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Abstract

Background: A gut-microbial metabolite, trimethylamine N-oxide (TMAO) has been associated 

with coronary atherosclerotic burden. No previous prospective study has addressed associations of 

long-term changes in TMAO with coronary heart disease (CHD) incidence.

Objective: To investigate whether 10-year changes in plasma TMAO levels were significantly 

associated with CHD incidence.

Methods: This prospective nested case-control study included 760 healthy women at baseline. 

Plasma TMAO levels were measured both at the first (1989–90) and the second blood collections 
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(2000–02); 10-year changes (Δ) in TMAO were calculated. Incident cases of CHD (n=380) were 

identified after the second blood collection through 2016 and were matched to controls (n=380).

Results: Regardless of the initial TMAO levels, 10-year increases in TMAO from the first to 

second blood collections were significantly associated with an increased risk of CHD (relative risk 

[RR] in the top tertile: 1.58 [95% CI: 1.05, 2.38]; RR per 1 SD increment: 1.33 [1.06, 1.67]). 

Participants with elevated TMAO levels (the top tertile) at both time points showed the highest RR 

of 1.79 (1.08, 2.96) for CHD as compared with those with consistently low TMAO levels. Further, 

we found that the ΔTMAO-CHD relationship was strengthened by unhealthy dietary patterns 

(assessed by the Alternate Healthy Eating Index) and was attenuated by healthy dietary patterns 

(Pinteraction=0.008).

Conclusions: Long-term increases in TMAO were associated with higher CHD risk, and 

repeated assessment of TMAO over 10 years improved the identification of people with a higher 

risk of CHD. Diet may modify the associations of ΔTMAO with CHD risk.

Condensed Abstract:

This prospective nested case-control study newly indicates that 10-year changes in plasma levels 

of the atherogenic gut-microbial metabolite, trimethylamine N-oxide (TMAO), are significantly 

associated with the incidence of coronary heart disease (CHD) among women, and that a 

combined assessment of TMAO levels at two time points over 10 years contributes to identifying 

people at a higher risk for CHD. Further, adherence to healthy dietary patterns may modulate the 

adverse relationship between TMAO changes and CHD. Our results suggest that changes in 

TMAO by specific interventions, such as modification of dietary patterns, may contribute to CHD 

prevention.
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Introduction

Growing evidence has implicated gut microbiota alterations in the development of 

atherosclerotic cardiovascular disease (CVD) (1). A gut-microbiota related metabolite, 

trimethylamine N-oxide (TMAO), has been related to risks of major adverse cardiovascular 

events including myocardial infarction (MI) and coronary heart disease (CHD) in 

epidemiological studies (2–6), although some studies did not support significant associations 

of circulating TMAO levels and cardiovascular outcomes (7–9).

The intestinal microbiota metabolizes nutrient precursors of TMAO, such as choline and L-

carnitine that are abundant in animal foods, to produce trimethylamine (TMA) (2,10), which 

is further metabolized to TMAO by the flavin-containing enzyme monooxygenase 3 

(FMO3) in the liver (11,12). Studies have also shown that circulating TMAO is a marker of 

coronary atherosclerotic burden (13–15); elevated TMAO levels are associated with carotid 

plaque burden and coronary plaque vulnerability (16,17).
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Notably, prior studies (3,10,19) that investigated associations of plasma TMAO with CHD 

risk only used data obtained at a single time point, although analyzing dynamic changes in 

risk factors may provide more relevant information in terms of the translation of findings 

into prevention strategies (20,21). Assessment of temporal changes of TMAO would provide 

information on modifiability of circulating TMAO in relation to the risk of subsequent CHD 

incidence, and would contribute to the development of novel intervention strategies for the 

prevention of CHD events. Within-person changes over years may reflect longer term and 

more cumulative metabolite effects, which would contribute to a better understanding of the 

atherogenic impact of microbial metabolite alterations in the development of CHD (22–24). 

Also, changes to human gut microbiota and microbial metabolites can occur after dietary 

modifications (25–27); intakes of animal foods such as red meat as well as healthy plant 

foods have been found to modify the production of TMAO (10,18,28,29). However, no 

previous prospective cohort study has addressed whether long-term changes in TMAO are 

associated with CHD incidence and whether habitual dietary intakes can modify such 

associations.

