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Abstract

Background The gut-derived metabolite Trimethylamine N-oxide (TMAQO) and its precursors - betaine, carnitine,
choline, and deoxycarnitine — have been associated with an increased risk of cardiovascular disease, but their relation
to cognition, neuroimaging markers, and dementia remains uncertain.

Methods In the population-based Rotterdam Study, we used multivariable regression models to study the
associations between plasma TMAQ, its precursors, and cognition in 3,143 participants. Subsequently, we examined
their link to structural brain MRI markers in 2,047 participants, with a partial validation in the Leiden Longevity Study
(n=318). Among 2,517 participants, we assessed the risk of incident dementia using multivariable Cox proportional
hazard models. Following this, we stratified the longitudinal associations by medication use and sex, after which we
conducted a sensitivity analysis for individuals with impaired renal function.

Results Overall, plasma TMAO was not associated with cognition, neuroimaging markers or incident dementia.
Instead, higher plasma choline was significantly associated with poor cognition (adjusted mean difference: -0.170
[95% confidence interval (Cl) -0.297;-0.043]), brain atrophy and more markers of cerebral small vessel disease, such
as white matter hyperintensity volume (0.237 [95% Cl: 0.076;0.397]). By contrast, higher carnitine concurred with
lower white matter hyperintensity volume (-0.177 [95% Cl: -0.343;-0.010]). Only among individuals with impaired
renal function, TMAQ appeared to increase risk of dementia (hazard ratio (HR): 1.73 [95% Cl: 1.16;2.60]). No notable
differences were observed in stratified analyses.

Conclusions Plasma choline, as opposed to TMAQ, was found to be associated with cognitive decline, brain atrophy,
and markers of cerebral small vessel disease. These findings illustrate the complexity of relationships between TMAO
and its precursors, and emphasize the need for concurrent study to elucidate gut-brain mechanisms.
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Background

Dementia is a leading cause of disability and depen-
dency among older adults, with approximately 10 million
new diagnoses per year worldwide [1]. In the absence of
definitive curative treatments, there has been a growing
interest in identifying potentially modifiable risk factors
[2]. The microbiome has emerged as an important target
for prevention, with studies indicating that its composi-
tion and diversity [3], as well as specific bacterial strains
and their metabolites [4], may impact the risk of cogni-
tive decline and dementia. This is thought to be mediated
by the gut-brain axis, a two-way communication system
between the gastrointestinal tract and the central ner-
vous system. Recently, the diet-derived Trimethylamine
N-oxide (TMAO) has gained considerable attention
due to its potential role in promoting inflammation and
atherosclerosis, factors that are both implicated in the
pathophysiology of dementia [5].

Although small amounts of TMAO can be ingested
directly via consumption of fish, most of it is produced by
gut-microbiota of the small intestine from its precursors
including choline, betaine, carnitine, and deoxycarnitine,
which are found in meat, eggs and dairy [6]. These pre-
cursors are first metabolized into trimethylamine (TMA),
which is then oxidized by hepatic flavin-containing
monooxygenase 3 (FMO3) enzymes to TMAO. A grow-
ing body of evidence suggests a link between TMAO and
hallmarks of vascular disease [6], such as platelet hyper-
reactivity [7] and endothelial dysfunction [8]. In addition,
studies in mice have shown that TMAO can induce neu-
ronal senescence, aggravate oxidative damage, promote
neuroinflammation and impair mTOR signalling [9], all
of which increase the susceptibility for cognitive impair-
ment. TMAO is also capable of crossing the blood-brain
barrier, where its levels in the cerebrospinal fluid were
previously linked to biomarkers of Alzheimer’s dis-
ease [10], the most common form of dementia. Among
patients with atrial fibrillation [11] and stroke [12], who
generally are at increased risk of dementia, TMAO has
been associated with markers of cerebral small vessel dis-
ease, such as white matter hyperintensities. Thus far, evi-
dence on the detrimental effects of TMAO on the brain
largely derives from animal studies or small-scale clini-
cal samples [13], whilst population-based evidence on
the association between TMAO and dementia is limited.
By studying TMAO along with its precursors, we may
gain additional insights into their respective roles in the
process of neurodegeneration. Therefore, in this popu-
lation-based study, we explored whether TMAO and its
precursors are associated with markers of neurodegen-
eration, such as a decline in general cognition, structural
imaging markers of brain atrophy or cerebral vessel dis-
ease and eventually, incident dementia. Hereby, we aim
to elucidate the mechanisms by which TMAO and its
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precursors are involved in the bidirectional communica-
tion between the gut and the brain.

Methods

Study cohorts

This study was embedded in the Rotterdam Study (RS),
with a partial validation for neuroimaging associations
in the Leiden Longevity Study (LLS). A brief descrip-
tion of both cohorts can be found in Methods S1 [14, 15].
Both studies comply with Declaration of Helsinki and
are approved by the Medical Ethical Committee of the
respective institutional review boards (registration num-
ber MEC 02.1015 and P01.113). All participants provided
written informed consent.

The current study includes participants of the RS for
whom plasma levels of TMAO and its precursors were
measured at study entry (n=3,933), originating from
the fourth examination round (2002-2005) of the first
subcohort (RS-I-4) and the second examination round
(2012-2014) of the third subcohort (RS-III-2). Out of
these eligible participants, we identified participants who
were dementia-free at baseline and subsequently created
subsamples of participants who had (1) complete data on
neuropsychological tests (n=3,143) or (2) a brain MRI
during the same center visit (n=2,047) or (3) follow-up
for incident dementia (#=2,517). For validation of neu-
roimaging associations in the LLS, we only included
offspring or long-lived sibling-pairs and partners of
the offspring, who were dementia-free and had data on
plasma levels of TMAO and its precursors, as well as
brain MRI (#=318).

2.2 Assessment of TMAO and its precursors in plasma
Plasma samples were obtained from fasting participants
of the RS and non-fasting participants of the LLS using
ethylenediaminetetetacetic acid tubes. TMAO and its
precursors were quantified by mass spectrometry in a
similar manner for the RS and LLS. An extensive descrip-
tion of the analytical techniques can be found in Methods
S2 [16].

