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Abstract

Objective: Recent research indicates that n–3 fatty acids can inhibit cognitive
decline, perhaps differentially by hypertensive status.
Design: We tested these hypotheses in a prospective cohort study (the Athero-
sclerosis Risk in Communities). Dietary assessment using a food-frequency
questionnaire and plasma fatty acid exposure by gas chromatography were
completed in 1987–1989 (visit 1), while cognitive assessment with three screening
tools – the Delayed Word Recall Test, the Digit Symbol Substitution Test of the
Wechsler Adult Intelligence Scale–Revised and the Word Fluency Test (WFT) –
was completed in 1990–1992 (visit 2) and 1996–1998 (visit 4). Regression cali-
bration and simulation extrapolation were used to control for measurement error
in dietary exposures.
Setting: Four US communities – Forsyth County (North Carolina), Jackson
(Mississippi), suburbs of Minneapolis (Minnesota) and Washington County
(Maryland).
Subjects: Men and women aged 50–65 years at visit 1 with complete dietary data
(n 5 7814); white men and women in same age group in the Minnesota field
centre with complete plasma fatty acid data (n 5 2251).
Results: Findings indicated that an increase of one standard deviation in dietary
long-chain n–3 fatty acids (% of energy intake) and balancing long-chain n23/
n–6 decreased the risk of 6-year cognitive decline in verbal fluency with an odds
ratio (95% confidence interval) of 0.79 (0.66–0.95) and 0.81 (0.68–0.96), respec-
tively, among hypertensives. An interaction with hypertensive status was found
for dietary long-chain n–3 fatty acids (g day21) and WFT decline (likelihood ratio
test, P 5 0.06). This exposure in plasma cholesteryl esters was also protective
against WFT decline, particularly among hypertensives (OR 5 0.51, P , 0.05).
Conclusion: One implication from our study is that diets rich in fatty acids of
marine origin should be considered for middle-aged hypertensive subjects. To
this end, randomised clinical trials are needed.
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On the basis of recent United Nations estimates, the

proportion of the US population aged 65 years and over

was 12.3% in 2000 and is projected to increase rapidly in

the coming decades to reach 20% by 20501. As popula-

tions age, all cognitive disorders, including dementia,

become more common. Recent research indicates that

n23 fatty acids may be important in preventing cognitive

decline. So far, epidemiological evidence, although

inconclusive, suggests a protective effect of n–3 fatty acid

intake in the diet2–4. Essential fatty acids are linked to

several biochemical and biophysical functions, including

structural integrity and fluidity of membranes, enzyme

activities, lipid–protein interactions and serving as

precursors for eicosanoids such as prostaglandins,
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leukotrienes and thromboxanes5. The fatty acid compo-

sition of neuronal cell-membrane phospholipids reflects

the intake of fatty acids in the diet6 and fish oils, which

contain high levels of C20 and C22 polyunsaturated fatty

acids (PUFAs), exert the most profound influence on

brain PUFA concentration. According to experimental

animal studies, there is a plausible pathway by which

hypertension and low dietary n–3 fatty acid intake may

interact in increasing the risk of cognitive decline. In fact,

hypertensive rats tended to have lower brain concentra-

tions of monounsaturated fatty acids and PUFAs than

normotensive rats7, possibly due to pressure-induced

endothelial dysfunction at the blood–brain barrier or

exhausted astrocytic metabolism. Oxidative stress which

accompanies high blood pressure leads to increased

peroxidation of unsaturated fatty acids and a reduction in

their concentration in the brain represents an alternative

explanation.

Despite animal experimental evidence for a possible

biological interaction between dietary intake of n–3 fatty

acids and hypertensive status7–10 in affecting cognitive

decline, no epidemiological study has attempted to test

this hypothesis to date. The present observational pro-

spective study assessed the effect of low n–3 fatty acid

status on 6-year cognitive decline in men and women

aged 50 years and older. A secondary objective was to

explore whether hypertensive subjects would benefit to a

larger extent than normotensive subjects from this

increased intake.

