 to 2002. The MESA cohort 
includes 38% White, 28% Black, 22% Hispanic, and 
12% Chinese American participants. All MESA activi-
ties are currently approved and participants appropri-
ately consented under the University of Washington 
Institutional Review Board approval numbers 
STUDY00009029 and STUDY00014523. Plasma lev-
els of TMAO were measured in MESA plasma samples 
collected at baseline (2000–2002) and again in sam-
ples collected during a follow-up visit (2005–2007). 
Participants with a history of stroke (n=1), antibiotic use 
(n=71) at the time of their first TMAO measurement, 
and those with no follow-up past their TMAO (n=30) 
were excluded from the study, leaving 6712 MESA par-
ticipants in the analysis. Of those, 5265 participants 
had 2 TMAO measurements.

CLINICAL PERSPECTIVE

What Is New?
•	 We report that higher levels of plasma 

trimethylamine-N-oxide are associated with a 
greater risk of incident ischemic stroke in a di-
verse, population-based study consisting of 2 
large prospective cohorts.

What Are the Clinical Implications?
•	 In addition to its previously reported association 

with stroke severity, trimethylamine-N-oxide may 
play a role in the development of ischemic stroke.

•	 While future studies need to determine whether 
interventions aimed at lowering circulating 
trimethylamine-N-oxide reduce the risk of stroke, 
it would be prudent to limit known trimethylamine-
N-oxide sources such as red meat consumption.

Nonstandard Abbreviations and Acronyms

CHS	 Cardiovascular Health Study
MESA	 Multi-Ethnic Study of Atherosclerosis
TMAO	 trimethylamine-N-oxide

https://chs-nhlbi.org/
https://www.mesa-nhlbi.org/
https://www.mesa-nhlbi.org/
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Data Collection
CHS

Information on lifestyle and clinical risk factors was 
collected at baseline and annual study clinic visits.20 
Medication use was assessed by a validated medica-
tion inventory.22 Plasma glucose, insulin, lipids, and 
inflammatory biomarkers were assessed using enzy-
matic methods.20 Body mass index (BMI) was calcu-
lated from body weight (kg) divided by height squared 
(m2). Estimated glomerular filtration rate (eGFR) was 
calculated with an equation from the Chronic Kidney 
Disease Epidemiology Collaboration using serum cre-
atinine and cystatin C.23 Physical activity (kcal/wk) was 
assessed using a modified Minnesota Leisure-Time 
Activities questionnaire.24 Diabetes was defined by 
fasting (≥8 h) plasma glucose ≥126 mg/dL or random 
(<8 h fasting) glucose ≥200 mg/dL or new use of insu-
lin or oral hypoglycemic medication (assessed annu-
ally). Diabetes was also identified using the Centers for 
Medicare & Medicaid Services records. Diabetes from 
the Centers for Medicare & Medicaid Services records 
was defined by at least 2 inpatient (hospital, nursing 
home, or home health services) or 3 outpatient (out-
patient or carrier health services) or ≥1 inpatient and 
≥1 outpatient International Classification of Diseases, 
Ninth Revision (ICD-9) claim codes for diabetes diag-
nosis (with the prefix 250.xx) over a 2-year period.25

MESA

The design of MESA has been previously described.21 
Demographics and lifestyle factors were assessed by 
interview and questionnaires. Physical activity, meta-
bolic equivalent of task-minutes/wk, was converted to 
kcal/wk to harmonize with the CHS physical activity 
assessment. Blood pressure was the average of the 
last 2 of 3 measurements using a Dinamap automated 
blood pressure device. Total cholesterol, high-density 
lipoprotein cholesterol, and triglyceride were meas-
ured at a central core laboratory. Low-density lipopro-
tein cholesterol was calculated using the Friedewald 
equation. Diabetes was defined as a fasting glucose 
≥126 mg/dL, use of diabetes medication or insulin, or 
self-report. Medication use, BMI, and eGFR were as-
sessed by the same methods as in CHS.