We measured plasma concentrations of the atherogenic gut-microbial metabolite TMAO at 

two time points, roughly 10 years apart, among women in the Nurses’ Health Study (NHS), 

and we prospectively investigated whether the long-term changes in TMAO levels were 

associated with the subsequent incidence of CHD.

Methods

Study population

The NHS is a prospective cohort study of 121,701 female registered nurses aged 30–55 y 

when enrolled in 1976. Information on demographics, lifestyle factors, medical history, and 

disease status was collected through a self-administered questionnaire in 1976, and has been 

updated every 2 years through follow-up questionnaires. The follow-up rate was high with 

approximately 90% in each 2-year follow-up cycle. A total of 32,826 women provided blood 

samples at the first collection in 1989–1990, and 18,743 women provided a second blood 

sample in 2000–2002 (30). The second blood samples were collected using a protocol that 

was identical to that used at the first collection.

The present nested case-control study included women who were free of the primary 

outcome (non-fatal MI or fatal CHD) at the time of second blood collection. We 

prospectively identified incident cases of CHD (non-fatal MI or fatal CHD) from the date of 

second blood collection through 2016. We used risk-set sampling to randomly select 1 

control for each case from whom remained free of CHD events at the time of the case 

diagnosis. Cases and controls were matched on age at blood draw (± 1 y), smoking status 

(never, former, current), fasting status at blood draw, and date of blood draw at the two 

collections. The present analysis included participants with available plasma TMAO levels at 

both collections and those without missing a case-control pair; a total of 760 participants 

(380 incident cases of CHD and 380 matched-controls) were included in the present 

analysis. Almost all of the present study participants were free of self-reported chronic 

kidney failure (99.9%) and cancer (96.6%) at the second blood collection. The study 

protocol was approved by the Institutional Review Board of the Brigham and Women’s 
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Hospital and by the Harvard T.H. Chan School of Public Health Human Subjects Committee 

Review Board. Informed consent was obtained from the study participants.

Outcome assessment

Incident CHD included non-fatal MI and fatal CHD; details of ascertainment of CHD cases 

are fully described in Online Methods. Deaths were reported by the next of kin or the postal 

system or identified by searching the National Death Index. Causes of death were primarily 

confirmed by review of autopsy reports, medical records, and death certificates.

Measurements of TMAO and its precursors

Blood samples were centrifuged and aliquoted into cryotubes as plasma, buffy coat, and 

erythrocyte fractions, which were then stored in liquid nitrogen freezers at −130 °C or colder 

until analysis. Blood concentrations of TMAO at the first and second blood collections were 

measured at the Cleveland Clinic using an established stable isotope dilution high-

performance liquid chromatography with electrospray ionization tandem mass spectrometry 

(2,3). Samples of the case-control pairs were shipped in the same batch and analyzed in the 

same run. Both technicians and laboratory personnel were blinded to the case-control status 

of the samples. Changes (Δ) in plasma TMAO concentrations from the first collection to the 

second blood collection were calculated.

Assessment of covariates and dietary habits

Participants were asked to report data on height, weight, smoking habit, physical activity, 

history of physician-diagnosed diseases, medication use, and other characteristics at baseline 

and on biennial questionnaires (Supplemental Appendix). Self-reported weight was highly 

correlated with technician-measured weight (r=0.97) in a validation study (31). Body mass 

index (BMI) was calculated as weight in kilograms divided by height in meters squared. 

Previous studies have confirmed the validity of self-reported histories of physician-

diagnosed hypertension, high cholesterol, and diabetes (32,33); use of medication for the 

respective disease (such as antihypertensive medications, statin or other cholesterol-lowering 

medications, and insulin or oral hypoglycemic medications) was also considered to define 

the metabolic diseases in the present study. Diet and nutrient intake were assessed using 

validated semiquantitative food frequency questionnaires. As described previously (34,35), 

we calculated the Alternate Healthy Eating Index (AHEI) (34) and the healthful plant-based 

diet index in which healthy plant foods received positive scores, and the other foods received 

negative scores (35) (Supplemental Appendix). The AHEI and the healthful plant-based diet 

index are predictive of chronic diseases and cardiovascular mortality risks in the NHS cohort 

(21,34,35). The TMAO synthesis depends on dietary intake (2,3,10,18,28,29,36); we 

investigated whether these two diet quality indices modified associations of TMAO with 

CHD.