Data and methods

Study sample

The Atherosclerosis Risk in Communities (ARIC) study is

an ongoing prospective cohort study aimed at investi-

gating the aetiology of atherosclerosis and its clinical

sequelae, and the longitudinal impact of variation in

cardiovascular risk factors, medical care and disease, by

race, sex, place and time. In each of four US communities

– Forsyth County (North Carolina), Jackson (Mississippi),

suburbs of Minneapolis (Minnesota) and Washington

County (Maryland) – 4000 adults aged 45–64 years were

examined four times, 3 years apart (visits 1 to 4). Three

out of the four cohorts represented the ethnic mix of their

communities, while at Jackson (Mississippi) only African

American residents were recruited11. Out of the total

sample examined at baseline (N 5 15 792) we restricted

these analyses to 11 557 individuals aged 50 years or older

at baseline since research clearly shows that risk of cog-

nitive decline in general, and of dementia in particular, is

negligible prior to the age of 60 years (which is the age at

which the youngest individuals in this cohort were re-

examined at visit 4)12. Eligibility for these analyses further

required survival to visit 4 (n 5 8346), complete data

on cognitive functioning at visits 2 (1990–1992) and

4 (1996–1998) (n 5 8012) and complete dietary intake at

visit 1 (1987–1989), which yielded 7814 men and women.

Of these, plasma fatty acid data at visit 1 were available

for a subset of the Minneapolis (Minnesota) cohort

(n 5 2251).

Outcome assessment

Three measures of cognitive functioning were made only

at visits 2 and 4 among the total ARIC cohort, and these

measures relied on the following instruments: the

Delayed Word Recall Test (DWRT)13, the Digit Symbol

Substitution Test of the Wechsler Adult Intelligence

Scale–Revised (DSST/WAIS-R)14, and the Word Fluency

Test (WFT) of the Multilingual Aphasia Examination,

also known as the controlled oral word association15.

DWRT. This screening tool assesses verbal learning and

recent memory. It requires the respondent to recall 10

common words after a 5-min interval during which

another test is administered. Test scores may range

between 0 and 10 words recalled and the time limit for

recall is set at 60 s. The 6-month test–retest reliability of

DWRT was previously shown to be high among 26 nor-

mal elderly individuals (Pearson correlation coefficient,

r 5 0.75)13.

DSST/WAIS-R. This test is a paper-and-pencil test

requiring timed translation of numbers 1–9 to symbols

using a key. The test measures psychomotor performance

and is relatively unaffected by intellectual ability, memory

or learning for most adults15. It appears to be a sensitive

and reliable marker of brain damage16. The test score can

range between 0 and 93 and reflects the correctly trans-

lated number of digit–symbol pairs within a time limit of

90 s. Short-term test–retest reliability over 2–5 weeks has

been found to be high in individuals aged 45–54 years

(r 5 0.82)14.

WFT. This test requires subjects to record as many

words as possible using the initial letters F, A and S, and to

list these words, the subject is given only 60 s per letter.

The total score corresponds to the total number of words

generated during these three trials. The test is particularly

sensitive to linguistic impairment15,17 and early mental

decline in older persons18. It is also a sensitive marker of

damage in the left lateral frontal lobe15,17. The immediate

test–retest correlation coefficient based on an alternative

test form has been found to be high (r 5 0.82)19.

Preliminary analysis suggested that while visits 2 and 4

scores of DSST/WAIS-R and WFT had a correlation coef-

ficient close to 0.5, the correlation between DSST/WAIS-R

and DWRT was 0.4 and that between DWRT and WFT

was about 0.4. However cognitive changes (visit 4–visit 2)

in each of these scales had much weaker correlations with

each other, ranging between 0.06 and 0.09.

Cut-off points were determined for decline in each of

the three cognitive status tests using the Reliable Change

Index (RCI) method, in order to correct for measurement
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error and practice effects20. RCI is defined as

½ðX2 � X1Þ � ðM2 �M1Þ�=SED, where X1 is the individual’s

score at baseline, X2 the individual’s score at follow-up,

M1 and M2 are the group mean pre-test and follow-up

scores, respectively, and SED is the observed standard

error of the difference scores. Scoring below an RCI of

21.645 was regarded as a ‘statistically reliable’ dete-

rioration in the test scores.