Measurement of TMAO
TMAO was measured in EDTA-plasma samples that 
were stored at −80 °C. TMAO is stable during long-term 
storage at −80 °C and several freeze–thaw cycles.26 
TMAO was quantified by stable isotope dilution high-
performance liquid chromatography with online tan-
dem mass spectrometry as previously reported.2 The 
coefficients of variation of the laboratory assay across 
the study period varied over batches to a maximum of 

5.8%. The same method and laboratory were used to 
measure TMAO in the 2 cohorts’ samples.

Ascertainment of Stroke
CHS

Medical records, information from interviews, physi-
cian questionnaires, death certificates, medical ex-
aminer forms, Health Care Financing Administration 
hospitalizations, and available computed tomographic 
or magnetic resonance imaging scans were reviewed 
by centralized cardiac and stroke adjudication com-
mittees to classify events.27,28 Stroke was defined as 
a neurological deficit of rapid onset lasting longer than 
24 hours unless death supervened or as a subarach-
noid hemorrhage. Strokes were classified as ischemic 
if focal brain deficit without evidence of primary hemor-
rhage was evident; as hemorrhagic if there was bloody 
spinal fluid on lumbar puncture or evidence of blood 
in the subarachnoid space, ventricles, or parenchyma 
on brain imaging or at surgery or autopsy that did not 
appear consistent with hemorrhage into an infarction; 
or as unknown type if information was insufficient for 
classification. The committee subdivided ischemic 
stroke into 4 subtypes: small vessel, large vessel, car-
dioembolic, and other that included mostly uncertain 
subtypes. Details of the adjudication protocol can be 
found in Longstreth et al.28

MESA

Stroke events in MESA were ascertained from 
the MESA baseline to December 2018. Every 9 to 
12 months, interim hospitalization was inquired from 
study participants or their next of kin. Medical records 
and death certifications were reviewed, and stroke 
events were adjudicated by a MESA cerebrovascular 
adjudication committee. The ischemic stroke subtypes 
were classified as large vessel, extracranial; large ves-
sel, intracranial; cardioembolic; small vessel; other 
specific mechanisms; multiple mechanisms; or unde-
termined. A detailed description of the stroke subtype 
classification and adjudication protocols has been pre-
viously reported.29

Statistical Analysis
In primary analyses, we combined the CHS and 
MESA data sets with TMAO measures and har-
monized covariate adjustments. Cox proportional-
hazards regression was used with the option strata 
(cohort) to estimate the hazard ratios (HR) and 95% 
CI for incident ischemic stroke with log2[TMAO con-
centration]. The time variable in these analyses was 
time since the first TMAO measurement. Subjects re-
mained at risk until first incident stroke, or in absence 
of stroke, the earliest of death, loss to follow-up, or 
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latest date of event ascertainment (June 2015 for CHS 
and December 2018 for MESA). For participants with 
2 TMAO measurements, the value of the first meas-
urement was used as the exposure up until the time 
of the second measurement, after which time the cu-
mulative average of the 2 measurements was used as 
the exposure. Adjustment covariates were updated at 
the time of each TMAO measurement. We fit 3 pre-
specified models of adjustment. Model 1 (minimally 
adjusted) included adjustment for age, sex, race or 
ethnicity, and enrollment site. Model 2 (primary model) 
additionally adjusted for BMI, waist circumference, 
smoking status, physical activity, prevalent diabetes, 
fasting glucose, systolic blood pressure, treated hy-
pertension, low-density lipoprotein cholesterol, prev-
alent coronary heart disease (CHD), and prevalent 
atrial fibrillation. Model 3 included further adjustment 
for eGFR. The proportional hazards assumption was 
not violated as assessed with Schoenfeld residuals.30 
To test the association of TMAO with ischemic stroke 
for departure from linearity, we used the Wald test 
and cubic splines.

We explored potential effect modification by age 
(years), sex (binary), evidence of kidney disease based 
on eGFR <60 mL/min (yes/no), CHD (binary), and BMI 
(kg/m2) in models that included a multiplicative interac-
tion term between TMAO (linear variable) and the effect 
modifier Model 2 (primary model). Secondary analyses 
were conducted separately in the 2 cohorts, stratified 
on race and ethnicity and stratified on the presence or 
absence of diagnosed CHD.

