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Abstract
Blood pressure (BP) is a known cardiovascular risk factor that is hypothesised to be inversely related to choline intake. A previous study sug-
gested that this association may be more apparent in older adults and may differ according to demographic and health characteristics. The
primary study objectives are to investigate the cross-sectional associations of total choline intake with BP (n 843) and prevalent hypertension
(n 2113) among USA adults aged≥ 65 years using the sample from the 2011 to 2014 National Health and Nutrition Examination Survey. Logistic
and multiple linear regression models for complex surveys were employed for hypertension status and BP, respectively. Effect modification by
sex, race, BMI and comorbidity status were separately investigated using an interaction term. Choline intake interacted with BMI (P–interaction
= 0·04) such that choline intake tended to be associated with lower odds of hypertension among people with BMI< 18·5 kg/m2 (OR (95 % CI):
0·64 (0·4, 1·00); P= 0·052). Choline intake was not associated with systolic BP (mean ± SEM change per 100 mg of choline: −1·03 ± 0·74 mmHg;
P= 0·16). In contrast, its relation to diastolic BP differed by cardiovascular comorbidity (P

–interaction
= 0·03)with a non-significant (P= 0·13) negative

direction of association observed among those who were free of comorbidities and a non-significant (P= 0·26) positive direction observed
among those with comorbidities. Collectively, these results suggested that the associations of choline intake with BP levels and hypertension
risk among older adults are dependent on other risk factors.
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Elevated blood pressure (BP) is a key contributor to CVD aetiol-
ogy and mortality(1,2). Although association between BP and
CVD risk is shown to be continuous, BP levels are often categor-
ised into stages of hypertension to guide clinical decision and
inform public health policy(3). In epidemiologic studies, the def-
inition of hypertension extends beyond BP levels to include evi-
dence of antihypertensive medication usage and diagnosis by
physicians. Using well-defined hypertension criteria in addition
to a continuous BP measure is particularly helpful for a study in
an older population, where antihypertensive medication is com-
monly used resulting in biased BP measurements. A recent esti-
mate of hypertension prevalence based on set criteria in USA
adults aged≥ 65 years was 78·2 %(1). As both continuous BP

and hypertension status have been associated with increasing
cardiac risks(3), these measures are needed in a nutritional epi-
demiologic study investigating diet–disease relationships, espe-
cially in the context of older age.

Choline is a conditionally essential nutrient found in several
components of a healthy diet. Choline is concentrated in animal-
sourced foods (e.g. eggs, beef, poultry and fish), grains (e.g. wheat
germs), soybeans, nuts, seeds and some vegetables(4). Choline can
also be made within the body, though endogenous production is
not sufficient to meet metabolic needs(5). Both dietary and endog-
enous choline are metabolised to compounds that function in the
production of membrane phospholipids, lipoproteins, the methyl-
group donor S-adenosylmethionine and the neurotransmitter
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acetylcholine(6). These roles, along with the high degree of choline
insufficiency in the USA population(7,8), make choline a potential
target nutrient for nutritional intervention at an older age.
Epidemiologic evidence linking dietary choline with BP levels or
risk of hypertension is scarce. Our previous cross-sectional
NationalHealth andNutritionExamination Survey (NHANES) study
reported that dietary choline tended to be negatively associated
with hypertension risk in women(9). A recently published cohort
study also reported a negative association in Iranian adults(10).
Dietary choline is a precursor for several metabolites involved in
BP regulation including the neurotransmitter acetylcholine.
Acetylcholine has been implicated in the reduction of BP and heart
rates, and this response to acetylcholine declines in ageing(11,12).
Endogenous choline synthesis is also diminished in men and post-
menopausal women(13,14), and thus these groups rely on dietary
choline to meet the metabolic need. In line with this hypothesis,
our previous study identified in a sensitivity analysis an inverse
association between choline intake and systolic BP (SBP) among
adults aged≥ 65 years(9), but the extent towhich this is true remains
unknown and is the focus of the current study.