Statistical analysis

Data on TMAO were log-transformed before the analyses to improve data normality; log-

transformed values were used for calculating changes and SD. We first analyzed associations 

of TMAO at the second collection with the risk of CHD to validate whether TMAO was a 
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risk factor for CHD in this study population. The primary exposure was ΔTMAO in this 

study, and we calculated the risk of CHD by changes in TMAO. Conditional logistic 

regression was used to estimate the relative risk (RR) and 95% CI for CHD incidence. 

Tertile categories of the metabolite exposure were created using values among controls. To 

further examine whether sustained higher metabolite levels were associated with a 

significantly increased risk, we calculated RRs for CHD according to a combination of 

TMAO levels at the first and second collections. We performed spline regression (37) with 4 

knots to model the dose-response relationship, and examined possible nonlinear 

relationships between TMAO levels and CHD risk. Participants with the highest 1% or the 

lowest 1% of each metabolite exposure were excluded in the dose-repose analysis to 

minimize the potential impact of outliers. Covariates included in the multivariate-adjusted 

model were addressed in Supplemental Appendix.

To examine whether habitual dietary patterns (assessed by the AHEI including alcohol as a 

component, or the plant-based diet index) can modify the associations of ΔTMAO and CHD 

risk, we tested interactions between ΔTMAO and high/low adherence to the healthy dietary 

patterns for CHD incidence by including multiplicative interaction terms in the model. 

Higher or lower adherence to dietary habits was based on the median value of the AHEI or 

the plant-based diet index. We calculated the risk of ΔTMAO for CHD incidence stratifying 

participants by high or low adherence to the healthy dietary patterns. Unconditional logistic 

regression was used in the stratified analyses to preserve statistical power since matched 

cases and controls were not necessarily in the same strata. We used cumulative averaged diet 

quality at the time of the first blood collection to examine whether habitual dietary patterns 

at the first blood collection could modify the associations of ΔTMAO with the CHD risk. 

Analyses were performed using SAS version 9.4 (SAS Institute); P values were 2-sided, and 

P values <0.05 were considered statistically significant.

Results

Characteristics of CHD cases and controls are shown in Online Table 1. As expected, the 

CHD cases had higher BMI and were more likely to have a family history of MI and 

metabolic risk factors (hypertension, dyslipidemia, and diabetes) at the first and second time 

points. There were no differences in median values of plasma TMAO levels at the first 

collection between cases and controls (P=0.56), whereas plasma TMAO levels at the second 

collection were higher in CHD cases than controls (median [25th, 75th] values of TMAO: 

4.9 [3.3, 7.6] µM in cases; 4.3 [3.2, 6.4] µM in controls; P=0.04). Characteristics of the 

participants according to tertile categories of TMAO levels are presented in Online Table 2. 

Higher levels of TMAO at the second collection were associated with older age (P=0.015) 

and higher prevalence of hypertension (P=0.002) among controls. Similarly, higher TMAO 

levels at the second collection were associated with higher prevalence of hypertension 

(P=0.028) among cases.

First, we confirmed previously reported associations that higher levels of TMAO at the 

second collection were associated with a higher risk of CHD (RR per 1 SD increment: 1.26 

[95% CI: 1.10, 1.46] in model 1 adjusted for matched factors) (Online Table 3). The positive 

association remained significant after controlling for demographic, diet, and lifestyle factors 
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(RR 1.26 [95% CI: 1.09, 1.46] per 1SD in model 2), but was attenuated after further 

adjusting for obesity and metabolic risk factors (model 3). Every 1 SD increment in TMAO 

at the second collection was associated with a 23% increased risk [RR 1.23; 95% CI: 1.05, 

1.42], model 3). In spline regression analysis (Figure 1), we observed a positive linear 

relationship between TMAO levels and CHD risk. The linear trend was attenuated after 

adjusting for obesity and metabolic risk factors (hypertension, dyslipidemia, and diabetes).