A composite measure of the three RCIs to assess global

cognitive decline was created using principal compo-

nents analysis, a data-reduction technique21. Similarly, the

cut-off point of the composite score for statistically reli-

able global cognitive decline was chosen to be 21.645.

Exposure assessment

Usual dietary intake was estimated from an interviewer-

administered 61-item semi-quantitative food-frequency

questionnaire (FFQ) previously developed and validated

by Willett et al. against multiple food records among a

sub-sample of the Nurses’ Health Study cohort22. Dietary

intake of essential fatty acids and their elongated and

desaturated products was expressed as a % of total energy

intake and grouped under four main categories, as sug-

gested by Lands et al.23,24.

1. C18 n–3 PUFAs, 18:3 1 18:4n23 (3P);

2. C18 n–6 PUFAs, 18:2 1 18:3n26 (6P);

3. C20 and C22 n–3 highly unsaturated fatty acids

(HUFAs): 20:5 1 22:5 1 22:6n23 (3H); and

4. C20 and C22 n–6 HUFAs: 20:3 1 20:4 1 22:4 1

22:5n26 (6H).

Sums of fatty acid intake as % of energy included

3 5 3P 1 3H and 6 5 6P 1 6H. Ratios of interest included

3P/6P, 3H/6H and (3P 1 3H)/(6P 1 6H), also denoted 3/6.

In multivariate models, all these variables were standar-

dised by subtracting each observation from the variable

mean and dividing the difference by the standard devia-

tion (SD). Hence, the main exposures of interest were 3P,

3H, 3 (as % of energy intake), 3P/6P, 3H/6H, 3/6 and total

3H (in g day21). Adjustment was made for the other fatty

acid variables, and total energy intake was considered as

a potential confounder to emulate a multivariate nutrient

density model25.

Twelve-hour fasting blood was collected according to

the ARIC study-wide protocol. The Minneapolis field

centre conducted fatty acid analysis of plasma phospho-

lipid and cholesteryl ester fractions on visit 1 blood spe-

cimens. The procedure is described in detail elsewhere26.

The identity of 28 fatty acid peaks was revealed by gas

chromatography by comparing each peak’s retention time

with the retention times of fatty acids in synthetic stan-

dards of known composition. The relative amount of each

fatty acid (as % of all fatty acids) was calculated by inte-

grating the area under the peak, dividing the result by the

total area for all fatty acids, and multiplying by 100. Data

from the chromatogram were transferred electronically to

a computer for analysis. Plasma exposures are expressed

as % of total fatty acids in each fraction and were grouped

similarly to dietary exposure. Test–retest reliability coef-

ficients (individuals sampled three times, 2 weeks apart)

for various plasma fatty acids ranged from 0.50–0.93 for

cholesteryl esters to 0.89 for phospholipids27. However,

only 3H and the ratio 3H/6H were considered in these

analyses.

Replicate dietary measures

Dietary intake was assessed among the surviving ARIC

sample at visit 3 (1992–1994), using the same semi-

quantitative FFQ that was administered at baseline. At

visit 2, a sub-sample of ARIC (around 10% of the original

sample) was asked to repeat the FFQ. As stated earlier, of

our eligible subset with baseline data on exposure and

complete outcome data (n 5 7814), 657 had data on visit

2 exposure, 7482 had complete data at visit 3, while 634

had both.

Covariates

Most covariates considered as potential confounders were

measured at visit 1, although some were defined

according to criteria that spanned all four visits. Covari-

ates can be subdivided into sociodemographic, genetic,

health behaviours and nutritional. Age, gender, ethnicity

and education were all reported by the respondent.

Apolipoprotein E (ApoE) genotype was categorised as 0

to indicate the absence of an e4 allele vs. 1 to denote

carrier status for at least one e4 allele. Among the beha-

vioural factors (all measured at visit 1), smoking was

represented on a three-level categorical scale, i.e. never

smoked, smoked previously and current smoker.