Older men and women are likely to not meet their choline
intake recommendation. Data from 2017 to 2018 NHANES indi-
cates that bothmale and female older adults (age≥ 70 years) had
average dietary choline intake of 353 and 263 mg/d, which are
well below their recommended intake of 550 and 425 mg/d(7).
Given the proposed connections between choline and BP, the
failure of older adults to meet current choline intake recommen-
dations and the increased cardiac risk in this subgroup, there is a
need to explore the relationship between choline intake and BP
in older adults.

The study objective was to investigate the relationships
between total choline intake and BP and hypertension among
USA adults aged≥ 65 years using the sample from the NHANES
2011–2014. Total choline intake was hypothesised to be inversely
associated with BP and/or hypertension prevalence in older
adults.

Experimental methods

Study population

Study samples were obtained from NHANES 2011–2014 data.
NHANES is a cross-sectional survey conducted every 2 years by
the Centers for Disease Control and Prevention to compile
health-related information using a nationally representative sample
of noninstitutionalised USA civilians(15). Person-level data were
obtained during household interviews and physical examination
atmobile examination centers by trainedpersonnel(15). Data quality
was controlled extensively. Details on data collection procedures
and protocols are available elsewhere(16). The NHANES study
was approved by National Center for Health Statistics Research
Ethics Review Board. NHANES data sets are publicly accessible
(https://www.cdc.gov/nchs/nhanes/index.htm).

Two different eligibility criteria were applied to the original
NHANES 2011–2014 data set of 19 931 individuals to generate
two final analytic samples. The first sample was used for the
choline–hypertension analysis. It comprised 2113 individuals
who were ≥ 65 years old, had at least one 24-h dietary recall

data and whose hypertension status had been ascertained.
The participant flow chart is shown in Fig. 1. The first sample
was further subset to create the second sample for the chol-
ine–BP analysis. In this analysis, people without BP values
(n 48) or people who reported using antihypertensive medi-
cation (n 1222) which could mask true BP values were
excluded. The final sample size for use in the choline–BP
analysis was 843 individuals.

Total choline intake measurements

Choline intake information was obtained from two 24-h
recalls. A trained interviewer administered a recall at the
mobile examination center and during a follow-up phone call
(3–10 d later) using the validated Automated Multiple Pass
Method(16). Information was translated into dietary intake
per day by using the USDA’s Food and Nutrient Database
for Dietary Studies(16). Supplemental use during the past 24
h was queried after each recall, and nutrient amounts in the
supplements were obtained from NHANES’ dietary supple-
ment database(16). In the current study, nutrient values from
dietary and supplemental sources were combined to generate
total intake per day. To maximise sample size, an average
intake per day was calculated from 1 to 2 recall days depend-
ing on data availability for each person.

Fig. 1. Flow chart of older participants in 2011–2014 National Health and
Nutrition Examination Survey who were included in the analysis between total
choline intake and hypertension (n 2113), and those who were not using anti-
hypertensive medication were further included in the choline–blood pressure
analysis (n 843).
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Covariates

Potential confounders for choline and hypertension or BP rela-
tionships were identified a priori based on our previous work(9).
These included age (years), sex (male and female), race (non-
Hispanic white, non-Hispanic black, and Mexican American,
Hispanic and others), physical activity (h/week of high-moder-
ate activities), BMI (kg/m2), marital status (married and not mar-
ried), education levels (<9th grade, 9–11th grade, high school
graduate, some college degree and college graduate), ratio of
family income to poverty (0–5), smoking status (non-, former
and current smoker) and average intake of energies (kcal/d),
fat (g/d), cholesterol (g/d), Na (mg/d), folate (μg/d), vitamin
B6 (mg/d) and vitamin B12 (μg/d). Participants reported all of
the information except BMI and the dietary component during
the household interviews(16). BMI was measured at the mobile
examination centers using a standard procedure by trained
health technicians(16). 24-h Recalls were also conducted at the
mobile examination centers by trained interviewers(16).