We observed that the CHD cases had a significant 10-year increase in TMAO concentrations 

from the first collection to the second collection (P=0.009 by the paired t-test among the 

CHD cases) (Online Table 4). Table 1 shows RRs for CHD according to changes (Δ) in 

TMAO levels. As compared to participants with stable TMAO levels (T2 group: median 

value of ΔTMAO: 0.1 µM), those with the largest increases in TMAO (T3 group: median 

value of ΔTMAO: 3.7 µM) had a 1.67 (95% CI: 1.13, 2.44; P=0.009) times higher risk of 

CHD after controlling for matched factors, TMAO levels at the first collection, demographic 

and diet/lifestyle factors assessed at the first time point, and concurrent changes in diet/

lifestyle factors (model 2). In the fully adjusted model with further including obesity and 

metabolic risk at the first time point and concurrent changes (model 3), women with the 

largest increases in TMAO (T3) had a 1.58 (95% CI: 1.05, 2.38; p=0.029) times higher risk 

of CHD. Every 1 SD increase in ΔTMAO was associated with a 33% increased risk for CHD 

(RR per 1 SD: 1.33 [1.06, 1.67]; P=0.013). These models concurrently included both initial 

TMAO and its changes; circulating levels of TMAO at the first collection also showed a 

positive association with the CHD risk (Online Table 5). These results showed the initial 

TMAO levels and its 10-y changes were independently associated with subsequent CHD 

events.

In results of analyzing dose-response associations of changes in TMAO with CHD risk 

(Central Illustration), there was a strong linear relationship (P=0.016) between ΔTMAO and 

the CHD risk in the fully adjusted model. In the spline analysis, we used “no change” of 

metabolite (i.e., Δ=0) as a reference value to estimate RRs and 95% CIs for CHD; we 

observed that both increases and decreases in TMAO showed significant associations with 

either an increased or a decreased CHD risk, as compared to the reference.

We then analyzed whether sustained higher TMAO levels were associated with a 

significantly increased risk by calculating the risk of CHD according to a combination of 

TMAO levels at the first and second collections (Table 2). We categorized participants into 4 

groups using cut-offs of the highest tertile (T3) vs. lower two tertiles (T1–T2) of TMAO. As 

compared to women with sustained low TMAO levels (T1–T2 at both time), those with 

sustained high TMAO levels (in the highest TMAO tertile, T3, at both time points) had a 

significantly increased risk of CHD with multivariable-adjusted RR of 1.79 (95% CI: 1.08, 

2.96) (model 3); the RR was greater than women with elevated TMAO levels at a single time 

point.

Finally, we tested whether the positive relationship between ΔTMAO and incident CHD was 

modified by adherence to healthy dietary patterns (Figure 2). We found significant 

interactions between ∆TMAO and adherence to healthy dietary habits assessed by the AHEI 

(Pinteraction=0.008 in panel A) or the plant-based diet index (Pinteraction=0.04 in panel B) 
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in CHD risk; such positive relationship between ΔTMAO and incident CHD was 

significantly strengthened by unhealthy dietary patterns and were attenuated by healthy 

dietary patterns. Greater increases in TMAO were significantly associated with the CHD risk 

among women with lower adherence to these dietary habits, whereas the TMAO-CHD 

associations were not significant among those with higher adherence.

Discussion

The present study newly showed that long-term changes in gut microbial metabolite TMAO 

were significantly associated with the subsequent CHD events, regardless of the initial 

TMAO levels. Our findings underscore the importance of repeated measurements in the gut 

microbial metabolites in predicting the risk of CHD among women at ‘usual’ risk. Further, 

we found that adherence to healthy dietary patterns modified the unfavorable effect of 

TMAO increases with the CHD risk.

The present study is novel in terms of analyzing dynamic changes in the atherogenic 

microbial metabolite for CHD events, and we found that assessment of longitudinal changes 

in TMAO over 10 years improved identification of people with a higher risk of CHD. 

