
Original Research Communications

Is dietary choline intake related to dementia and Alzheimer’s disease
risks? Results from the Framingham Heart Study
Jing Yuan,1,2 Xue Liu,3 Chunyu Liu,3 Alvin FA Ang,2,4,5 Joseph Massaro,3,4 Sherral A Devine,2,4 Sanford H Auerbach,4,6

Jan Krzysztof Blusztajn,7 Rhoda Au,2,4,5,6,8 and Paul F Jacques9,10

1Department of Neurology, Peking Union Medical College Hospital, Peking Union Medical College, Chinese Academy of Medical Sciences, Beijing, China;
2Department of Anatomy and Neurobiology, Boston University School of Medicine, Boston, MA, USA; 3Department of Biostatistics, Boston University
School of Public Health, Boston, MA, USA; 4Framingham Heart Study, Boston University School of Medicine, Boston, MA, USA; 5Slone Epidemiology
Center, Boston University School of Medicine, Boston, MA, USA; 6Department of Neurology, Boston University School of Medicine, Boston, MA, USA;
7Pathology and Laboratory Medicine, Boston University School of Medicine, Boston, MA, USA; 8Department of Epidemiology, Boston University School of
Public Health, Boston, MA, USA; 9Jean Mayer USDA Human Nutrition Research Center on Aging, Tufts University, Boston, MA, USA; and 10Gerald J. and
Dorothy R. Friedman School of Nutrition Science and Policy, Tufts University, Boston, MA USA

ABSTRACT
Background: The positive association of choline for cognition has
been reported in both animal and human studies, yet the associations
of choline with the risks of incident dementia or Alzheimer’s disease
(AD) in humans is unclear.
Objectives: Our objective was to test the hypothesis that lower
or higher dietary choline intake is associated with increased or
decreased, respectively, risks of incident dementia and AD.
Methods: Data from the Framingham Heart Study Offspring Cohort
exam 5 to exam 9 were used. Participants were free of dementia and
stroke, with a valid self-reported 126-item Harvard FFQ at exam 5.
The intakes of total choline, its contributing compounds, and betaine
were estimated based on a published nutrient database. The intakes
were updated at each exam to represent the cumulative average intake
across the 5 exams. The associations between dietary choline intakes
and incident dementia and AD were examined in mixed-effect Cox
proportional hazard models, adjusting for covariates.
Results: A total of 3224 participants (53.8% female; mean ± SD
age, 54.5 ± 9.7 y) were followed up for a mean ± SD of 16.1 ± 5.1 y
(1991–2011). There were 247 incident dementia cases, of which 177
were AD. Dietary choline intake showed nonlinear relationships with
incident dementia and AD. After adjusting for covariates, low choline
intake (defined as ≤ 219 and ≤ 215 mg/d for dementia and AD,
respectively) was significantly associated with incident dementia and
incident AD.
Conclusions: Low choline intake was associated with increased risks
of incident dementia and AD. Am J Clin Nutr 2022;116:1201–
1207.
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Introduction
Dementia, including Alzheimer’s disease (AD) and other

causes, is among the biggest global public health and social

care challenges (1). Unfortunately, there have been no major
medical treatment breakthroughs that effectively stop dementia
progression. The world’s largest survey revealed that almost 80%
of the general public are concerned about developing dementia
at some point, and 1 in 4 people think that there is nothing that
can be done to prevent dementia (2). Yet, recent studies suggest
that dietary factors can influence disease risk and prevention
(3). As an essential nutrient in humans, choline is a dietary
nutrient closely related to brain development (4, 5). It is a methyl
group donor to homocysteine as an alternative way to synthesize
methionine (4), a precursor for the synthesis of phospholipids that
are essential for the integrity of cell membranes and intracellular
signaling (4, 5), and a precursor for the synthesis of acetylcholine,
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FIGURE 1 Flowchart of the study.

a neurotransmitter of cholinergic neural networks associated
with memory (4–6). Animal experiments indicated the protective
effects of dietary choline supplementation on reducing the brain
β amyloid load and microglia activation and improving cognitive
performance (7–9).