Most variables had <5% missing values. Missing 
covariate data were imputed using demographic and 
risk variables using single multivariable imputation, 
which has been shown to produce very similar results 
as multiple imputation in prior analyses in MESA and 
CHS.31

The significance level of the primary test was set 
as 2-tailed-alpha = 0.05; and the significance level of 
interaction tests was set at 0.05/5 (5 effect modifiers) 
= 0.01. Analyses were performed using Stata version 
16.0 (StataCorp, College Station, TX).

RESULTS
The study included 5073 CHS participants and 6712 
MESA participants. At baseline, participant mean (SD) 
age was 73 (6) years in CHS and 62 (10) years in MESA. 
Women comprised 60% of CHS and 53% of MESA co-
horts. In CHS, 15% of participants were Black, while in 
MESA 28% were Black, 12% were Chinese American, 
and 22% were Hispanic. Characteristics of the 11 785 
combined participants in quartiles of plasma TMAO 
are shown in Figure  1. Higher TMAO concentrations 
were associated with older age, male sex, lower eGFR, 

and generally unfavorable health profile at baseline. 
The associations of TMAO with participant charac-
teristics were similar in the different race and ethnic 
groups (Figure S1).

Mean and median plasma TMAO concentrations 
were higher in CHS than MESA, likely due to older age 
and lower eGFR in CHS (Table 1). Among the race and 
ethnic groups, mean TMAO concentrations were high-
est in White (combined CHS and MESA) and Chinese 
American participants in MESA. However, adjustment 
for age and sex reduced the mean concentration in 
Chinese American participants, while the concentra-
tion in White participants remained elevated. Spearman 
correlations of TMAO at baseline with TMAO concen-
tration in plasma collected 5 to 6 years later were 0.27 
in CHS and 0.32 in MESA.

We identified 1031 cases of incident ischemic 
stroke during up to 26 years of follow-up (median 
15.3 years), 741 in CHS and 290 in MESA. Plasma 
concentrations of TMAO were associated with in-
cident ischemic stroke in the primary analysis 
(Table 2; Model 2). After multivariable adjustments, 
the HR of ischemic stroke associated with a 2-fold 
increase in TMAO concentrations was 1.11 (95% 
CI, 1.03–1.18; P=0.004). Further adjustment for 
eGFR decreased the association (Table  2; Model 
3). Further adjustment for plasma C-reactive pro-
tein, aspirin, statin, and anticoagulant use did not 
change the study results (Table S1). Point estimates 
were similar for the associations of TMAO with car-
dioembolic (HR, 1.13 [95% CI, 1.00–1.28], P=0.06) 
and noncardioembolic ischemic stroke (HR, 1.10 
[95% CI, 1.01–1.19], P=0.03). We did not observe 
departure from linearity for the TMAO-stroke asso-
ciation (Figure S2). The overall association was not 
significantly different by age, sex, BMI, or eGFR (not 
shown). However, we observed an interaction with 
baseline CHD (P value for interaction: 0.009), such 
that the association of TMAO with incident ischemic 
stroke was only observed in participants without 
baseline CHD (Table 3).

We conducted prespecified analyses stratified on 
the 4 different race or ethnicities to explore whether 
the TMAO-stroke association was similar across the 
race and ethnic groups (Figure 2 and Table S2). The 
association of TMAO with ischemic stroke in Hispanic 
participants appeared to be null; however, the P value 
for interaction of TMAO with race and ethnicity based 
on 3 degrees of freedom was 0.44.