Parsimonious models were constructed using a set of con-
founders that influenced the effect estimates. An influential con-
founder should show a bivariate relationship with the exposure
and the outcome variables. Additionally, the confounder should
alter the choline estimates when entering into a model that was
adjusted for age, sex, race and average energies. Using this
guideline, the final set of confounders for all analyses were
age, sex, race, education levels, average energies intake and
average Na intake. Notably, cholesterol intake also influenced
the effect estimates but was not included due to its collinearity
with choline intake.

Effect modification of the choline–hypertension or BP rela-
tionships by sex, race, BMI and comorbidity were investigated
because sex, race and comorbidity were shown to stratify the
association of choline or its related metabolites with hyperten-
sion risk in other populations(9,17). BMI was considered for its rel-
evance in the context of choline intake and disease risks.
Presence of comorbidity was defined as self-reported history
of either congestive heart failure, coronary heart disease, angina
pectoris, heart attack or stroke.

Hypertension and blood pressure outcomes

Individuals with hypertension were defined by the following crite-
ria: (1) having been told twice of high BP by doctors or (2) report-
edly taking antihypertensive medication or (3) exhibiting average
SBP≥ 140 mmHg or average diastolic BP (DBP)≥ 90 mmHg.
The 140/90 cut-off was chosen because it was widely used for
hypertension diagnosis at the time of data collection(18).
Individuals without hypertension were defined based on complete
evidence of not meeting any of the three criteria.

BP was also analysed as a separate outcome from hyperten-
sion status in participants who had BP measurements and who
did not report using antihypertensive medication. Exclusion
based on the antihypertensive medication criterion resulted in
loss of hypertensive cases (n 1222). Participants’ BP were mea-
sured at the mobile examination centers by certified examiners.
With the participants in a seated position, the examiners used the
sphygmomanometer (Baumanometer®) to determine the

maximum inflation level and obtained three consecutive BP
readings(16). Averages of 1–3 BP readings were used for all
analyses.

Statistical analysis

2011–2014 NHANES data were previously checked for errors,
inconsistencies and extreme values(16). All variables used in
the current analysis were re-inspected for errors and extreme
values and appeared acceptable overall. Most variables had
normal distribution with the exception of physical activity
and average intakes of folate, vitamin B6 and vitamin B12,
all of which were right-skewed. However, these variables
did not show large influence on the choline–hypertension
or BP associations and were left out of the final models.
Bivariate associations between choline and SBP or DBP
showed little evidence of non-linearity, and addition of the
choline square term to the fully adjusted models did not alter
the choline estimates.

Means and standard deviations for numeric variables and
proportions for categorical variables (Table 1) were computed
using PROC SURVEYMEANS and PROC SURVEYFREQ proce-
dures within the SAS software (ver 9.4), respectively. Nutrient
intakes were adjusted for total energies using the residual
method and standardised to 2000 kcal(19). Logistic regression
for complex survey data (PROC SURVEYLOGISTIC) was used
to determine the association between total choline intake
(mg/d) and the prevalent odds of hypertension. Mixed-effect lin-
ear regression for complex survey (PROC SURVEYREG) was
employed for the association between total choline intake and
SBP or DBP. Models were adjusted for covariates as detailed
above, and the variances were estimated using the Taylor series
linearisation method. Appropriate sampling weights were used
to account for complex survey design following NHANES ana-
lytical guidelines(20). Missing data in the covariates constituted
8·4–10·7 % of observations. These observations were excluded
from the computation of model estimates but were accounted
for in the variance estimation through the NOMCAR option,
because the missing values were suggested to be not missing
at random. Residuals of the final models did not show violation
of the model assumptions. In addition to main effect analyses,
effect modification by sex, race, BMI and comorbidity were sep-
arately investigated by interacting themwith total choline intake.
For result interpretability, BMI was analysed as a categorical var-
iable (< 18·5, 18·5–24·9, 25–29·9 and≥ 30 kg/m2). Further strati-
fication analysis was performed when P–interaction was< 0·2.
Multiple comparison adjustments were not made unless noted
otherwise.