However, choline’s effects on the risk of incident demen-
tia, or specifically on AD in humans, is unclear. A previ-
ous analysis by Poly et al. (10) in the Framingham Heart
Study (FHS) found that total choline intake was positively
correlated with the performance of verbal and visual mem-
ory tasks and inversely correlated with white-matter hyper-
intensity volume. The positive association of dietary total
choline intake for cognition was also confirmed in another
population-based Finnish sample of 2497 male participants
by Ylilauri et al. (11). They also reported that a lower
dementia risk was associated with higher phosphatidylcholine
(PtdCho; a choline-contributing compound) intake. Nonethe-
less, no significant association was found between inci-
dent dementia and total choline intake, nor between in-
cident AD and total choline or PtdCho intake, in their
study.

There is a dearth of literature that investigates the effects of the
amount of dietary choline intake on human cognition and the risks
of incident dementia or AD, and the limited available findings
are inconsistent. Thus, the present paper aimed to investigate the
associations of dietary choline intakes with the risks of incident
dementia or AD in FHS participants.

Methods

Study population

The FHS, an ongoing, community-based, prospective cohort
study, was established in 1948. Details about the FHS can
be found in previous publications (12–14). Participants in the
FHS Offspring Cohort who attended their fifth health exam
(1991–1995) were invited to participate in the dietary survey
using the well-validated 126-item Harvard FFQ (n = 3431)
(15, 16). Participants were excluded (Figure 1) if they had
missing dementia review data (n = 164) or had dementia or
stroke at baseline (n = 25). Also excluded were participants who

did not have valid FFQs (≥12 items blank) or who reported
energy intakes from the FFQs of <2.51 MJ/d (600 kcal/d)
or >16.74 MJ/d (4000 kcal/d) for females and >17.57 MJ/d
(4200 kcal/d) for males (n = 18) (10). After all exclusions, a
total of 3224 participants were included as the baseline sample
for the present analysis and were followed for incident dementia
and AD.

Measurement of dietary choline

Dietary intake was assessed with the semiquantitative Harvard
FFQ, covering 126 food items and vitamin supplements to assess
habitual dietary intakes (16). Participants were asked to report
how often they had eaten each particular food from a standard
list of foods for the prior 12-month period. The questionnaire
was mailed to participants, who were asked to complete the form
and bring it to their on-site interviews from exam 5 to exam 9.
Participants who had <12 blank items were included in analyses
and considered nonconsumers of the blank items. The choline
and betaine composition of individual foods was evaluated using
values published by Zeisel et al. (17) and from the USDA’s
choline database (18). The validity of choline intake as measured
by FFQs was supported by the work of Cho et al. (19). Total
choline intake was calculated as the sum of intakes from the
choline-contributing compounds: PtdCho, free choline (FrCho),
glycerophosphocholine (GpCho), phosphocholine (PCho), and
sphingomyelin (Sphingo). Supplements were included as part
of the definition of total choline intake. The overall diet quality
was assessed by the Dietary Guideline Adherence Index (DGAI)
(20).

Case ascertainment of dementia and AD

The detailed cognitive evaluation methods and case as-
certainment procedures have been published elsewhere (21,
22). Every 4–6 years, the Offspring Cohort were given a
neuropsychological test battery that assessed multiple cognitive
domains. Neuropsychological results, along with all available
data, which included a neurological examination, a family
interview, FHS cycle exam records, and/or hospital or nursing
home medical records, were reviewed by a panel including
at least 1 neurologist and 1 neuropsychologist to ascertain
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FIGURE 2 Nonlinear associations between total choline intakes and incident AD and dementia. Crude nonlinear associations between total choline intakes
and incident AD (177 AD cases/3224) and dementia (247 demented cases/3224). The total choline intake (per 100 mg/d increase) was used as the x-axis and
the probability of incident AD or dementia was used as the y-axis. AD, Alzheimer’s disease.

the cognitive status and, if demented, to assign the possible
onset date. The Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition, criteria had to be met for a diagnosis
of dementia (23) and the National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association criteria had to be met
for a diagnosis of AD (24), but the presence of vascular dementia
did not disqualify a concomitant diagnosis of AD if indicated.
The review panel experts were blinded to the participants’ diet
questionnaires during the case review process.