FFQ-derived values of alcohol (g day21) and caffeine

(mg day21) were considered as well. Physical activity was

assessed using a questionnaire developed by Baecke

et al. that included 16 items about usual exertion28. A

validated index of physical activity was derived at visit 1,

summing sports, work and leisure indices which ranged

from a score of 1 (low) to 5 (high)29. Body mass index at

visit 1 was computed by dividing weight (kg) by the

square of height (m2). Baseline dietary intake of anti-

oxidants and other micronutrients (mainly vitamins B6,

B12 and folate) was also considered22. The association of

these covariates with our outcome has been documented

previously by similar cohort studies based on ARIC

data30–33.

Our main effect modifier, hypertension, was oper-

ationalised using measured systolic and diastolic blood

pressure at each visit as well as use of antihypertensive

medication over the past two weeks. Seated blood pres-

sure levels were calculated as the average of the second

and third of three consecutive measurements with a

random-zero sphygmomanometer. Hypertension was

defined as systolic blood pressure $140 mmHg and

diastolic blood pressure $90 mmHg or the use of
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antihypertensive medication during the two weeks prior

to examination on any of visits 1 to 4.

Statistical analysis

We carried out univariate analyses of predictor and out-

come variables as well as covariates. For bivariate ana-

lyses of exposure and outcome, we computed means of

predictor variables across outcome groups (0 5 no

decline; 1 5 decline) and assessed the statistical sig-

nificance of differences using the independent-samples

t-test at an a level of 0.05. We computed odds ratios of

decline with increase in each exposure by 1 SD through a

multivariate logistic regression analysis. Control for con-

founding was accomplished using backward elimination

and an overall change in estimate criterion of 5%. Co-

variates which changed the estimated effect of the expo-

sure by more than 5% were retained in the final model34.

Hypertension was considered as a potential effect

modifier. Likelihood ratio tests were used to assess sta-

tistical significance of the interaction between exposure

and hypertensive status at a type I error level of 0.20, after

obtaining the final parsimonious model35,36. The multi-

variate models can be summarised by equations (1)

and (2):

Logit½PrðY ¼ 1jQ;Z Þ� ¼ b0 þ b1Q1 þ
X

b2iQ2i þ
X

bj Zj

ð1Þ

Logit½PrðY ¼ 1jQ;Z ;H Þ� ¼ b0 þ b1Q1 þ
X

b2iQ2i þ b3H

þ
X

bj Zj þ gQ1 � H : ð2Þ

In the above equations, Q1 is the main exposure of

interest as derived from the FFQ, Q2i are the other

fatty acids that might act as confounders, Zj is a vector of

potential confounders that are assumed to be perfectly

measured (i.e. no error variance associated with them)

and H is the potential effect modifier ‘hypertensive status’,

also assumed to be perfectly measured. The same process

was used with the plasma exposures in cholesteryl esters

and phospholipids. To correct for measurement error in

dietary exposure, a sensitivity analysis was conducted for

models (1) and (2) whereby regression calibration (RCAL)

and simulation extrapolation (SIMEX) were applied to the

final parsimonious models for each outcome/exposure

pair37,38. In a multivariate setting, both RCAL and SIMEX

rely on the method of moments and attempt to estimate

the error variance in the error-prone exposure and

adjust the exposure–outcome effect using different pro-

cedures. In both cases, replicate measures of FFQ mea-

surements at visits 2 and 3 were used for the correction.

The two methods are described in more detail in

Appendix A. Statistical analyses were conducted using

STATA version 9.039.

Results

Characteristics of study subjects

Table 1 shows the characteristics of study subjects

according to availability of dietary and plasma fatty acid

data as well as cognitive assessment data at both points in

time. Subjects in the plasma fatty acid group (‘plasma

group’ hereafter) consisted of whites residing in the

suburbs of Minneapolis. They were in general more

educated than the dietary group, which was a mix from

all ARIC centres. They had a lower proportion of women

(50.7% vs. 54.6%), a lower prevalence of the ApoE e4
allele (28.8% vs. 30.0%), a higher proportion of ‘ever

smoked’ status (59.6% vs. 55.5%), and greater consump-

tion of alcohol and caffeine. Some differences were noted

for other behavioural and nutritional factors as well.

Hypertensive status was particularly high in the dietary

group (56.0%) compared with the plasma group (49.3%).