Viewed differently, we observed that women with sustained high levels of TMAO for many 

years based on the repeated assessment had a significantly elevated risk of CHD. Our 

observations are supported by previous findings from experimental studies such as that 

modulation of the TMAO-generating enzyme FMO3 impacts systemic TMAO levels (38), 

and the FMO3 is involved in atherosclerotic pathogenesis by regulating cholesterol 

metabolism and insulin resistance (39,40). TMAO-related increases in proinflammatory 

monocytes may be associated with elevated cardiovascular risk of patients with increased 

TMAO levels (41). One study suggested that increases in TMAO induced by dietary choline 

intake were associated with an enhanced prothrombotic effect in human subjects (22). Older 

age was related to higher TMAO among control subjects, which was also observed in 

previous studies (36,42); we speculated that aging-related gradual increases in TMAO over 

ten years among the CHD cases might have contributed to accelerating endothelial cell 

senescence and vascular aging (42) and vascular inflammation (43).

We observed a linear relationship between TMAO concentrations at the second time point 

and CHD risk, indicating that plasma TMAO is a biomarker for CHD incidence among 

women at “usual risk”, although the trend was attenuated after controlling for obesity and 

metabolic risk status. Further, our dose-response analysis on TMAO changes demonstrated 

that as compared with no change, both increases and decreases in TMAO showed 

associations with either an increased or a decreased risk of CHD after adjusting for 

traditional risk factors including obesity and metabolic diseases. These results support the 

importance of modulating TMAO levels by interventions in the prevention of subsequent 

CHD events. Regarding potential explanations for these findings, several possible 

mechanisms might be involved. A study reported that a nonlethal inhibitor that blocks the 

production of TMA (which in turn reduces the production of TMAO) from choline might 

prevent the formation of atherosclerotic lesions (23), suggesting a potential role of the gut 

microbial TMA lyases as a therapeutic target for atherosclerosis. Greater decrease of TMAO 

was related to the improvement of carotid intima-media thickness in a lifestyle intervention 
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(44). Genetic variations may causally induce impaired TMA metabolism which can reduce 

TMAO production (45). These data, including our findings, support that decreasing plasma 

TMAO levels may contribute to reducing the risk of CHD, and suggest that atherogenic gut 

microbiota metabolites might be targets in novel interventions for CHD prevention.

Our main findings of the positive relationship between TMAO changes and CHD risk were 

significant among total participants, even after controlling for traditional risk factors and 

overall dietary patterns. On the other hand, our stratified analysis by dietary patterns also 

showed that the TMAO-CHD association was significantly strengthened by unhealthy 

dietary patterns, and was attenuated by healthy dietary patterns characterized by higher 

intake of vegetables and lower intake of animal foods. Previous studies show that 

omnivorous people produced more TMAO than did vegans or vegetarians following dietary 

L-carnitine intake through a microbiota-dependent mechanism (10,18). A more recent study 

reported similar associations that intake of red meat increased TMAO levels, and 

discontinuation of red meat intake reduced plasma TMAO levels within 4 weeks (29). Diet is 

one of the most important modifiable factors to modulate circulating TMAO levels and gut 

microbiome (3,10,18,25–29,46) and our study emphasizes the importance of better dietary 

quality and healthier eating patterns, as recommended by current dietary guidelines, to 

reduce the adverse effects of TMAO changes on the development of CHD. These findings 

suggest that TMAO is a biomarker of incident CHD and a potential intermediate endpoint in 

dietary interventions, as the modification of dietary patterns may significantly modulate the 

association of TMAO with CHD incidence. On the other hand, it is worth mentioning that 

healthy dietary habits may affect the host and the microbiome through unknown pathways 

independent of the TMAO metabolism; the interplays between adherence to healthy dietary 

patterns and gut microbiota/metabolites in the risk of CHD would warrant further 

investigations.

Our study has several strengths. Taking advantage of longitudinally repeated collections of 

blood samples in the NHS cohort, our study for the first time assessed the relations of long-

term changes in the metabolite levels and subsequent risk of CHD. The study participants 

were initially free of major chronic diseases such as cancer and kidney failure that may 

affect TMAO levels; results of our traditional cohort at ”usual” risk contribute to 

understanding metabolomics precursors for CHD events. Comprehensive measurements 

available in the NHS allowed us to consider concurrent changes in major risk factors for 

CHD in the multivariate analysis. However, several potential limitations warrant 

consideration. Our study did not assess the timing or trajectories of the changes (e.g., rapid 

or gradual increases/decreases) in the metabolites contributing to the development of CHD. 