Assessment of general cognition

Between 2002 and 2005, the protocol of the Rotterdam
Study was extended with a comprehensive neuropsy-
chological test battery for cognitive assessments. Three
Stroop tests (reading, color naming and interference
tasks), a letter-digit substitution task (LDST), a cat-
egorical Word Fluency Test (WFT), a Purdue pegboard
(PPB) tests for the left hand, right hand and both hands
and a 15-word verbal learning test based on Rey’s recall
of words (15-WLT) were added to the protocol. As
described in our previous publications [17], a summary
measure of general cognition (‘G-factor’) was created
using the first component of the principal component
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analysis that included the delayed recall score of the
Stroop interference test, LDST, verbal fluency task, the
PPB test and the 15-WLT. The variance in cognitive test
scores explained by this G-factor was 50.3% for RS I-4
and 51.9% for RS III-2.

Neuroimaging protocol

MRI scans of the brain, including T1-weighted, FLAIR,
and proton density—weighted sequences, were avail-
able in both the RS and the LLS studies for the purpose
of evaluating brain volumetry, including total brain, gray
matter, white matter, hippocampus, and white matter
hyperintensities. Participants with large strokes hamper-
ing segmentation results were excluded. Diffusion tensor
imaging was used for determining the mean diffusivity
and fractional anisotropy. Additional information on pre-
processing steps, segmentation methods and other tech-
nical details is presented in Methods S3 [18-31].

Dementia screening and surveillance

The ascertainment methods for dementia in the RS have
been described in full in our previous publications [32].
Participants were cognitively screened using the Mini-
Mental State Examination (MMSE) and the Geriat-
ric Mental State (GMS) Schedule organic level, both at
baseline and subsequent center visits. Participants scor-
ing less than <26 for MMSE or >0 for GMS underwent
further investigation and informant interview, including
the Cambridge Examination for Mental Disorders of the
Elderly. Data acquired from in-person screening was sup-
ported by data from the electronic linkage of the study
database with medical records from general practitioners
and the regional institute for outpatient mental health
care, which facilitated continuous monitoring for demen-
tia or cognitive disturbances between center visits.

The final diagnosis was established via a consensus
panel of study physicians and was led by a consultant
neurologist, who adhered to standard criteria for demen-
tia (DSM-III-R) and Alzheimer’s disease (NINCDS-
ADRDA) to determine presence, probability, and subtype
of dementia. Follow-up was complete until January 1st
2018, and participants were censored within this follow-
up period at date of dementia diagnosis, date of death,
date of loss to follow-up, or January 1st 2018, whichever
came first. Only participants from RS-I-4 were included
for this analysis, as the number of individuals with inci-
dent dementia in the younger RS-III-1 sample was
limited.

Covariables

Assessment of covariables (educational attainment,
smoking status, history of stroke, history of coronary
heart disease (CHD), medication use, blood pressure,
body mass index, total cholesterol, HDL-cholesterol,
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diabetes, e.g.) was comparable between the RS and LLS,
and detailed further in Methods S4.

Statistical analysis

Associations of TMAO and its precursors with cognition and
brain MRI

Prior to analysis, plasma levels of TMAO and its precur-
sors (in pmol/l) were log transformed to achieve normal
distributions. The volume of white matter hyperinten-
sities (cm®) was also log-transformed, as it had a left-
skewed distribution. All structural imaging markers on
brain MRI (cm®) were standardized to facilitate compari-
son. Cross-sectional associations between plasma lev-
els of TMAO and its precursors with general cognition
(G-factor) as well as brain MRI markers, were explored
with linear regression models. All effect estimates are
presented as mean differences, reflecting a log-unit
change in the metabolite on the outcome, and its cor-
responding 95% confidence intervals (95% Cls). Due to
slight variations in the assessment among samples, effect
estimates were pooled using a random-effects meta-
analysis using the inverse variance method and the Der-
Simonian-Laird estimator [33], with P-y;, that represents
the P-value for heterogeneity. The pooled estimates were
also summarized in cluster plots to display how plasma
levels of TMAO and its precursors vary across cognition
levels and how they associate with various neuroimaging
markers.

For all statistical models, the selection for potential
confounders was guided by literature review and biologi-
cal plausibility [34]. Model I was adjusted for the main
potential confounders, including age, sex, education,
use of lipid lowering medication and body mass index.
Model II was additionally adjusted for total cholesterol,
HDL-cholesterol, smoking, hypertension and history
of coronary heart disease, which are likely confounders,
but could also be mediators. For all models that included
structural imaging markers on brain MRI, we addition-
ally adjusted for intracranial volume and, if applicable,
the time-interval between blood sampling and MRL
Models pertaining to white matter hyperintensities, frac-
tional anisotropy and mean diffusivity were additionally
adjusted for (normal appearing) white matter volume.
Only participants with complete data on covariables were
included.

Associations of TMAO and its precursors with incident
dementia

Relationships between plasma levels of TMAO and its
precursors with incident dementia and Alzheimer’s
disease, were determined for participants of RS-I-4
using Cox proportional hazard models, from which we
obtained hazard ratios (HRs) and 95% Cls. Models were
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adjusted for a similar set of potential confounders as
described earlier.

Stratified, sensitivity and supplementary analyses

Plasma levels of TMAO and its precursors may be
affected by use of antibiotics and proton pump inhibi-
tors (PPIs), as well as impaired clearance by the kidneys.
They can also differ by sex. This information was only
available for a subset of participants followed for incident
dementia in the RS. In this subset, we performed a strati-
fied analysis, where we studied associations of TMAO
and its precursors with incident dementia, separately for
non-users and users of antibiotics or PPIs. As a sensitiv-
ity analysis, we studied associations between TMAO and
its precursors with incident dementia, among those with
impaired renal function (estimated glomerular filtration
rate<60 mL/min). We also studied whether associations
differed by sex. In a supplementary analysis, we assessed
the correlation between TMAOQO and its precursors using
Pearsons’ correlation coefficients.

Significance thresholds and software used

Multiple testing correction was applied using the false
discovery rate (FDR) of Benjamini-Hochberg [35], and a
suggestive association was considered at a nominal sig-
nificance threshold of «a=0.05 (P<0.05). Analyses were
performed using R version 3.6.1 (packages tidyr, dplyr,
lubridate, foreign, and survival) and IBM SPSS Statistics
version 24.0 (IBM Corp, Somers, NY), after which the
meta-analysis was performed using the R package meta.