During follow-up, 167 hemorrhagic strokes oc-
curred, 110 in CHS and 57 in MESA. In secondary 
analyses, we observed no association of plasma 
TMAO with incident hemorrhagic stroke (Table  S3). 
For example, the HR of hemorrhagic stroke associated 
with a 2-fold increase in TMAO concentrations was 
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Figure 1.  Baseline characteristics of 5073 Cardiovascular Health Study and 6712 Multi-Ethnic 
Study of Atherosclerosis participants in each cohort and across quartiles of baseline plasma 
trimethylamine-N-oxide levels in the combined 11 785 participants*.
*Mean values or % in each cohort, and in the pooled cohorts, trend values across quartiles of 
trimethylamine-N-oxide (TMAO) concentration and mean values or % in the first (Q1) and fourth (Q4) 
quartiles. Positive trends across TMAO quartiles are shown with blue lines, decreasing trends with red 
lines, and no trend with gray lines, based on univariate tests and threshold P value of 0.0015. BMI indicates 
body mass index; CHD, coronary heart disease; CHF, chronic heart failure; CHS, Cardiovascular Health 
Study; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein cholesterol; LDL, low-
density lipoprotein cholesterol; MESA, Multi-Ethnic Study of Atherosclerosis; and TMAO, trimethylamine-
N-oxide.
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0.97 (95% CI, 0.81–1.15; P=0.71) with Model 2 multi-
variate adjustment.

DISCUSSION
In this large, prospective study combining 2 community-
based cohorts with diverse populations, we observed 
a higher risk of incident ischemic stroke associated 
with elevated plasma TMAO concentrations. The as-
sociation appeared to be restricted to those without 
prevalent CHD at the time of TMAO measurement, and 
in this subgroup, the association was not attenuated 
by adjustment for eGFR. Evidence of association of 
TMAO with incident hemorrhagic stroke was not found 
in the study.

Prior evidence for an association of TMAO with 
stroke in population studies is limited. Patients with 
prevalent stroke reportedly have higher plasma TMAO 
than healthy controls, and among those with stroke, 
TMAO is associated with the stroke severity.32–34 
However, the association of TMAO with incident isch-
emic stroke has received limited attention. In a pro-
spective, case–control study nested in a 5-year trial, 
the China Stroke Primary Prevention Trial, increased 

baseline TMAO levels were associated with higher risks 
of incident total and ischemic stroke.35 In their multi-
variable analysis, an increase of 1 log unit of TMAO 
was associated with an odds ratio of ischemic stroke of 
1.22 (1.02–1.46). Median serum TMAO levels were no-
ticeably lower than in our study (2.4 versus 4.1 μmol/L 
in the pooled CHS and MESA cohorts), suggesting the 
TMAO-stroke association might extend to populations 
with different ranges of TMAO levels. The elevated point 
estimate (albeit not significant) for the TMAO-ischemic 
stroke association in Chinese Americans in our study 
together with the report from the China Stroke Primary 
Prevention Trial suggest that further studies on TMAO 
in Asian populations are warranted.

A possible mechanism underlying the association 
of TMAO with ischemic stroke might be an effect of 
TMAO on atherosclerosis. In mice, dietary supple-
mentation with TMAO has been shown to reduce 
reverse cholesterol transport, promote foam cell 
formation, and enhance atherosclerotic lesions.8,13 
Levels of TMAO also correlate with atherosclerotic 
plaque burden in subjects undergoing coronary an-
giography8 and with the number of infarcted cor-
onary arteries in patients undergoing surgery,12 
although the temporality of these associations 

Table 1.  Concentration of Plasma Trimethylamine-N-oxide (μmol/L) in the Cardiovascular Health Study, the Multi-Ethnic 
Study of Atherosclerosis, the Pooled Cohorts, and by Race or Ethnicity

N Mean (SD) Median Min-Max

Cohort

CHS 5073 7.59 (11.15) 4.84 0.01–254.99

MESA 6712 5.28 (7.17) 3.57 0.31–129.16

Pooled cohorts 11 785 6.27 (9.17) 4.07 0.01–254.99

Race or ethnicity Age- and sex-adjusted means (95% CI)

White* 6846 6.88 (9.91) 4.50 0.01–235.63 6.90 (6.67–7.12)

Black* 2634 5.68 (8.46) 3.75 0.56–254.99 5.65 (5.30–6.01)

Hispanic† 6613 5.94 (7.96) 3.91 0.01–160.09 5.07 (4.60–5.54)

Chinese American† 5172 6.70 (10.51) 4.28 0.17–254.99 5.03 (4.39–5.67)

CHS indicates Cardiovascular Health Study; and MESA, Multi-Ethnic Study of Atherosclerosis.
*Cardiovascular Health Study and Multi-Ethnic Study of Atherosclerosis.
†Multi-Ethnic Study of Atherosclerosis only.