Ethics

The Boston University Medical Campus and Boston Medical
Center Institutional Review Board approved the study procedures
and protocols. Written informed consent was obtained from all
participants. The Strengthening the Reporting of Observational
Studies in Epidemiology reporting guidelines for observational
studies were followed (26).

Statistical analysis

Our primary and secondary outcomes were dementia and AD,
respectively. The exposure of interest was the cumulative average
choline intake, which was calculated by updating the choline
intake at each exam prior to censoring or until reaching the

updating-stop rule for demented participants. If a participant
was missing intake data at ≥1 of the follow-up exams, existing
intake data were used to calculate the cumulative average of
choline intake. The updating-stop rule for demented participants
is described here. 1) If the difference between the exam date
and dementia diagnosis date was ≥1825 days, we stopped the
update at the exam prior to the dementia diagnosis. 2) If the
difference was <1825 days, then we stopped the update at 2
exams prior to the exam at which dementia was diagnosed. 3) If
the participants died without a diagnosis of dementia, we stopped
the update at the exam prior to their death. 4) For participants
who survived until the end of the study, we stopped the
update at the last exam (exam 9). The same cumulative average
approach was used to update choline-contributing compounds,
choline without supplements, betaine, and the covariates at
each exam, except baseline age, sex, education, and apoE ε4
allele.

To visualize whether there is a nonlinear association between
dementia and choline intake, we produced figures using the R
package “Hmisc” (Harrell, FE, Jr, https://cran.r-project.org/web
/packages/Hmisc/index.html). With no covariate adjustment, we
observed nonlinear relationships between the total choline intake
(per 100 mg/d increase) and the probabilities of incident AD and
dementia (Figure 2). We further examined the nonlinear rela-
tionships after adjustments for age, sex, and education (Figure
3; Supplemental Figures 1–4). To realize this, we generated

FIGURE 3 Nonlinear associations between AD and dementia and standardized residuals of choline. Nonlinear associations between AD (177 AD
cases/3224) and dementia (247 demented cases/3224) and standardized residuals of choline. Residuals of the exposures of interest were regressed on age,
sex, and education. The residuals were standardized to a mean of 0 and SD of 1 and were used as the x-axis in the plot. The probability of incident AD or
dementia was used as the y-axis. AD, Alzheimer’s disease.

https://cran.r-project.org/web/packages/Hmisc/index.html
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residuals for choline intake by regressing choline intake on age,
sex, and education. The residuals were standardized to a mean of
0 and SD of 1 and used as the x-axis in the plot. The probability of
incident AD or dementia was presented on the y-axis. A similar
approach was conducted to generate residuals for betaine, the
average of choline plus betaine, choline without supplements, and
each of the 5 choline-contributing compounds.

Given the nonlinear relationship shown in Figure 2, we
determined the choline intake cutoffs to be the points where
incident dementia and AD probabilities were 8%. Based on the
cutoffs, we defined choline intake as low (≤ 219 and ≤ 215 mg/d),
medium (between 220 and 516 mg/d and between 216 and 552
mg/d), and high (≥ 517 and ≥ 553 mg/d) for dementia and AD,
respectively.

Then, we built mixed-effect Cox proportional hazards regres-
sion models to estimate the associations of low and high intakes
(compared to medium intake) with dementia and AD. The follow-
up time was calculated as the interval from baseline to the time
of dementia onset, time of death free of dementia, or time of the
latest exam visit in which dementia was known to not exist. Three
models were constructed in our analyses:

(1) Model 1 was adjusted for age, sex, education, and family
structure.

(2) Model 2 was adjusted for the model 1 covariates plus BMI;
apoE ε 4; methionine, vitamin B6, vitamin B12 and folate
intake; total energy intake; DGAI score; and Framingham
Stroke Risk Profile score, a marker of estimated stroke risk
over the subsequent 10-year period.

(3) Model 3 was adjusted for the model 2 covariates plus
alcohol intake, current smoking, and Physical Activity
Index (PAI) score (25).

We further examined the nonlinear relationship by adjusting
the squared term of the total choline intake (per 100 mg/d
increase) in the models.