There might be unmeasured endogenous or exogenous confounding factors that might affect 

changes in TMAO levels; there also might be residual or unmeasured confounding factors 

for CHD incidence. The assessment of dietary patterns and other covariates included in the 

multivariate-analysis were based on self-reports, which might affect the estimated risk of 

CHD; however, previous validation studies have confirmed the validity of self-reported data 

such as diet and metabolic risk factors in the NHS. Our study included women only, and all 

were health professionals. Further research is necessary to confirm our findings, especially 

in male cohorts and a population that is more representative of the US population.
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Conclusions

In conclusion, long-term changes in plasma TMAO levels are significantly associated with 

the CHD incidence among healthy women, and a repeated assessment of plasma TMAO 

levels over 10 years contributes to identifying people at high risk for CHD incidence. 

Adherence to healthy dietary patterns may modulate the adverse relationship between 

TMAO changes and CHD, suggesting that TMAO as a potential intermediate endpoint of 

interventions focusing on dietary modifications for CHD prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVES

Competency in Medical Knowledge:

Longitudinal changes in the atherogenic gut-microbial metabolite, trimethylamine N-

oxide (TMAO), improves identification of people at elevated risk of coronary heart 

disease (CHD). The relationship between increases in TMAO and CHD risk could be 

attenuated by a healthier diet.

Translational Outlook:

Pharmacological and lifestyle intervention studies could explain the biological 

mechanisms linking circulating levels of gut-microbial metabolites like TMAO to CHD 

and lead to more effective strategies for disease prevention.
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Figure 1: Dose-response relationship between TMAO levels at the second collection and the risk 
of coronary heart disease (CHD).
Reference: a minimum value. Dotted lines indicate lower and upper 95% confidence 

intervals. Pink line (Plinear =0.01) shows the relative risk (RR) in a model adjusted for 

matched factors (age, smoking habit, fasting status, and date of blood collection), family 

history of myocardial infarction, postmenopausal hormone use, aspirin use, alcohol, physical 

activity, and the Alternative Healthy Eating Index (without alcohol). All covariates were 

based on assessments at the second time point. Blue line (Plinear =0.07) shows the RR in a 

model with an additional adjustment of BMI, hypertension, dyslipidemia, and diabetes at the 

second time point.
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Figure 2: Risk of CHD incidence according to TMAO changes stratified by adherence to healthy 
dietary habits.
Risk of coronary heart disease (CHD) according to tertile (T) categories of changes (∆) in 

trimethylamine N-oxide (TMAO) or per 1 SD increment of ∆TMAO among women with 

lower or higher adherence to healthy dietary habits assessed by the Alternative Healthy 

Eating Index (panel A), or adherence to plant-based diet (panel B). Relative risks (RRs) 

were adjusted for total energy intake and the same covariates (including matched factors, 

demographic/lifestyle factors, obesity, and metabolic risk factors at the first time point and 

concurrent changes between two time points) in model 3 of Table 1 (details of covariates in 

the model in the Supplemental Appendix). Higher or lower adherence to dietary habits was 

based on the median value of the Alternative Healthy Eating Index (panel A) or the plant-

based diet index (panel B). Test for interactions between ∆TMAO and diet: 

Pinteraction=0.008 in panel A; Pinteraction=0.04 in panel B.
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Central Illustration: Risk for coronary heart disease (CHD) by changes (Δ) in trimethylamine N-
oxide (TMAO).
Reference: no change. Dotted lines indicate lower and upper 95% confidence intervals. RRs 

and 95% CIs were adjusted for the same covariates of model 3 in Table 1. P value of testing 

for linear association (Plinear)=0.016. Abbreviation: Trimethylamine N-oxide, TMAO; 

Reference, Ref.; Relative risk, RR.
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Table 1:

Risk of coronary heart disease (CHD) according to tertile categories of changes (Δ) in trimethylamine N-oxide 

(TMAO) or per 1 SD increment

Tertile (T) categories of ΔTMAO
Per 1 SD increment

T1 T2 T3

ΔTMAO, median [25th, 75th] µM –3.8 [–7.9, – 2.0] 0.1 [–0.4, 0.7] 3.7 [2.0, 6.6]