Results

Of 3,933 participants of the RS with data on plasma lev-
els of TMAO and its precursors, 3,143 participants had
complete data on general cognition, 2,047 participants
visited the center for a brain MRI after blood sampling
and 2,517 participants were followed for incident demen-
tia (Figure S1). In addition, a total of 318 participants of
the LLS with data on plasma levels of TMAO and its pre-
cursors and brain MRI was included to validate the asso-
ciations with brain MRI. Characteristics of each study
sample are presented in Table 1. The mean age of study
participants ranged from 59.3 years in the LLS (stan-
dard deviation (SD), £6.6) to 75.0 years (SD%6.0) in the
RS, with slightly less females present in the LLS sample
(53.0%) compared to RS (56.9%). Along with being older,
participants in the RS had a different distribution of edu-
cational attainment than the LLS sample and more car-
diovascular comorbidity.

Associations between plasma levels of TMAQ, its
precursors and cognition (G-factor)

As presented in Table 2, higher levels of TMAO were
related to lower cognition, but this did not reach
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statistical significance. Instead, higher levels of cho-
line were significantly associated with lower cognition
(adjusted mean difference in model I: -0.170 [95% confi-
dence interval (CI) -0.297;-0.043], P=0.009, P-};,=0.329).
Additional adjustment for potential confounders did not
alter this association for choline (model II: -0.181 [95%
CIL: -0.323;-0.038], P=0.013, P-y= 0.270) and similar
conclusions were drawn from the hierarchical cluster
plot across different levels of cognitive functioning. (Fig-
ure S2).

Associations between plasma levels of TMAOQ, its
precursors and brain MRI markers

Although no associations were found between plasma
levels of TMAO and brain MRI markers, several asso-
ciations were observed with its precursors in the pooled
associations of the RS and LLS. Higher plasma choline
concurred with a smaller total brain volume (model I:
-0.072 [95% CI: -0.140;-0.004], P=0.037, P-,=0.604),
primarily driven by white matter, details of which are
displayed in Fig. 1 and Table S1-A. Besides their associa-
tion with brain atrophy, higher choline levels were also
significantly associated with a higher white matter hyper-
intensity volume (model I: 0.237 [95% CI: 0.076;0.397],
P=0.004, P-;,=0.540, Fig. 1 and Table S1-A), even after
adjustment for potential confounders and multiple test-
ing correction (Table S1-B). In contrast, higher levels of
carnitine were associated with lower white matter hyper-
intensity volume (model I: -0.177 [95% CI: -0.343;-0.010],
P=0.037, P-;,=0.386, Table S1-A). No associations were
found with gray or white matter volume, hippocampal
volumes, fractional anisotropy or mean diffusivity during
meta-analysis.

Associations between plasma levels of TMAQ, its precursors
and incident dementia

Over a median follow-up of 11.3 years [interquartile
range (IQR): 6.2-13.8], 500 participants developed inci-
dent dementia, of whom 391 had Alzheimer’s disease. No
significant associations were found between TMAO, its
precursors and the risk of incident dementia (Table 3).

Stratified, sensitivity and supplementary analyses

Stratification by participants who used antibiotics or
PPIs (n=427) and those who did not (n=2,024), yielded
no notable differences in associations of plasma TMAO
and its precursors with incident dementia (Fig. 2). Only
among the small subset of participants with impaired
renal function (eGFR<60 mL/min, n=245), TMAQO was
significantly associated with an increased risk of inci-
dent dementia (model I HR: 1.73 [95% CI: 1.16;2.60,
P=0.01], including Alzheimer’s disease (Table S2). Asso-
ciations did not differ by sex (Figure S3). Precursors of
TMAO were moderately correlated (Pearson’s correlation
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Study Rotterdam Study  Rotterdam Study Rotterdam Study  Leiden Longevity Rotterdam
Study Study
Characteristic Total sample (N= Subsample with data  Subsample with Subsample with  Subsample fol-
3933) on cognition (N = brain MRI (N = brain MRI (N=318) lowed for inci-
3143) 2047) dent dementia
(N=2517)
Sex (%)
Female 2278 (57.9) 1817 (57.8) 1164 (56.9) 169 (53.0) 1457 (57.9)
Age in years (mean, SD) 70.7 (8.4) 70.3(8.1) 67.17 (7.3) 593 (6.6) 75.0 (6.0)
Cohort (%)
RS-I-4 2557 (65.0) 2024 (64.4) 947 (46.3) - 2517 (64.9)
RS-II-2 1376 (35.0) 1119 (35.6) 1100 (53.7) - 0(0.0)
Educational attainment (%)
Primary education 463 (11.8) 326 (104) 169 (8.3) 127 (40.0) 347 (13.9)
Further education 2717 (69.5) 2201 (70.5) 1383 (67.9) 78 (24.4) 1849 (74.0)
Higher education 730(18.7) 597 (19.1) 485 (23.8) 113 (35.6) 303 (12.1)
Body mass index in kg/m2 (mean, SD) 274 (4.3) 274 (4.2) 27.2(4.1) 254 (34) 274 (4.7)
Smoking status (%)
Never 1208 (31.2) 961 (31.1) 642 (31.8) 111 (35.8) 742 (30.2)
Former 2211 (57.2) 1770 (57.3) 1145 (56.7) 172 (54.1) 1451 (59.0)
Current 448 (11.6) 359 (11.6) 234(11.6) 35(11.1) 266 (10.8)
Hypertension (%) 2117 (54.1) 1639 (52.4) 954 (46.8) 55(17.1) 1452 (58.0)
Total cholesterol (mmol/L) 56(1.0) 56(1.0) 56(1.0) 56(1.2) 56(1.0)
HDL cholesterol (mmol/L) 15(0.4) 15(04) 15(04) 14(04) 14(04)
Use of lipid lowering drugs 960 (24.5) 743 (23.7) 504 (24.7) 50(15.7) 579 (23.1)
APOE-€4 carrier (%) 1017 (27.5) 829 (28.0) 544 (28.2) 85 (26.8) 637 (26.6)
Diabetes (%) 297 (7.6) 223 (7.1) 123 (6.0) 9(2.8) 212 (84)
History of stroke (%) 153 (3.9) 0 (0.0)* 0 (0.0)* 3(1.0 122 (4.8)
History of CHD (%) 349 (9.0) 267 (8.6) 126 (6.2) 3(1.0) 283(11.5)
Plasma levels of gut-related metabolites in pmol/I
Betaine (mean, SD) 34.8(10.2) 34.8(10.0) 35.1(10.0) 38.0(12.6) 34.3(10.0)
Carnitine (mean, SD) 43.5(8.7) 435(8.7) 43.8(8.6) 413(9.2) 43.0(8.5)
Choline (mean, SD) 9.6 (2.3) 9.6 (23) 93(2.1) 10.9 (2.6) 99(23)
Deoxycarnitine (mean, SD) 0.9(0.2) 0.9(0.2) 0.9(0.2) 0.8(0.2) 0.9(0.2)
TMAO (mean, SD) 6.6 (9.2) 6.5(9.5) 6.4(94) 48(5.5) 6.8 (8.9)