Table 2.  Association of Plasma Trimethylamine-N-Oxide With Incident Ischemic Stroke in the Cardiovascular Health Study, 
the Multi-Ethnic Study of Atherosclerosis, and the Pooled Cohorts

Model 1 Model 2 Model 3

Total N/events Hazard ratio for a doubling of TMAO (95% CI), P value

Pooled 11 785/1031 1.15 (1.07–1.23), 5.0×10−05 1.11 (1.03–1.18), 0.004 1.07 (0.99–1.15), 0.07

CHS 5073/741 1.13 (1.05–1.22), 0.002 1.09 (1.01–1.18), 0.03 1.05 (0.97–1.14), 0.23

MESA 6712/290 1.21 (1.05–1.38), 0.007 1.15 (1.00–1.33), 0.05 1.11 (0.96–1.29), 0.17

Model 1 adjustments: age, sex, race or ethnicity, site. Model 2: Model 1 adjustments + body mass index, waist circumference, smoking, physical activity, 
prevalent diabetes, fasting glucose, systolic blood pressure, treated hypertension, low-density lipoprotein, prevalent coronary heart disease, and a history of 
atrial fibrillation. Model 3: Model 2 adjustments + estimated glomerular filtration rate. CHS indicates Cardiovascular Health Study; MESA, Multi-Ethnic Study of 
Atherosclerosis; and TMAO, trimethylamine-N-oxide.
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cannot be determined. A role of TMAO in atheroscle-
rosis might also underlie reported associations with 
other incident cardiovascular outcomes in healthy 
populations. In particular, we previously reported an 
association of plasma TMAO with the risk of incident 
atherosclerotic cardiovascular disease, a compos-
ite outcome of myocardial infarction, fatal coronary 
heart disease, stroke, sudden cardiac death, and 
other atherosclerotic death in CHS.14

The nonsignificant association of TMAO with lower 
risk of ischemic stroke observed in CHS participants 
with CHD may be due to chance. Another possibility 
could be that participants with diagnosed CHD modi-
fied their diet (eg, reducing their meat intake), resulting 
in lower TMAO and biasing the TMAO association with 
stroke.

The overall association of TMAO with incident isch-
emic stroke was diminished by adjustment for eGFR. 
As also seen in other studies,36 we observed that higher 

circulating levels of TMAO were correlated with lower 
eGFR (Spearman ρ = −0.37), raising the possibility that 
kidney function may confound the overall association 
of TMAO with stroke. However, elevated TMAO itself 
leads to reduced renal filtration and renal dysfunction 
in mice, and conversely, reduction in TMAO attenuates 
renal decline in animal models of chronic kidney dis-
ease.36,37 Therefore, eGFR could also be a mediator 
of the TMAO-stroke association. Of note, in the large 
subgroup of participants without baseline CHD, the 
association of TMAO with ischemic stroke showed lit-
tle attenuation with eGFR adjustment; therefore, eGFR 
is not likely to confound the TMAO-stroke association 
in this group.

Strengths of our study include the prospective de-
sign that minimizes reverse causation and selection 
bias; the repeated measurements strengthen the pre-
cision of our exposure measurement and validity of 
findings; we carefully adjusted for many covariates re-
ducing the impact of residual confounding. CHS and 
MESA are general, community-based, prospective 
cohorts and the study included participants of several 
races and ethnicities, enhancing the generalizability of 
the findings. This study also has limitations. As this is 
an observational study, we cannot conclude on cau-
sality. Analyses stratified on race and ethnicity had 
limited power to detect difference, especially among 
Chinese American and Hispanic participants who had 
a relatively small number of incident ischemic strokes. 
Due to the long follow-up periods, measurement error 
may have resulted in an underestimate of the TMAO 
associations.