  N of cases/controls 114/126 104/127 162/127 380/380

  Model 1, RR (95% CI) 0.83 (0.55, 1.26) 1.00 (Ref.) 1.72 (1.19, 2.49) 1.40 (1.14, 1.72)

  Model 2, RR (95% CI) 0.82 (0.54, 1.26) 1.00 (Ref.) 1.67 (1.13, 2.44) 1.39 (1.13, 1.73)

  Model 3, RR (95% CI) 0.91 (0.57, 1.43) 1.00 (Ref.) 1.58 (1.05, 2.38) 1.33 (1.06, 1.67)

Abbreviation: Trimethylamine N-oxide, TMAO; Reference, Ref.; Relative risk, RR.

Model 1: “matched factors” (age, smoking habit, fasting status, and date of blood collection) and TMAO levels at the first collection.

Model 2: model 1 + “demographic and diet/lifestyle factors assessed at the first time point” (family history of myocardial infarction, aspirin use, 
peri/postmenopausal status and hormone use, the Alternative Healthy Eating Index [AHEI] without alcohol, physical activity, and alcohol intake) + 
“changes in diet/lifestyle factors between the first and second time points” (changes in AHEI without alcohol, changes in physical activity, and 
changes in alcohol intake).

Model 3: model 2 + “obesity and metabolic status at the first time point and changes between the first and second time points” (BMI at the first 
time point, changes in body weight, hypertension (none [no at both time points], new incidence [no at the first time point and yes at the second time 
point], or prevalent [yes at the first or second time point except for new incidence]), dyslipidemia (none/new incidence/prevalent) diabetes 
(none/new incidence or prevalent).
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Table 2:

Risk of coronary heart disease (CHD) according to a combination of TMAO levels at the first collection and 

second collection

a
Group Cases/

controls
Model 1, RR 

(95% CI) P Model 2, RR 
(95% CI) P Model 3, RR 

(95% CI) P

1) Low TMAO−first and low 
TMAO−second

140/170 1.00 (Ref.) - 1.00 (Ref.) 1.00 (Ref.) -

2) Low TMAO−first and high 
TMAO−second

92/82 1.40 (0.96, 2.04) 0.08 1.42 (0.96, 2.11) 0.08 1.27 (0.83, 1.94) 0.26

3) High TMAO−first and low 
TMAO−second

68/83 1.02 (0.68, 1.54) 0.91 1.05 (0.69, 1.60) 0.82 0.95 (0.61, 1.49) 0.82

4) High TMAO−first and high 
TMAO−second

80/45 2.29 (1.45, 3.62) 0.0004 2.08 (1.30, 3.33) 0.002 1.79 (1.08, 2.96) 0.023

Abbreviation: Trimethylamine N-oxide, TMAO; Reference, Ref.; Relative risk, RR.

a
Participants were categories into 4 groups based on low (median [25th, 75th]: 3.3 [2.5, 4.1] µM) or high (8.2 [6.4, 12.0] µM) TMAO levels at the 

first collection (TMAO−first), and low (3.5 [2.8, 4.3] µM) or high (8.0 [6.4, 11.5] µM) TMAO levels at the second collection (TMAO−second).

Model 1: “matched factors” (age, smoking habit, fasting status, and date of blood collection).

Model 2: model 1 + “demographic and diet/lifestyle factors assessed at the first time point” (family history of myocardial infarction, aspirin use, 
peri/postmenopausal status and hormone use, the Alternative Healthy Eating Index [AHEI] without alcohol, physical activity, and alcohol intake) + 
“changes in diet/lifestyle factors between the first and second time points” (changes in AHEI without alcohol, changes in physical activity, and 
changes in alcohol intake).

Model 3: model 2 + “obesity and metabolic status at the first collection and changes between the first and second time points” (BMI at the first time 
point, changes in body weight, hypertension (none [no at both time points], new incidence [no at the first time point and yes at the second time 
point], or prevalent [yes at the first or second time point except for new incidence]), dyslipidemia (none/new incidence/prevalent) diabetes 
(none/new incidence or prevalent).
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