Note Unless specified otherwise, mean values and SD are displayed for continuous measures and absolute numbers are presented for categorical values

Abbreviations N=number of participants included in the study, SD=standard deviation, TMAO=Trimethylamine N-oxide. Plasma levels of gut-related metabolites

are presented in pmol/I

*Participants with a history of stroke or dementia were excluded from the subsample

coefficient (PCC) for betaine and choline 0.36, Figure S4),
followed by carnitine and deoxycarnitine (PCC: 0.35)
and choline and deoxycarnitine (PCC: 0.31). Scatterplots
of plasma TMAO and its precursors and neuroimaging
markers are provided in Figure S5.

Discussion

In this population-based study, we could not confirm an
association between plasma levels of TMAO and cogni-
tion, neuroimaging markers or incident dementia, except
in those with impaired renal function. However, we did
find that choline, the main precursor of TMAO, was
associated with lower cognition, lower total brain volume
and a higher white matter hyperintensity volume. In con-
trast, higher levels of carnitine concurred with a lower

white matter hyperintensity volume. No other precursors
of TMAO showed associations with cognition, neuroim-
aging markers or incident dementia.

Choline is a key component for the synthesis of ace-
tylcholine; a neurotransmitter recognized for its role in
memory and learning. While dietary choline has pre-
dominantly been attributed positive effects on cognition
in early life [36], recent research suggests that depending
on the composition and diversity of the gut microbiota,
other pathways of choline metabolism may be activated
as well, resulting in the synthesis of betaine, sphingo-
myelin and phosphatidylcholine (components of the cell
membrane structure) or TMAO [37]. With dysbiosis
of the gut, the probability of choline being metabolized
into TMAO increases [36], which has previously been
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Table 2 Associations between plasma levels of TMAQ, its precursors and cognition (G-factor)
G-factor
RS I-4 RS 1lI-2 Meta-analysis
(N=1984) (N=1116) (N=3100)
Model | Mean difference P-value Mean difference P-value Mean difference P-value Piet
(95% Cl) (95% Cl) (95% Cl)
Betaine 0.127 (-0.017;0.271) 0.084 -0.036 (-0.190; 0.118) 0.647 0.048 (-0.112; 0.208) 0.557 0.132
Carnitine 0.032 (-0.156;0.219) 0.740 -0.044 (-0.242;0.154) 0.666 -0.004 (-0.140; 0.132) 0.953 0.585
Choline -0.112 (-0.286; 0.061) 0.203 -0.239 (-0.427 ;-0.050) 0.013 -0.170 (-0.297 ; -0.043) 0.009* 0329
Deoxycarnitine  0.037 (-0.120; 0.193) 0.644 -0.035 (-0.258;0.188) 0.756 0.013 (-0.115,0.142) 0.840 0.605
TMAO 0.001 (-0.055; 0.057) 0.970 -0.036 (-0.095; 0.023) 0.229 -0.017 (-0.058 ; 0.024) 0418 0375
RS I-4 RS III-2 Meta-analysis
(N=1912) (N=1101) (3013)
Model Il Mean difference P-value Mean difference P-value Mean difference P-value Ptet
(95% Cl) (95% Cl) (95% C)
Betaine 0.140 (-0.008 ; 0.288) 0.064 -0.046 (-0.202;0.111) 0.568 0.049 (-0.133;0.231) 0.598 0.090
Carnitine 0.074 (-0.122;0.269) 0.460 -0.003 (-0.206; 0.199) 0.975 0.037 (-0.104;0.177) 0610 0.592
Choline -0.112 (-0.289; 0.066) 0.218 -0.258(-0.448 ; -0.067) 0.008* -0.181(-0.323;-0.038) 0.013* 0.270
Deoxycarnitine  0.054 (-0.105;0.212) 0.507 -0.040 (-0.266 ; 0.187) 0.730 0.023 (-0.107; 0.153) 0.730 0.504
TMAO 0.009 (-0.049 ; 0.067) 0.752 -0.048 (-0.108;0.011) 0.111 -0.020 (-0.075; 0.036) 0.494 0.179

Plasma levels of TMAO and its precursors (in pmol/l) were natural log-transformed. The G-factor reflects the first component of the principal component analysis
including the delayed recall score of the Stroop interference test, the letter-digit-substitution test, the verbal fluency task, the Purdue pegboard test and the 15-word
learning test. Associations are presented as adjusted mean differences (with 95% confidence interval (Cl)). Model | is adjusted for age, sex, education, lipid lowering
medication use, body mass index. Model Il is additionally adjusted for total cholesterol, HDL-cholesterol, smoking, hypertension and history of coronary heart
disease. Associations passing the nominal significance threshold (p<0.05) are marked bold, associations passing the FDR threshold are denoted with a *. In order to
pool estimates, we performed a random-effects meta-analysis using the inverse variance method and the DerSimonian-Laird estimator.

Abbreviations RS |-4=Rotterdam Study cohort |, fourth visit; RS Ill-2=Rotterdam Study cohort Ill, second visit; P-;.; = P-value for heterogeneity, Cl=confidence
interval, P-value=nominal p-value, FDR=false discovery rate

Associations between plasma expression levels of gut-related metabolites and brain MRI markers

Betaine 0.61 1.14 -0.40 -0.56 -0.23
Choline -0.29 -1.55 -0.74 -0.04
z-value

 F

Carnitine 0.23 -0.46 1.21 0.62 -0.18 -1.36 -0.25 1

0

B

L]
Deoxycarnitine -0.20 -0.78 0.23 -0.50 0.40 -0.79
TMAO -1.40 -0.19 -0.61 0.22 0.32 0.50 -0.36

Total brain volume Gray matter volume White matter volume Hippocampal volume Fractional anisotropy White matter hyperintensities Mean diffusivity