Several planned sensitivity analyses were conducted. In
the first analysis, the measurement errors on the hypertension
criteria were investigated by subdividing people with hyper-
tension into definite, probable and possible groups. The def-
inite group included those who reported having hypertension
diagnosis (criterion 1) and concurrently took antihypertensive
medications (criterion 2) or those with criterion 1 and concur-
rently had high SBP or high DBP (criterion 3). The probable
group included people with hypertension defined by criterion
1 only or those defined by criteria 2 and 3. The possible group
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included people defined by criterion 2 only or criterion 3 only.
In separate sensitivity analyses, individuals who were missing
1–2 BP readings, had comorbidities, or had only one day of

24-h recall data were excluded. For all analyses, P = 0·05
was used as a cut-off for statistical significance and 0·1 was
used to indicated trends.

Table 1. Characteristics of participants aged ≥ 65 years used to determine the associations between total choline intake and prevalent hypertension (n 2113)
or blood pressure (n 843) in 2011–2014 National Health and Nutrition Examination Survey*

Hypertensive
(n 1572)

Non-hypertensive
(n 541)

Total for hyper-
tension analysis

(n 2113)

Total for blood
pressure analysis

(n 843)

n % n % n % n %

Demographics
Male (n, %)† 750 44·1 291 49·6 1041 45·7 444 48·0
Age (years)†
Mean 73·4 71·3 72·8 72·0
SD 5·3 5·1 5·4 5·3

Race (n, %)†
Non-Hispanic White† 822 78·4 315 84·2 1137 80·1 469 81·7
Non-Hispanic Black† 369 12·0 155 11·7 524 11·9 246 13·1
Mexican American, Hispanic, Others 381 9·67 71 4·12 452 8·03 128 5·23

Ratio of family income to poverty†
Mean 2·8 3·2 2·9 3·1
SD 1·5 1·5 1·5 1·5

Education level (n, %)†
< 9th grade 233 8·5 75 6·7 308 8·0 116 6·8
9–11th grade† 253 13·2 67 9·0 320 12·0 117 9·9
High school graduate† 373 23·4 105 18·1 478 21·8 169 19·3
Some college degree 420 30·7 129 30·4 549 30·6 210 31·6
College graduate† 292 24·2 163 35·8 455 27·6 229 32·4

Married (n, %)† 806 57·3 319 66·3 1125 60·0 465 62·5
Health indices
Hypertension (n, %) 1572 100 0 0·00 1572 70·8 302 31·5
Systolic blood pressure (mmHg)†
Mean 138 121 133 130
SD 20 11 19 18

Diastolic blood pressure (mmHg)
Mean 66·5 66·1 66·4 67·6
SD 13·9 10·9 13·1 12·2

Self-reported presence of one or more comorbidity conditions (n, %)† 492 31·6 92 18·7 584 27·8 143 18·0
Congestive heart failure† 170 11·3 20 4·8 190 9·4 39 5·7
Coronary heart disease† 204 13·9 37 8·1 241 12·2 48 1·1
Angina pectoris† 110 8·4 18 4·2 128 7·1 27 3·6
Heart attack† 191 12·6 32 7·0 223 11·0 47 6·5
Stroke† 179 10·5 29 5·3 208 9·0 51 5·6