Secondary analyses were performed in the mixed-effect Cox
models with adjustment of the squared term of the exposures
of interest and covariates. The secondary analyses explored the
associations between dementia and AD and 1) choline without
supplements and choline without PtdCho, because dietary
PtdCho is the largest dietary contributor of choline but may not
be as bioavailable as other dietary choline-containing compounds
(20); 2) choline-contributing compounds, all expressed as per
100 mg/d increases except for PCho and Sphingo; 3) choline
plus betaine and betaine only, considering the effects of betaine
in the choline metabolic pathway; and 4) stratification by sex,
physical activity (PAI score; ≥35 and < 35), BMI (≥27 and
<27 kg/m2), DGAI score (≥61 and <61), and alcoholic drinks
(≥5/wk and <5/wk). The significance level was set to 0.05, and
Bonferroni correction was used for multiple comparisons when
appropriate. All analyses were performed using R 3.5.3 software
(https://www.R-project.org/).

Results
Baseline characteristics are shown in Table 1. The mean ± SD

age was 54.5 ± 9.7 years, and 53.8% of participants were
females. In general, participants were highly educated (64.2%

TABLE 1 Characteristics of the study sample at baseline1

Characteristics Value

N 3224
Age, y 54.5 ± 9.7
Female, n (%) 1734 (53.8%)
Education,2 n (%)

At most high school degree 1110 (35.8%)
Some college or college graduate 1987 (64.2%)

ApoE ε 4 positiveness,3 n (%) 643 (20.8%)
Total choline intake, mg/d 324.5 ± 88.5
Choline constituents, mg/d

Phosphatidylcholine 159.6 ± 52.4
Free choline 77.6 ± 22.5
Glycerophosphocholine 54.4 ± 20.9
Phosphocholine 14.2 ± 4.8
Sphingomyelin 18.6 ± 6.4

Betaine, mg/d 189.6 ± 82.7
Methionine, g/d 1.8 ± 0.6
Vitamin B6, mg/d 7.5 ± 15.0
Vitamin B12, μg/d 12.5 ± 15.0
Folate intake, μg/d 699.8 ± 335.3
BMI, kg/m2 28.0 ± 5.0
DGAI score 60.4 ± 10.5
Total energy, kcal/d 1866.8 ± 492.4
FSRP score,4 % 5.5 ± 4.5
Alcohol intake, g/d 10.8 ± 14.0
Current smoking, n (%) 739 (23%)
Physical Activity Index score 35.4 ± 4.8

1Values are shown as mean ± SD or n (%). DGAI, Dietary Guidelines
Adherence Index; FSRP, Framingham Stroke Risk Profile.

2Education data were missing for 127 participants.
3The apoE genotype was missing for 77 participants.
4The FSRP score provides the estimated stroke risk over the

subsequent 10-y period.

had received a college-level education or higher). The mean ± SD
total choline intake was 324.5 ± 88.5 mg/d. The average amounts
of choline-contributing compounds decreased in an order of
PtdCho, FrCho, GpCho, PCho, and Sphingo. After a mean ± SD
follow-up time of 16.1 ± 5.1 years, 247 participants were
diagnosed as having incident dementia, of which 177 cases were
AD.

As illustrated in Figure 2, choline intake showed nonlinear
relationships with incident dementia and AD. The lowest
probabilities for incident dementia and AD were for choline
intake of 371 mg/d and 385 mg/d, respectively. Compared to
medium intake of choline, low intake was significantly associated
with increased risks of dementia and AD in all 3 models (Table
2). High intake was not significantly associated with incident
dementia or AD.

In Table 3, in the models adjusting for the squared term of
choline and covariates, choline intake (per 100 mg/d increase)
was significantly associated with dementia (model 1) and AD
(model 1 and model 3).

In the secondary analyses, nonlinear relationships were also
observed between incident dementia and AD and choline with-
out supplements, choline without PtdCho, choline-contributing
compounds, the average of choline plus betaine, and betaine only
(Supplemental Figures 1–4).

https://www.R-project.org/
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TABLE 2 Associations of total choline intakes (low or high levels compared to a medium level) with incident dementia and AD1

Model 1 Model 2 Model 3

β ± SE P β ± SE P β ± SE P

Total choline intake2 and dementia
Medium intake Reference — — — — —
Low intake 0.81 ± 0.23 <0.001 0.75 ± 0.32 0.02 0.84 ± 0.32 0.009
High intake 0.44 ± 0.47 0.35 − 0.07 ± 0.64 0.92 − 0.20 ± 0.65 0.76