Fig. 1 Pooled associations between plasma levels of TMAQ, its precursors and neuroimaging markers are displayed as z-values (3/SE) and derived from
the meta-analysis of linear regression models (A-B). Metabolites were log transformed for normalization purposes and all neuroimaging markers were
standardized to facilitate comparison. Presented data refer to model 1, which is adjusted for age, sex, study cohort, education, intracranial volume, normal
appearing white matter volume, time difference, lipid lowering medication use and body mass index. Stars denote significant associations: * = p <0.05, **
=p<0.01, with the latter one passing the false discovery rate (FDR) threshold. Extended details are provided in Table S1 of the Supplementary.
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Table 3 Associations between plasma levels of TMAQ, its precursors and incident dementia

Incident dementia Incident Alzheimer’s disease
Model | n/N HR (95% ClI) P-value n/N HR (95% ClI) P-value
Betaine 500/2451 093 (0.65;1.31) 0.66 391/2451 0.92(0.62;1.36) 0.67
Carnitine 500/2451 0.87 (0.55; 1.36) 0.54 391/2451 0.86 (0.52;1.42) 0.55
Choline 500/2451 0.96 (0.63 ; 1.46) 0.86 391/2451 0.80(0.50;1.29) 0.36
Deoxycarnitine 500/2451 1.13(0.76;1.68) 0.55 391/2451 1.04 (0.67 ; 1.62) 0.86
TMAO 500/2451 0.97 (0.85;1.12) 0.71 391/2451 0.95(0.82;1.12) 0.56
Model I n/N HR (95% Cl) P-value n/N HR (95% Cl) P-value
Betaine 483/2359 0.94(0.66; 1.34) 0.72 381/2359 0.92(0.61;1.37) 0.67
Carnitine 483/2359 0.84(0.53;1.34) 046 381/2359 0.84 (049;1.41) 0.50
Choline 483/2359 0.94 (0.61; 1.45) 0.79 381/2359 0.77 (0.48; 1.25) 0.30
Deoxycarnitine 483/2359 1.12(0.75; 1.68) 0.58 381/2359 1.03 (0.66; 1.60) 091
TMAO 483/2359 0.98(0.85;1.13) 0.78 381/2359 096 (0.82;1.12) 0.58

Note Models pertaining to incident dementia only include participants from RS I-4=Rotterdam Study cohort |, fourth visit. Plasma levels of TMAO and its precursors
(in pmol/l) were natural log-transformed. Associations with incident dementia are presented as hazard ratios (HR), with 95% confidence interval (Cl). Model |
is adjusted for age, sex, education, lipid lowering medication use and body mass index. Model Il is additionally adjusted for total cholesterol, HDL-cholesterol,
smoking, hypertension and history of coronary heart disease. Associations passing the nominal significance threshold (p<0.05) are marked bold, associations
passing the FDR threshold are denoted with a *.

Abbreviations Cl=confidence interval, P-value=nominal p-value, FDR=false discovery rate, n/N=number of incident cases/number of included participants,
HR=hazard ratio

All-cause incident dementia Incident Alzheimer's disease
User @ no @ vyes User @ no @ vyes
I @ | I @ i
Betaine Betaine {
=@ e
; @ | k @ |
Carnitine Carnitine
e e
2 2
] ' @ | ] t @ y
= Choline < Choline
© e © A
€ €
k @ | k @ 1
Deoxycarnitine 1 Deoxycarnitine q
—— —e—
@ —@—
TMAO 4 TMAO 4
—@— —e—
03 10 30 03 10 30
Hazard ratio (95% confidence interval) Hazard ratio (95% confidence interval)

Fig. 2 Associations between TMAQ, its precursors and incident dementia, as well as Alzheimer’s disease, stratified by non-users (user=no) and users
(user=yes) of antibiotics or proton pump inhibitors. Among 2,024 non-users of antibiotics or proton pump inhibitors, 413 participants developed inci-
dent (all-cause) dementia, from which 321 individuals had Alzheimer’s disease. Among 427 users of antibiotics or proton pump inhibitors, 87 participants
developed incident (all-cause) dementia, from which 70 individuals had Alzheimer’s disease. Effect estimates from Cox proportional hazard models are
presented as hazard ratios (HR) with 95% confidence intervals

associated with both cardiovascular outcomes [6, 8] and  [9], but most of them did not consider the bioavailabil-
cognitive impairment [38]. Several animal and human ity of its main precursor, choline. A multi-ethnic, pop-
studies indicate that TMAO has deleterious effects on  ulation-based cohort study where both TMAO and its
synaptic plasticity [39] and overall cognitive performance  precursors were studied in relation to inflammatory and
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cardiometabolic risk biomarkers, showed that choline,
rather than TMAO, was associated with an adverse car-
diovascular risk profile [40]. This was also observed in
other population-based cohorts that examined such
associations separately: while some found no associa-
tion between TMAO and atherosclerosis [41, 42], oth-
ers reported an increased risk of cardiometabolic disease
and mortality with higher levels of choline [43, 44]. Given
that cardiovascular disease and cognitive impairment
share common pathways, findings of this study add to the
hypothesis that choline, rather than TMAO, may be one
of the underlying pathological substrates.

Evidence on the relationship between plasma TMAO,
its precursors and structural brain imaging markers
of dementia is limited and conflicting. It also remains
uncertain whether TMAO, or its precursor trimethyl-
amine (TMA), alters the integrity of the blood-brain-
barrier [45]. In a cross-sectional analysis of a multicenter
hospital-based cohort study among stroke patients, both
TMAO and choline were associated with a higher white
matter hyperintensity volume [12], which we could only
confirm for choline in our study. By contrast, in the
Framingham Offspring cohort, a higher (self-reported)
intake of choline was associated with little to no white
matter hyperintensities [46]. It is postulated that the
association of choline with cerebrovascular disease may
be dependent on the morphology (i.e. small vs. large ves-
sel disease), as well as the cardiovascular risk profile of
the population [47]. Within our study, higher choline
levels showed a pattern with lower white matter volume,
diminished fractional anisotropy, and a higher white
matter hyperintensity volume, which suggests a connec-
tion to small vessel disease. It is also worth noting that
our study included an older population of adults with
relatively more cardiovascular comorbidity (RS-I-4 and
RS-III-2) and an external validation cohort of younger
individuals with less cardiovascular comorbidity (LLS),
and we indeed observed some heterogeneity on the asso-
ciation of TMAO and its precursors with brain volumes
and white matter hyperintensity volume. Perhaps this
points towards an age-dependent effect of TMAO and
its precursors on the brain, due to a change in compo-
sition or diversity of gut microbiota in aging individuals.
It could also be that plasma levels of these metabolites
differ from those in cerebrospinal fluid [10], the latter
being a more direct reflection of biochemical processes
occurring within the central nervous system, whereas
plasma metabolites can be influenced by various factors
associated with gut microbiota. The protective associa-
tion between carnitine and white matter hyperintensity
volume that we found has only been reported in haemo-
dialysis patients [48] and some animal studies [49, 50],
supporting the notion that carnitine may also have an
important role in the gut-brain axis.
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Longitudinal associations of TMAO and its precursors
with dementia have recently been described among older
adults aged 65 years and older in the Cardiovascular
Health Study [51]. In line with our findings, they found
no associations between TMAO, carnitine, choline, or
betaine and incident dementia, but identified associa-
tions with other TMAO-related metabolites including
crotonobetaine and y-butyrobetaine, both of which
were not measured in this study. Our sensitivity analysis
indicates that only in a small subset of participants with
impaired clearance (eGFR<60 mL/min), there was an
increased risk of dementia with higher levels of TMAO,
while no associations were found in the overall sample.
Collectively, the results of our study suggest that in com-
munity dwelling individuals, who generally have retained
renal function, the precursors of TMAO, rather than
TMAQO itself, may be involved in the pathophysiology of
dementia.