BMI (kg/m2)†
Mean 29·2 27·6 28·7 27·6
SD 6·0 5·6 6·0 5·8

Moderate-vigorous activities (h/week)†
Mean 5·2 6·6 5·6 6·2
SD 9·6 10·3 9·8 9·8

Smoking status (n, %)
Non-smoker 793 49·9 256 46·5 1049 48·9 418 49·2
Former smoker 629 42·7 229 43·4 858 42·9 333 41·2
Current smoker† 149 7·39 55 10·13 204 8·20 91 9·59

Mean SD Mean SD Mean SD Mean SD

Total intakes per day
Energy-adjusted total choline intake (mg)‡ 340 98 345 105 342 100 340 106
Total energy (kcal)† 1816 640 1953 745 1856 675 1944 730
Energy-adjusted fat (g)‡ 77 14 78 15 78 14 78 15
Energy-adjusted cholesterol (g)‡ 287 129 287 130 287 129 286 133
Energy-adjusted protein (g)†,‡ 77 17 80 18 78 17 79 19
Energy-adjusted Na (mg)‡ 3293 720 3260 763 3283 733 3252 758
Energy-adjusted folate (μg)‡ 917 764 862 487 901 695 893 516
Energy-adjusted vitamin B6 (mg)‡ 7·44 18·8 8·92 29·2 7·87 22·4 8·52 26·6
Energy-adjusted vitamin B12 (μg)‡ 129 529 127 429 129 502 182 646

* Values are % or mean ± SD. Sample sizes varied due to missing values with minimum n 1440 (hypertensive), 498 (non-hypertensive), 1938 (total for hypertension analysis) and 767
(total for blood pressure analysis). All estimates were adjusted for complex survey design.

† Hypertensive group differed significantly (P< 0·05) from non-hypertensive group based on a Rao–Scott modified likelihood ratio chi-square test (categorical variables) or a t test
(continuous variables).

‡ Standardised to 2000 kcal/d.
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Results

Relationship between choline intake and hypertension
prevalence among older participants

Participants aged≥ 65 years (n 2113) included in the analysis
represented a population of 35,514,492 USA adults. The preva-
lence of hypertension in this sample is 70·8 %. On average, the
participants were 72·8 years of age with SBP of 133 mmHg, DBP
of 66 mmHg and BMI of 28·7 kg/m2 (Table 1). The majority of
participants were non-Hispanic White, women, married and
non-smokers and attended or graduated college. Comparedwith
participants without hypertension, participants with hyperten-
sion were significantly (P< 0·05) older and had lower propor-
tions of men, non-Hispanic White and college graduates, as
well as a lower ratio of family income to poverty indicating less
wealth. The hypertensive group was likely to have higher BMI
and self-reported diagnosis of comorbid conditions (congestive
heart failure, coronary heart disease, angina pectoris, heart
attack and stroke). They were also likely to be less physically
active, currently smoking and consuming less energies and pro-
tein. The lower energetic consumption in the hypertensive
group (v. the non-hypertensive)may partly be due to oldermean
age, and both age and total energies were included in multivari-
able analyses.

Multivariable-adjusted analysis revealed that the association
between total choline intake (dietaryþ supplemental) and the
odds of hypertension differed by BMI categories (P–interaction
= 0·04, Fig. 2 and 3 and online Supplementary Fig. 1).
Specifically, OR showed an increasing pattern with increasing
BMI categories, with OR for the underweight group being signifi-
cantly lower thanOR for the obese group (OR per 100mg of chol-
ine: 0·64 v. 1·16; P= 0·04 after Bonferroni adjustment). Within the
underweight group, increased choline intake tended to be asso-
ciated with lower odds of hypertension (OR (95 % CI): 0·64 (0·40,
1·00); P= 0·05). The association remained unchanged after
excluding participants who reported one recall day or after limit-
ing the analysis to those who were ‘definitely’ hypertensive. The
association was slightly weakened (OR (95 % CI): 0·70 (0·45,
1·08)) when participants with comorbidities were excluded.
The associationwas neithermodified by sex, race nor bypresence
of comorbidity. Analysis of dietary choline showed similar effect
estimateswith those of total choline intake (online Supplementary
Table 1).