In conclusion, levels of plasma TMAO were associ-
ated with incident ischemic stroke in 2 large population-
based prospective cohorts, suggesting that TMAO may 
play a role in the development of stroke in addition to 
the previously reported association with stroke severity.

Table 3.  Association of Plasma Trimethylamine-N-Oxide 
With Incident Ischemic Stroke in Those With and Without 
Baseline Coronary Heart Disease

Model 2 Model 3

Total N/events
Hazard ratio for doubling of TMAO  
(95% CI), P value

No CHD* 10 843/867 1.16 (1.07–1.25), 0.0001 1.13 (1.04–1.22), 0.003

With CHD† 942/164 0.91 (0.77–1.09), 0.32 0.85 (0.71–1.03), 0.10

P for interaction 0.009 0.008

Model 1 adjustments: age, sex, race or ethnicity, site. Model 2: Model 
1 adjustments + body mass index, waist circumference, smoking, physical 
activity, prevalent diabetes, fasting glucose, systolic blood pressure, treated 
hypertension, low-density lipoprotein, prevalent coronary heart disease, 
and a history of atrial fibrillation. Model 3: Model 2 adjustments + estimated 
glomerular filtration rate. CHD indicates coronary heart disease; and TMAO, 
trimethylamine-N-oxide.

*Cardiovascular Health Study and Multi-Ethnic Study of Atherosclerosis.
†Cardiovascular Health Study only.

Figure 2.  Association of plasma trimethylamine-N-oxide with incident ischemic stroke among 
participants of different race or ethnicity*.
*Hazard ratios of ischemic stroke, 95% CIs, and P values for a doubling of trimethylamine-N-oxide 
(TMAO) concentrations in models stratified by race and ethnicity and overall. The models were adjusted 
for age, sex, race, or ethnicity, site, body mass index, waist circumference, smoking, physical activity, 
prevalent diabetes, fasting glucose, systolic blood pressure, treated hypertension, low-density lipoprotein 
cholesterol, prevalent coronary heart disease, and a history of atrial fibrillation. Strokes/N are the number 
of incident strokes and the total number of participants in each stratum and overall. The P value for 
interaction of TMAO with race and ethnicity based on 3 degrees of freedom was 0.44.
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Supplemental Methods 

 
Source code for the analysis of main models 

 

local xvar tmao 

local m1 "age male i.racecat i.site" 

local m2 "`m1' i_bmi i_waist i.i_smoke i_kcal_pa p_dm i_glu i_sbp i_htnmed 

i_ldl p_chd p_af" 

local m3 "`m2' egfr" 

 

local ix "age male i_bmi egfr p_chd" 

local nested 3 

  

stset ttocens_yrs, failure(inc_strk) id(idno)  

stsplit tsplit if visit2==1, at(0) after(_t=time2_yrs)  

drop if _t0==0 & visit1==0 

sort idno _t0 

bysort idno: g ncnt=_n 

 

foreach x in tmao choline betaine carnitine butyrobetaine crotonobetaine 

age i_bmi i_waist i_hdl i_ldl i_alcoh i_smoke i_kcal_pa i_sbp i_htnmed 

p_dm p_af p_chd p_chf p_mi p_strk i_antibio i_glu egfr i_crp i_trig asa 

warf lipid sttn {  

 g `x'=`x'1 

 replace `x'=`x'2 if tsplit==0 

} 

 

foreach x in `xvar' { 

 g l2`x'=log(`x')/log(2) 

 replace l2`x'=(l2`x'+(log(`x'1)/log(2)))/2 if tsplit==0 & visit1==1 

} 

 

foreach x in `xvar' { 

 forvalues i=1/`nested' { 

  stcox l2`x' `m`i'', robust strata(cohort) 

 

  if inlist(`i',2,3) { 

   estat phtest, detail 

   matrix c=r(phtest) 

    scalar phstrk`x'`i'=c[1,4] 

  } 

  if inlist(`i',2,3) { 

   foreach r in `ix' { 

    stcox c.l2`x'##c.`r' `m`i'', robust strata(cohort) 

   } 

  } 

 } 

}  



Table S1. Association of trimethylamine-N-oxide with incident ischemic stroke with additional 

adjustments. 