Raw mean scores of baseline cognitive function were

greater among those in the plasma than in the dietary

group and average declines between visits 2 and 4 were

found to be steeper in the former. Table 2 summarises the

distribution of dietary and plasma fatty acid exposures

considered. The SDs for Q1, M and N are of particular

importance in interpreting multivariate logistic regression

analysis. Q2 and Q3 represent replicate measurements on

Q1 at visits 2 and 3 which were used to correct for mea-

surement error in the exposure.

Multivariate analysis findings: dietary exposures

Multivariate logistic regression models of the relationship

between dietary exposure and cognitive decline are

presented in Table 3. Results indicate that risk of clinically

significant decline in DWRT over the period of 6 years

was reduced modestly with every 1 SD increase in long-

chain n–3 fatty acid intake (3H) as % of total energy

intake. This was observed in the total population and

among the hypertensive subgroup. For DSST/WAIS-R,

although the ratio 3H/6H was protective against decline,

this effect did not reach statistical significance. However,

the likelihood ratio test indicated a significant level of

interaction between this exposure and hypertensive sta-

tus, shown by the variation in effect across strata of the

effect modifier (1.09 among normotensives vs. 0.88

among hypertensives). Risk of decline in WFT was

reduced by long-chain and all types of n–3 fatty acid

intake (3H and 3) as % of total energy intake, by the ratio

3H/6H and by 3H in g day21. This relationship was

stronger among hypertensive subjects and a significant

interaction was noted for 3H in g day21 (likelihood ratio

test, P 5 0.06). No statistically significant results were

observed for global cognitive decline or other dietary

exposures. After adjusting for measurement error in the

dietary covariate using RCAL, loss of precision in mea-

sures of effect was observed. In most cases, bias seemed

to be towards the null when comparing naive and
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calibrated estimates. In a few instances significance of

odds ratios was preserved, such as in the case of 3H, 3H

(g day21), 3 and 3H/6H with WFT decline as the outcome

among the hypertensive stratum (data not shown). In

these four exposures, the calibrated odds ratio (95%

confidence interval) for WFT decline in the hypertensive

stratum was 0.68 (0.49–0.95), 0.69 (0.47–1.00), 0.65

(0.43–1.00) and 0.70 (0.52–0.95), respectively. Using

SIMEX for selected associations, similar results were

obtained. Figure 1 shows two examples of stratified

Table 1 Characteristics of study subjects with complete cognitive and dietary data between visits 1 and 4
(dietary group; N 5 7814) and those with complete cognitive and plasma data (plasma group; N 5 2251);
ARIC, 1987–1998

Characteristic Dietary group (all ARIC centres) Plasma group (MN whites)

Female 54.63 50.69*
Age (years)- 56.56 (4.31) 56.30* (4.24)
White- 81.48 100.00*
Education-

Incomplete high school 20.24 6.67*
High school 34.06 36.18
.High school 45.70 57.16

ApoE e4 allele- 30.00 28.84
Smoking status-

Never smoker 44.54 40.40*
Former smoker 35.55 41.82
Current smoker 19.91 17.78

Alcohol (g day21)- 5.88 (12.67) 8.08* (13.47)
Caffeine (mg day21)- 291.04 (290.82) 348.08* (325.93)
Physical activity scale- 7.06 (1.39) 7.33* (1.33)
Body mass index (kg m22)- 27.48 (4.96) 27.17* (4.41)
Total energy intake (kcal day21)- 1579 (571) 1581 (559)
Vitamin A (10003IU day21)- 9.13 (6.97) 8.65* (6.83)
Vitamin B6 (mg day21)- 1.75 (0.67) 1.74* (0.66)
Vitamin B12 (mg day21)- 7.61 (4.23) 7.06* (3.50)
Vitamin C (mg day21)- 122.39 (80.92) 112.67* (69.95)
Vitamin E (mg day21)- 4.97 (3.11) 4.66* (3.01)
Folate (mg day21)- 232.59 (101.18) 218.48* (94.97)
Hypertensive-

-

56.01 49.27*
Baseline cognitive scores (visit 2)y

DWRT 6.61 (1.46) 6.78* (1.43)
DSST/WAIS-R 45.02 (13.01) 51.65* (10.15)
WFT 33.77 (12.06) 37.59* (11.52)