Relationship between choline intake and blood pressure
among older adults

To explore a continuous relationship of total choline intake with
BP, the participants were further subset to include only those
who had BP measurements that were not masked by antihyper-
tensive medication (n 843). Because participants who reported
using antihypertensive medication were considered hyperten-
sive cases in the choline–hypertension analysis, excluding these
participants reduced the prevalence of hypertension in the chol-
ine–BP analytic sample to 31·5 % (Table 1). The characteristics of
this subgroup were changed such that they were younger
(P< 0·001), were less likely to be Mexican American, Hispanic
or other ethnics (P< 0·001) and had a higher socio-economic

status and better health status overall (more college graduates,
a higher mean ratio of family income to poverty, lower mean
SBP, slightly higher mean DBP, lower % comorbidity and higher
mean energetic intake; P< 0·05).

Relationships between total choline intake and SBP or DBP
appeared modest. After multivariable adjustment, increased total
choline intakewas not associated with SBP (mean ± SEM change in
BP per 100 mg of choline:−1·03 ± 0·74mmHg; P= 0·16; Table 2).
However, when participants with< 3 BP measurements were
excluded, 100-mg increase in choline intake tended (P= 0·06)
to be associated with 1·36 ± 0·72 mmHg decrease in SBP. No evi-
dence of effect modification by sex, race, BMI or comorbidity was
observed.

Association of total choline intake with DBP was modified by
comorbidity (P–interaction = 0·03) such that the direction of asso-
ciation was negative among people without comorbidity
(–0·68 ± 0·61 mmHg; P= 0·26) and positive among people with
comorbidity (1·36 ± 0·89 mmHg; P= 0·13). However, increased
choline intake was not associated with changes in mean DBP
within groups. The interaction effect persisted in all planned sen-
sitivity analyses. The associations between total choline intake
andDBPwere notmodified by BMI, sex or race. Results of analy-
sis using dietary choline alone were in line with the results for
total choline (online Supplemental Table 1). Notably, dietary
choline tended to be negatively associated with SBP
(–1·31 ± 0·76 mmHg; P= 0·08) and showed a stronger negative
direction of association with DBP compared with total choline
analysis (–0·47 ± 0·63 mmHg; P= 0·45 v. –0·37 ± 0·60
mmHg; P= 0·53).

Discussion

This study examined relationships of choline intake with
hypertension and BP among USA older adults in the 2011–
2014 NHANES sample. Overall, the associations of choline
intake with BP levels and hypertension risk among older
adults are dependent on other risk factors. Specifically, a
higher total choline intake tended to be associated with lower
odds of hypertension in the underweight group and not in the
higher BMI groups. Since low BMI among older adults could
be a result of weight loss from age-related illness, people with
comorbidities were excluded in a sensitivity analysis. This
resulted in slight dilution of the effect estimate, indicating
some residual confounding by disease status. Nonetheless,
the effect estimate indicates that 30 % lower odds still per-
sisted, which could be clinically relevant and may be detect-
able in a larger sample size. Further examination showed that
the underweight group had superior health status to the obese
group. Specifically, the underweight participants were likely
to be older, wealthier, free of comorbidities and non-smokers
compared with obese counterparts. The underweight was also
likely to consume less fat, cholesterol and Na (data not
shown). Although protein intake did not differ statistically
between BMI groups, the underweight had the highest intake
(91 g/d v. 72–74 g/d for other groups). This could be relevant
given evidence suggesting that BP of older adults was more
responsive to dietary protein(21) and that high protein intake
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Fig. 2. Logistic association between total choline intake and odds of hypertension andmodifications by sex, race, BMI or comorbidities among older adults in 2011–2014
National Health and Nutrition Examination Survey (n 2113). All models were adjusted for complex survey design and the following covariates: age, sex, race, education
levels, average energies intake and average Na intake. Odds ratios were based on n 1935 due to missing data in the covariates and are expressed per 100 mg of total
choline.