Strengths and limitations

Strengths of this study include a population-based study
design, with a large sample of community-dwelling adults
that underwent standardized assessment of TMAO and
its precursors, an extensive neuropsychological test bat-
tery, good quality brain MRI and more than a decade of
follow-up for incident dementia. In addition, we included
an external validation cohort (LLS) with younger indi-
viduals for neuroimaging associations. Yet, our study
had several limitations that should be mentioned. First,
due to the cross-sectional nature of associations between
TMADQ, its precursors, cognition and brain MRI markers,
we cannot infer the temporality of associations. Temporal
changes in the composition and diversity of gut-micro-
biota may have a considerable effect on the association
of TMAO and its precursors with cognition and brain
structure, highlighting the need for longitudinal studies
with repeated assessments. Second, information on diet
and composition of gut-microbiota was not available in
this study, which could be a source of residual confound-
ing. In addition, use of hormone replacement therapy
(HRT) in post-menopausal women is thought to alter gut-
microbiota and related metabolites, although evidence
for this is limited [52]. We did not have information on
HRT use at our disposal, therefore we cannot ascertain to
what extent this may have influenced our results. Third,
since renal function data was not available for the whole
cohort (only for 33% of participants), we cannot infer to
which extent this may have had consequences for the
excretion of TMAO or its precursors. Fourth, although
the LLS served as an independent validation cohort for
neuroimaging associations in the RS, we cannot rule out
the possibility that this cohort is enriched with genes for
longevity, which could have affected our results. Finally,
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the findings from our predominantly White population
may not generalize to other ethnicities.

Conclusion

In this population-based study, we found that higher
levels of plasma choline, rather than TMAO, were asso-
ciated with cognitive impairment, brain atrophy and
markers of cerebral small vessel disease. TMAO and its
precursors showed no associations with incident demen-
tia, except in individuals with impaired kidney func-
tion. Our findings exemplify that relationships between
TMAO and its precursors are intricate, and that these
should be studied in tandem to elucidate mechanisms
along the gut-brain axis.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513195-024-01480-1.

[ Supplementary Material 1 ]

Acknowledgements

We are grateful to the participants of the study residing in Ommoord,
their general practitioners, the staff at the research centre and the data
management team for their invaluable efforts in contributing to the
Rotterdam Study during all these years.

Author contributions

All listed authors made significant intellectual contribution to the study
design (S.A, MALl, AY), acquisition of data (MW.V,, MG, M.B, Jv.d.G, TH,
CM.v.D), analysis and interpretation of data (AY, DV, M.ALl, S.A), drafting the
manuscript and figures (A.Y), or critically revising it for additional intellectual
content (AY, DV, MWV, PES, MG, MB, JvdG, TH, CMv.D, MAL, SA). AY,
D.V.and S.A. had full access to all the data in the study and take responsibility
for the integrity of the data and the accuracy of the data analysis. All listed
authors read and approved the manuscript for publication.

Funding

The Rotterdam Study is supported by the Erasmus MC University Medical
Center and Erasmus University Rotterdam, the Netherlands Organization for
Scientific Research (NWO), the Netherlands Organization for Health Research
and Development (ZonMW), the Research Institute for Diseases in the Elderly
(RIDE), the Ministry of Education, Culture and Science, the Ministry of Health,
Welfare and Sport, The European Commission (DGXII), the Netherlands
Genomics Initiative (NGI), and the Municipality of Rotterdam. This study was
partly performed as part of the Netherlands Consortium of Dementia Cohorts
(NCDC), which receives funding in the context of Deltaplan Dementie from
ZonMW Memorabel (projectnumber 73305095005) and Alzheimer Nederland.
Additional funding was obtained through the Stichting Erasmus Trustfonds,
grant number 97030.2021.101.430/057/RB and the ZonMW Memorabel
program (project number 733050814). The mentioned funders had no role

in the design and conduct of the study, nor in the decision to submit the
manuscript. The Leiden Longevity Study has received funding from the
European Union’s Seventh Framework Programme (FP7/2007-2011) under
grant agreement no. 259679. This study was supported by a grant from

the Innovation-Oriented Research Program on Genomics (SenterNovem
IGE05007), the Centre for Medical Systems Biology, The Netherlands
Consortium for Healthy Ageing (grants 05040202 and 050060810), all in the
framework of The Netherlands Genomics Initiative, Netherlands Organization
for Scientific Research (NWO), and BBMRINL, a research infrastructure
financed by the Dutch government (NWO 184.021.007 and 184.033.111),

by the Netherlands CardioVascular Research Initiative (CVON201-03), VOILA
(ZonMW 457001001) and Medical Delta (scientific program METABODELTA:
Metabolomics for clinical advances in the Medical Delta). D.V. is supported by
the Netherlands Consortium of Dementia Cohorts (NCDC), which is funded by

Page 9 of 10

Deltaplan Dementie from ZonMW Memorabel (project number 73305095005)
and Alzheimer Nederland. The contribution of all participants of the Leiden
Longevity Study is gratefully acknowledged.

Data availability

Reasonable requests for data sharing can be directed towards the Rotterdam
Study Management Team (secretariat.epi@erasmusmc.nl), who follow a
protocol to approve data requests. Due to privacy regulations and informed
consent of participants, data cannot be uploaded on a public repository.