 
HR 95% CI p 

Main model 1.106 (1.03, 1.18) 0.004 

Main + CRP 1.106 (1.03, 1.18) 0.004 

Main + aspirin use 1.106 (1.03, 1.18) 0.004 

Main + statin use 1.091 (1.01, 1.17) 0.02 

Main + anticoagulant use 1.106 (1.03, 1.18) 0.004 

Hazard ratios obtained with adjustments for age, sex, race, site, body mass index, waist 

circumference, smoking, physical activity, prevalent diabetes, fasting glucose, systolic blood 

pressure, treated hypertension, low-density lipoprotein, prevalent coronary heart disease, and 

a history of atrial fibrillation 

CRP: C-reactive protein; HR: hazard ratio; CI: confidence interval 

 

 

 

  



Table S2. Association of trimethylamine-N-oxide with incident ischemic stroke stratified on 

race/ethnicity.  

 

Ethnic  Total N/stroke  Model 2 Model 3 

group number HR (95% CI), p HR (95% CI), p 

Overall 11785/1031 1.11 (1.03, 1.18), 0.004 1.07 (0.99, 1.15), 0.07 

White 6846/736 1.09 (1.00, 1.18), 0.04 1.06 (0.97, 1.15), 0.19 

Black 2634/200 1.18 (1.00, 1.39), 0.04 1.09 (0.92, 1.30), 0.32 

Chinese Am. 796/18 1.57 (0.84, 2.94), 0.15 1.63 (0.85, 3.09), 0.14 

Hispanic 1481/75 1.01 (0.74, 1.37), 0.97 0.96 (0.68, 1.34), 0.80 

3 degrees of freedom interaction test p=0.44 

Model 1 adjustments: age, sex, race or ethnicity, site 

Model 2: Model 1 adjustments + body mass index, waist circumference, smoking, physical 

activity, prevalent diabetes, fasting glucose, systolic blood pressure, treated hypertension, low-

density lipoprotein, prevalent coronary heart disease, and a history of atrial fibrillation 

Model 3: Model 2 adjustments + estimated glomerular filtration rate 

HR: hazard ratio; CI: confidence interval 

  



Table S3. Association of plasma trimethylamine-N-oxide with incident hemorrhagic stroke.  

 

 
HR 95% CI p 

Model 1 0.95 (0.79, 1.13) 0.55 

Model 2 0.97 (0.81, 1.15) 0.71 

Model 3 1.00 (0.84, 1.20) 0.99 

Model 1 adjustments: age, sex, race or ethnicity, site 

Model 2: Model 1 adjustments + body mass index, waist circumference, smoking, physical 

activity, prevalent diabetes, fasting glucose, systolic blood pressure, treated hypertension, low-

density lipoprotein, prevalent coronart heart disease, and a history of atrial fibrillation 

Model 3: Model 2 adjustments + estimated glomerular filtration rate 

HR: hazard ratio, CI: confidence interval 

 
 



Figure S1. Participant characteristics in quartiles of trimethylamine-N-oxide, stratified on race and ethnic group. 
 

 
BMI: body mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein; eGFR: estimated glomerular filtration rate 



Figure S2. Hazard ratio of ischemic stroke associated with plasma trimethylamine-N-oxide – 

spline analysis. 

 

 

The reference point in the graph is the median of plasma trimethylamine-N-oxide 

concentration.  

Hazard ratios adjusted for age, sex, race or ethnicity, site, body mass index, waist 

circumference, smoking, physical activity, prevalent diabetes, fasting glucose, systolic blood 

pressure, treated hypertension, low-density lipoprotein, prevalent coronary heart disease, and 

a history of atrial fibrillation 

HR: hazard ratio; TMAO: trimethylamine-N-oxide 
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