Fig. 3. Model prediction of hypertension probabilities for older adults in 2011–2014 National Health and Nutrition Examination Survey (n 2113) by BMI category. The
predicted probabilities were obtained from a complex survey design-adjusted logistic regression that included age, sex, race, education levels, average energies intake
and average Na intake as covariates. Trendlines and 95% CI contours were used to delineate each category. P-value< 0·05 is considered statistically significant.
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was associated with reduced mortality risk in this age
group(22). A meta-analysis of randomised controlled trials also
reported that dietary protein intake, compared with carbohy-
drate, was associated with lower BP(23). A protein-rich diet
containing one-carbon nutrients has also been shown to
improve BP in rats(24) suggesting that choline (a one-carbon
nutrient) may modulate the effect of dietary protein on BP.

The effects of BMI on morbidity and mortality in older adults
remain controversial. BMI exhibits a U-shaped relationship with
the risk of hypertension(25) and stroke in the elderly(26).
However, BMI is not an appropriate surrogate measure of body
fat mass in older adults, especially because height and muscle
decline with ageing(27). As such, examination of diet–disease
relationships by BMImay not reflect different obesity risk catego-
ries as suggested by the lack of choline–hypertension association
in the obese group in the current study.

Results from the analysis of BP were not entirely consistent
with that of hypertension because of the difference in the eli-
gibility criteria. Hypertension was defined using three criteria
(self-report of physician’s diagnosis, use of antihypertensive
medication and SBP–DBP cut-off of 140/90mmHg). In contrast,
analysis of BP was performed on a subset of sample that had
available BP readings that were not masked by use of antihy-
pertensive medication. The purpose of this analysis was to
examine a continuous relationship between choline intake
and BP. However, exclusion of 1270 participants shifted the
participant profile such that the participants became younger,
less likely to be Mexican American, Hispanic or other ethnics
and had a higher socio-economic status and better health status
overall. Within this sample, SBP had a rather large, tended neg-
ative association (–1·36 ± 0·72 mmHg) with choline intake
when people with incomplete BP measurements were
excluded or when dietary choline was used instead of total

choline (dietþ supplement). Although not statistically signifi-
cant, SBP was also associated more negatively with choline
intake in the underweight group compared with the obese
group (–1·56 v.−0·72mmHg). These findings suggest that there
may be a true underlying association between choline intake
and SBP that was attenuated in part by measurement errors
in BP and supplemental information collection. Furthermore,
DBPwas found to be divergently associatedwith choline intake
such that the direction of association was negative among peo-
ple without comorbidities and positive among those with one
or more comorbidities. This result was not observed with SBP
possibly because older people often developed isolated sys-
tolic hypertension. In this age group, the distribution of SBP
for the comorbidity and the comorbidity-free groups was likely
to closely overlap, making the differential choline–SBP associ-
ation difficult to detect. DBP levels are normally not changed
unless comorbidity is also present, and thus its distribution
was likely more separable by comorbidity status.

The study results suggest that the associations of choline
intake with hypertension or BP were more apparent in a
healthier subgroup (i.e., relatively healthy people in the analysis
of BP, people without comorbidity). The observed beneficial
association may be due to the role of choline in the biosynthesis
of the neurotransmitter acetylcholine. Acetylcholine decreases
heart rates and contraction forces(28). Acetylcholine also
decreases BP by activating the muscarinic receptors on the vas-
cular endothelial cells and within the cerebellar cortex(11,28). BP
regulation by acetylcholine is diminished in older age. An ex vivo
study using the atrium samples of> 70 years old patients showed
impaired acetylcholine release(29). A randomised, cross-over
study in middle-age and older adults also showed that endo-
thelium-dependent dilation improvement was associated with
increasing doses of acetylcholine(30). The BP-regulating role of