Declarations

Ethics approval and consent to participate

The Rotterdam Study has been approved by the Medical Ethics Committee
of the Erasmus University Medical Center (registration number MEC 02.1015)
according to the Population Screening Act, executed by the Dutch Ministry
of Health, Welfare and Sport (license number 1071272-159531-PG). All
participants provided written informed consent. The Leiden Longevity
Study has been approved by the ethical committee of the Leiden University
Medical Center before the start of the study (P01.113). In accordance

with the Declaration of Helsinki, all participants prior to their entering the
study provided informed consent. Good clinical practice guidelines were
maintained.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Summary for social media if published

@ErasmusMC: 4 In the population-based Rotterdam Studly, associations

were explored between plasma TMAO & its precursors with cognition,
neuroimaging markers and dementia. Notably, higher levels of plasma
choline were linked to cognitive impairment, brain atrophy and markers of
cerebral small vessel disease. This research underscores the complex dynamics
of the gut-brain axis and the crucial need for further studies in this field.
#GutMicrobiome #Neuroimaging #DementiaResearch.

Not applicable.

Received: 23 October 2023 / Accepted: 13 May 2024
Published online: 20 May 2024

References

1. World Health O. Global status report on the public health response to
dementia. 2021.

2. Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. Summary of
the evidence on modifiable risk factors for cognitive decline and dementia: a
population-based perspective. Alzheimers Dement. 2015;11:718-26.

3. Liang X, FuY, Cao W-t, et al. Gut microbiome, cognitive function and brain
structure: a multi-omics integration analysis. Translational Neurodegenera-
tion. 2022;11:49.

4. Connell E, Le Gall G, Pontifex MG, et al. Microbial-derived metabolites as a risk
factor of age-related cognitive decline and dementia. Mol Neurodegenera-
tion. 2022;17:43.

5. Praveenraj SS, Sonali S, Anand N, et al. The role of a gut microbial-derived
metabolite, trimethylamine N-Oxide (TMAQ), in neurological disorders. Mol
Neurobiol. 2022;59:6684-700.

6. Papandreou C, Moré M, Bellamine A. Trimethylamine N-Oxide in relation to
Cardiometabolic Health-cause or Effect? Nutrients 2020;12.

7. ZhuW, Gregory JC, Org E, et al. Gut Microbial Metabolite TMAO enhances
platelet hyperreactivity and thrombosis risk. Cell. 2016;165:111-24.

8. Boini KM, Hussain T, Li PL, Koka S. Trimethylamine-N-Oxide instigates NLRP3
inflammasome activation and endothelial dysfunction. Cell Physiol Biochem.
2017,44:152-62.

9. LiD,KeY,ZhanR, et al. Trimethylamine-N-oxide promotes brain aging and
cognitive impairment in mice. Aging Cell. 2018;17:e12768.


https://doi.org/10.1186/s13195-024-01480-1
https://doi.org/10.1186/s13195-024-01480-1

Yaqub et al. Alzheimer's Research & Therapy

16.
17.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

(2024) 16:113

Vogt NM, Romano KA, Darst BF, et al. The gut microbiota-derived metabolite
trimethylamine N-oxide is elevated in Alzheimer’s disease. Alzheimers Res
Ther.2018;10:124.

Luciani M, Mueller D, Vanetta C et al. Trimethylamine-N-oxide (TMAO) is
associated with cardiovascular mortality and vascular brain lesions in patients
with atrial fibrillation. Eur Heart J 2021:42.

ChenY, Xu J, Pan, et al. Association of Trimethylamine N-Oxide and

its Precursor with Cerebral small vessel imaging markers. Front Neurol.
2021;12:648702.

Arrona Cardoza P, Spillane MB, Morales Marroquin E. Alzheimer's disease and
gut microbiota: does trimethylamine N-oxide (TMAO) play a role? Nutr Rev.
2021;80:271-81.

The Rotterdam Study. Design update and major findings between 2020 and
2024. Eur J Epidemiol. https://doi.org/10.1007/510654-023-01094-1
Schoenmaker M, de Craen AJM, de Meijer PHEM, et al. Evidence of genetic
enrichment for exceptional survival using a family approach: the Leiden
Longevity Study. Eur J Hum Genet. 2006;14:79-84.

Schreiber A. MultiQuant™ Software Version 3.0.

Hoogendam YY, Hofman A, van der Geest JN, van der Lugt A, kram MA.
Patterns of cognitive function in aging: the Rotterdam Study. Eur J Epidemiol.
2014,29:133-40.

lkram MA, van der Lugt A, Niessen WJ, et al. The Rotterdam scan study:
design update 2016 and main findings. Eur J Epidemiol. 2015;30:1299-315.
de Boer R, Vrooman HA, van der Lijn F, et al. White matter lesion extension to
automatic brain tissue segmentation on MRI. Neurolmage. 2009;45:1151-61.
de Groot M, lkram MA, Akoudad S, et al. Tract-specific white matter degen-
eration in aging: the Rotterdam Study. Alzheimers Dement. 2015;11:321-30.
Koppelmans V, de Groot M, de Ruiter MB, et al. Global and focal white matter
integrity in breast cancer survivors 20 years after adjuvant chemotherapy.
Hum Brain Mapp. 2014,35:889-99.

Klein S, Staring M, Murphy K, Viergever MA, Pluim JP. Elastix: a toolbox

for intensity-based medical image registration. IEEE Trans Med Imaging.
2010;29:196-205.

Leemans A, Jones DK. The B-matrix must be rotated when correcting for
subject motion in DTI data. Magn Reson Medicine: Official J Int Soc Magn
Reson Med. 2009;61:1336-49.

Smith SM, Jenkinson M, Woolrich MW, et al. Advances in functional and
structural MR image analysis and implementation as FSL. Neurolmage.
2004;23:5208-19.

Leemans A, Jeurissen B, Sijbers J, Jones DK. ExploreDTI: a graphical toolbox
for processing, analyzing, and visualizing diffusion MR data. Proc Intl Soc Mag
Reson Med; 2009: 3537.

Vrooman HA, Cocosco CA, van der Lijn F, et al. Multi-spectral brain tissue
segmentation using automatically trained k-Nearest-neighbor classification.
Neurolmage. 2007,37:71-81.

de Groot M, Verhaaren BF, de Boer R, et al. Changes in normal-appearing
white matter precede development of white matter lesions. Stroke.
2013;44:1037-42.