Total choline intake2 and AD
Medium intake Reference — — — — —
Low intake 0.81 ± 0.23 <0.001 0.68 ± 0.33 0.04 0.76 ± 0.33 0.02
High intake 0.85 ± 0.55 0.13 0.50 ± 0.74 0.50 0.30 ± 0.75 0.70

1The analysis was based on mixed-effect Cox proportional hazards regression models. Model 1 was adjusted for age, sex, education, and family
structure. Model 2 was adjusted for the model 1 covariates plus BMI, apoE ε 4, methionine, vitamin B6, vitamin B12, folate intake, total energy intake,
Dietary Guidelines Adherence Index score, and Framingham Stroke Risk Profile score. Model 3 was adjusted for the model 2 covariates plus alcohol intake,
current smoking, and Physical Activity Index score. AD, Alzheimer’s disease.

2β and SE based on total choline intake expressed as per 100 mg/d increases. Medium intake was choline between 220 and 516 mg/d in models for
dementia and between 216 and 552 mg/d in models for AD. Low intake was choline ≤219 mg/d in models for dementia and ≤215 mg/d in models for AD.
High intake was choline ≥517 mg/d in models for dementia and ≥553 mg/d in models for AD.

As shown in Supplemental Table 1, choline intake without
supplements was consistently and significantly associated with
dementia (model 1) and AD (model 1 and model 3). Choline
intake (without PtdCho) was significantly associated with
dementia and AD in all 3 models.

For choline-contributing compounds, GpCho, PCho, PtdCho,
and Sphingo were all significantly associated with dementia and
AD in model 1, while only PCho still held significance in the fully
adjusted model 3 (Supplemental Table 2).

As shown in Supplemental Table 3, betaine was significantly
associated with dementia (model 1 and 2) but not with incident
AD. The average of choline plus betaine did not show any
significant association with incident dementia or AD.

In the stratification analyses, in model 1, choline intake was
significantly associated with dementia in women and in those
with a DGAI score < 61, but the results did not hold in the fully
adjusted model 3 (Supplemental Table 4). Similarly, choline
intake was significantly associated with AD in women, those with
a PAI score < 35, those with a DGAI score < 61, and those
consuming < 5 drinks per week, but the association remained
statistically significant only in those with a PAI score < 35 in the
fully adjusted model 3 (Supplemental Table 5).

Discussion
The main finding of our study is that dietary choline intake was

nonlinearly related to incident dementia and AD. Low intake of
dietary choline was associated with increased risks of dementia
and AD, compared to medium intake. High intake was associated
with increased risks but did not reach statistical significance.
The results held when dietary supplements or the contributing
compound (PtdCho) was taken out from total choline intake.

A previous study conducted in Finnish people reported that
total choline intake was not associated with dementia or AD, but
PtdCho was inversely associated with dementia (11). Differences
in methodology might partly explain the inconsistent results.
The probable reason is that the nonlinear relationship between
choline and incident dementia may veil the results. In addition,
the Finnish study was conducted in males, used 4-day food
records, only had a subset of 482 out of 2497 male participants
who had received cognitive tests, and retrieved dementia and AD
diagnoses from health registers. By contrast, the present analysis
included both sexes, used a 12-month FFQ, and had diagnoses
confirmed by consensus in a dementia review.

We found that low intake of dietary choline was associated
with increased risks of dementia and AD. The results are

TABLE 3 Associations of total choline intake (per 100 mg/d increase) with incident dementia and AD1

Model 1 Model 2 Model 3

β ± SE P β ± SE P β ± SE P

Total choline and dementia
Choline (squared) 0.09 ± 0.03 0.007 0.08 ± 0.05 0.11 0.09 ± 0.05 0.09
Choline − 0.77 ± 0.27 0.005 − 0.64 ± 0.49 0.19 − 0.78 ± 0.50 0.12

Total choline and AD
Choline (squared) 0.17 ± 0.05 <0.001 0.13 ± 0.07 0.04 0.15 ± 0.07 0.03
Choline − 1.31 ± 0.37 <0.001 − 1.09 ± 0.59 0.06 − 1.30 ± 0.59 0.03