Table 2. Linear associations between total choline intake and systolic or diastolic blood pressure andmodifications by sex, race, BMI or comorbidities among
adults aged ≥ 65 years in 2011–14 National Health and Nutrition Examination Survey (n 843)

Systolic blood pressure Diastolic blood pressure

β* SEM P-value β* SEM P-value

Unadjusted model –0·56 0·57 0·33 0·49 0·44 0·27
Overall –1·03 0·74 0·16 –0·37 0·60 0·53
Subgroup
Sex 0·80 0·75
Male –1·13 0·86 –0·46 0·75
Female –0·85 1·01 –0·20 0·64

Race 0·26 0·9
Non-Hispanic White –0·72 0·80 –0·41 0·65
Non-Hispanic Black –1·33 2·00 –0·49 1·17
Mexican American, Hispanic, Others –2·91 1·37 –0·04 0·81

BMI (kg/m2) 0·90 0·55
< 18·5 –1·56 0·96 –0·62 0·78
18·5–24·9 –0·66 1·23 0·34 0·84
25–29·9 –1·26 1·10 –0·68 0·79
≥ 30 –0·72 1·14 –0·77 0·52

Comorbidity 0·92 0·025
Presence –1·19 1·61 1·36 0·89 0·26†
Absence –1·03 0·76 –0·68 0·61 0·13†

* βs represent changes in blood pressure per 100-mg increase in choline intake and were adjusted for complex survey design and the following covariates: age, sex, race, education
levels, average energies intake and average Na intake. Estimates were based on n 767 due to missing values in the covariates.

† P-value against the null hypothesis of no change in mean diastolic blood pressure.
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acetylcholine may be translated into a greater need for this
metabolite and its choline precursor in older adults.

In addition to being a precursor of acetylcholine, choline is
involved in hepatic export of DHA in the form of PC-DHA.
DHA is an n-3 unsaturated fatty acid that has been linked to
BP and heart rate reduction(31,32) and decreased cardiovascular
risks(33). PC-DHA is mainly produced using PC derived from
the phosphatidylethanolamine N-methyltransferase pathway,
which is stimulated by estrogen and diminishes in elderly men
and postmenopausal women(13,34).

Our study has limitations. First, since older adults constituted
a small portion of the total population, and some were excluded
by the study’s exclusion criteria, results from our study may not
be generalisable to the USA elderly population. Exclusion of a
number of participants who reported using antihypertensive
medication in the analysis of BP outcomes was necessary, yet
this may limit the generalisability of the study results. Second,
data from 24-h recalls capture intake at a particular time point
and contain large within-person variation, which could over-
or under-estimate true intake. Combination of dietary and sup-
plemental intake in the 24-h recalls may result in multimodal dis-
tribution andmay partially explain the null associations between
total choline and BP. Nonetheless, little is known on the best
strategies to estimate total usual intake using 24-h recalls.
Third, the inverse association observed in the low BMI group
could be due to reverse causality and residual confounding.
We had attempted to reduce these biases, but they are inherent
to the cross-sectional study design. It is also possible that
increased choline intake was associated with higher intake of
healthier sources of choline in the lean group and unhealthier
or standard American diet-type sources in the higher BMI
groups. Further randomised controlled trials are needed to inves-
tigate the cause–effect relationship.

In summary, associations of choline intake with BP and
hypertension prevalence among older adults surveyed in the
cross-sectional 2011–2014 NHANES depend on BMI and comor-
bidity status of individuals. Choline intake is not associated with
SBP and tended to be inversely associated with hypertension
odds in the underweight group. Our observations also suggest
that choline intake may be inversely associated with hyperten-
sion or BP in healthy older adults while null or positive associ-
ations may be observed in those with existing risks. This study
highlights the influence of health–disease profiles of individuals
in diet–disease relationships.
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