Altmann-Schneider I, de Craen AJ, Slagboom PE, et al. Brain tissue volumes in
familial longevity: the Leiden Longevity Study. Aging Cell. 2012;11:933-9.
McAuliffe MJ, Lalonde FM, McGarry D, Gandler W, Csaky K, Trus BL. Medical
image processing, analysis and visualization in clinical research. Proceedings
14th IEEE Symposium on Computer-Based Medical Systems CBMS. 2001;
2001: IEEE: 381-386.

Admiraal-Behloul F, van den Heuvel DM, Olofsen H, et al. Fully automatic
segmentation of white matter hyperintensities in MR images of the elderly.
Neurolmage. 2005;28:607-17.

Scheltens P, Barkhof F, Leys D, et al. A semiquantative rating scale for the
assessment of signal hyperintensities on magnetic resonance imaging. J
Neurol Sci. 1993;114:7-12.

de Bruijn RF, Bos MJ, Portegies ML, et al. The potential for prevention of
dementia across two decades: the prospective, population-based Rotterdam
Study. BMC Med. 2015;13:132.

DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials.
1986;7:177-88.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

Page 10 of 10

Bar N, Korem T, Weissbrod O, et al. A reference map of potential determinants
for the human serum metabolome. Nature. 2020;588:135-40.

Benjamini Y, Hochberg Y. Controlling the false Discovery rate: a practical and
powerful Approach to multiple testing. J Royal Stat Soc Ser B (Methodologi-
cal). 1995;57:289-300.

Arias N, Arboleya S, Allison J et al. The relationship between Choline Bioavail-
ability from Diet, Intestinal Microbiota Composition, and its modulation of
Human diseases. Nutrients 2020;12.

Cho CE, Aardema NDJ, Bunnell ML et al. Effect of Choline forms and Gut
Microbiota composition on Trimethylamine-N-Oxide response in healthy
men. Nutrients 2020;12.

Zhu G, Li G, Lv Z, et al. Association of plasma trimethylamine-N-oxide levels
with post-stroke cognitive impairment: a 1-year longitudinal study. Neurol
Sci. 2020;41:57-63.

Govindarajulu M, Pinky PD, Steinke |, et al. Gut metabolite TMAO induces
synaptic plasticity deficits by promoting endoplasmic reticulum stress. Front
Mol Neurosci. 2020;13:138.

Fu BC, Hullar MAJ, Randolph TW, et al. Associations of plasma trimethylamine
N-oxide, choline, carnitine, and betaine with inflammatory and cardiometa-
bolic risk biomarkers and the fecal microbiome in the multiethnic cohort
adiposity phenotype study. Am J Clin Nutr. 2020;111:1226-34.

Meyer KA, Benton TZ, Bennett BJ et al. Microbiota-dependent metabolite
trimethylamine N-Oxide and coronary artery calcium in the coronary artery
risk development in young adults study (CARDIA). J Am Heart Assoc 2016;5.
Winther SA, @ligaard JC, Hansen TW, et al. Plasma trimethylamine N-oxide
and its metabolic precursors and risk of mortality, cardiovascular and renal
disease in individuals with type 2-diabetes and albuminuria. PLoS ONE.
2021;16:0244402.

Yang JJ, Lipworth LP, Shu X0, et al. Associations of choline-related

nutrients with cardiometabolic and all-cause mortality: results from 3
prospective cohort studies of blacks, whites, and Chinese. Am J Clin Nutr.
2020;111:644-56.

Andreu-Sanchez S, Ahmad S, Kurilshikov A et al. TMAO and its precursors in
relation to host genetics, gut microbial composition, diet, and clinical out-
comes: Meta-analysis of 5 prospective population-based cohorts. medRxiv,
2022.

Hoyles L, Pontifex MG, Rodriguez-Ramiro |, et al. Regulation of blood-brain
barrier integrity by microbiome-associated methylamines and cognition by
trimethylamine N-oxide. Microbiome. 2021,9:235.

Poly C, Massaro JM, Seshadri S, et al. The relation of dietary choline to
cognitive performance and white-matter hyperintensity in the Framingham
offspring cohort. Am J Clin Nutr. 2011,94:1584-91.

Roe AJ, Zhang S, Bhadelia RA, et al. Choline and its metabolites are differently
associated with cardiometabolic risk factors, history of cardiovascular disease,
and MRI-documented cerebrovascular disease in older adults. Am J Clin Nutr.
2017;105:1283-90.

Ueno'Y, Saito A, Nakata J et al. Possible neuroprotective effects of I-Carnitine
on White-Matter Microstructural damage and cognitive decline in Hemodi-
alysis patients. Nutrients 2021;13.

Hulme H, Meikle LM, Strittmatter N, et al. Microbiome-derived carnitine mim-
ics as previously unknown mediators of gut-brain axis communication. Sci
Adv. 2020:6:eaax6328.

Ueno Y, Koike M, Shimada Y, et al. L-Carnitine enhances axonal plasticity and
improves White-Matter lesions after Chronic Hypoperfusion in Rat Brain. J
Cereb Blood Flow Metabolism. 2015,35:382-91.

de Oliveira Otto MC, Li XS, Wang Z, et al. Longitudinal Associations of Plasma
TMAO and related metabolites with cognitive impairment and dementia in
older adults: the Cardiovascular Health Study. J Alzheimers Dis; 2022.

Peters BA, Santoro N, Kaplan RC, Qi Q. Spotlight on the gut Microbiome in
Menopause: current insights. Int J Womens Health. 2022;14:1059-72.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1007/s10654-023-01094-1

	﻿Plasma trimethylamine N-oxide (TMAO): associations with cognition, neuroimaging, and dementia
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study cohorts
	﻿2.2 Assessment of TMAO and its precursors in plasma
	﻿Assessment of general cognition
	﻿Neuroimaging protocol
	﻿Dementia screening and surveillance
	﻿Covariables
	﻿Statistical analysis
	﻿Associations of TMAO and its precursors with cognition and brain MRI
	﻿Associations of TMAO and its precursors with incident dementia
	﻿Stratified, sensitivity and supplementary analyses
	﻿Significance thresholds and software used


	﻿Results
	﻿Associations between plasma levels of TMAO, its precursors and cognition (G-factor)
	﻿Associations between plasma levels of TMAO, its precursors and brain MRI markers
	﻿Associations between plasma levels of TMAO, its precursors and incident dementia