1The analysis was based on mixed-effect Cox proportional hazards regression models. The exposures of interest were expressed as per 100 mg/d
increases. The choline-squared term was added into the model for nonlinear analysis. Model 1 was adjusted for age, sex, education, squared term of interest,
and family structure. Model 2 was adjusted for the model 1 covariates plus BMI, apoE ε 4, methionine, vitamin B6, vitamin B12, folate intake, total energy
intake, Dietary Guidelines Adherence Index score, and Framingham Stroke Risk Profile score. Model 3 was adjusted for the model 2 covariates plus alcohol
intake, current smoking, and Physical Activity Index score. AD, Alzheimer’s disease.
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consistent with previous findings that dietary choline intake
showed positive associations with concurrent cognition in the
FHS (10) and the Finnish study (11). We found that high intake of
choline was associated with increased risks of incident dementia
and AD, but the results did not reach statistical significance. A
possible reason is that the choline intake amount was not high
enough to show the harm effect, because only a few people were
in the high-choline group in our sample. Above these cutoffs
we set for high intake (517 mg/d in models for dementia and
553 mg/d in models for AD), there were 9 demented cases out
of 82 participants in the high-intake group and 5 AD cases out
of 45 participants in the high-intake group. Besides, the average
choline intake in the Finnish cohort was 431±88 mg/d and the
corresponding amount in our sample was 324.5 ± 88.5 mg/d,
which was below the Adequate Intake for choline (5).

A further argument for a nonlinear relationship in which high
choline may not protect against dementia risk is its role as
one of the primary sources of a microbial-derived metabolite,
trimethylamine N-oxide (TMAO) (27, 28). TMAO has been
reported to be associated with increased risks of mild cognitive
impairment, AD dementia, more severe AD pathology (as
measured by cerebrospinal fluid biomarkers), and cardiovascular
disease (29–31). However, the role of choline-derived TMAO
remains uncertain given that TMAO production could also be
affected by the gut microbe and liver function.

Dietary choline intake comes from a variety of different food
sources, including red meat, poultry, dairy, fish, cruciferous
vegetables, legumes, nuts, and seeds (19). Choline is an essential
nutrient for humans, and it may be that the combined effects
of multinutrient approaches or healthy dietary patterns with
balanced dietary choline, such as the Mediterranean diet or the
MIND diet (a hybrid Mediterranean–Dietary Approaches to Stop
Hypertension diet), may be more important to reduce dementia
or AD risks (32, 33). To rule out confounding by consumption of
healthy dietary patterns, we used the DGAI score as a covariate
to account for the variety of different food sources of choline and
betaine.

The strengths of this study include the high response rate on
the FFQ among exam 5 participants (90.0%), cumulative average
intake assessment to reflect long-term effects, long follow-up
time for the occurrence of dementia or AD, and systematic
ascertainment of dementia and AD diagnoses, which capitalizes
on the longitudinal data. There are several limitations of this study
that need to be considered. First, FHS participants are primarily
non-Hispanic White, limiting the generalization of these results
to other populations. Second, the FFQ data are subject to
possible misclassification of intakes, likely weakening any true
association. To help account for possible misclassification, we
have adjusted our analyses for total energy intakes. Recall may
be affected by cognitive impairment during the preclinical stage
of dementia and AD, so we set updating-stop rules for updates to
dietary data, based on the times between the dietary collection
dates and dementia diagnoses. Because of our concern that
choline intake may be associated with the overall diet quality, we
also adjusted for the DGAI score as a marker of a healthy diet
pattern. While most of the foods that are good sources of choline
or betaine are included in the calculation of the DGAI score (e.g.,
eggs, beef, chicken, fish, dairy, cruciferous vegetables, legumes,
nuts, seeds, cereals, and other grain products), it would have been
difficult to exclude those foods from the calculation of this index

given the wide distributions of choline and betaine in the diet.
Lastly, the effects of high choline intake on dementia and AD
need to be investigated in populations with high choline dietary
patterns.

In conclusion, low dietary choline intake was associated
with increased risks of incident dementia and AD. Further
investigations regarding the effects of high choline intake on
dementia and AD risks are warranted.
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