Cognitive change (visit 4–visit 2)y
DWRT 20.17 (1.56) 20.21 (1.50)
DSST/WAIS-R 22.80 (6.79) 24.45* (6.36)
WFT 20.77 (7.86) 21.84* (7.78)

ARIC – Atherosclerosis Risk in Communities study; ApoE – apolipoprotein E; DWRT – Delayed Word Recall Test;
DSST/WAIS-R – Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale–Revised; WFT – Word
Fluency Test.
Data are mean (standard deviation) or %.
* P , 0.05 for null hypothesis that means or proportions are equal between plasma and non-plasma groups.
-Covariate measured at visit 1.
-

-

Covariate measured at visits 1 to 4: period prevalence over 9 years.
yCovariate with other time frame.

Table 2 Distribution of fatty acid groups and ratios for Q1, M, N, Q2 and Q3: mean (SD); ARIC, 1987–1995

Q1 M N Q2 Q3

Fatty acid groups and ratios (j) (N 5 7814) (N 5 2251) (N 5 634)

3P 0.41 (0.09) 0.41 (0.10) 0.14 (0.05) 0.40 (0.09) 0.41 (0.10)
3H 0.18 (0.16) 1.01 (0.39) 3.44 (1.05) 0.17 (0.15) 0.16 ()0.15
3 0.60 (0.19) 1.42 (0.43) 3.59 (1.05) 0.57 (0.18) 0.57 (0.180
3P/6P 0.10 (0.04) 0.01 (0.00) 0.01 (0.00) 0.10 (0.02) 0.11 (0.05)
3H/6H 2.27 (1.87) 0.11 (0.05) 0.22 (0.08) 2.22 (1.71) 2.12 (1.69)
3/6 0.15 (0.07) 0.02 (0.01) 0.09 (0.03) 0.14 (0.07) 0.15 (0.07)
3H (g day21) 0.30 (0.28) – – 0.28 (0.26) 0.27 (0.29)

SD – standard deviation; ARIC – Atherosclerosis Risk in Communities study; Q1 – food-frequency questionnaire measurement at visit 1 of fatty acid group
intake as % of energy intake or ratio of n–3 to n–6 groups; M – biomarker of fatty acid intake in cholesteryl ester fraction of plasma; N – biomarker of fatty acid
intake in phospholipid fraction of plasma; Q2 – repeat of Q1 measured at visit 2 among a subset of the cohort; Q3 – repeat of Q1 measured at visit 3 among the
surviving baseline cohort; fatty acid exposure categories defined under ‘Exposure assessment’ in Data and methods section.
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Table 3 Multivariate logistic models of cognitive decline and dietary n–3 fatty acid exposures--

-

: naive and regression calibrated OR (95% CI); ARIC, 1987–1998

Statistically reliable cognitive decline (RCI ,21.645)

DWRT DSST/WAIS-R WFT GCD

Dietary fatty acids (N 5 7814) Naive RCALy Naive RCAL Naive RCAL Naive RCAL

Models 1a–1g Models 2a–2g Models 3a–3g Models 4.1a–4.1g
Q1

3P 1.02 (0.93–1.12) 1.02 (0.78–1.34) 0.96 (0.87–1.07) 0.89 (0.66–1.18) 1.01 (0.92–1.12) 1.22 (0.90–1.64) 0.98 (0.90–1.08) 1.00 (0.76–1.31)
3H 0.90* (0.81–1.00) 0.88 (0.72–1.05) 0.93 (0.83–1.04) 0.96 (0.76–1.22) 0.85* (0.75–0.96) 0.80 (0.62–1.04) 0.91 (0.82–1.02) 0.89 (0.71–1.11)
3 0.96 (0.87–1.06) 0.99 (0.81–1.21) 0.90 (0.80–1.02) 0.86 (0.62–1.18) 0.87* (0.77–0.98) 0.85 (0.62–1.17) 0.90 (0.81–1.01) 0.85 (0.64–1.13)
3P/6P 1.01 (0.92–1.10) 1.00 (0.81–1.23) 1.04 (0.94–1.15) 1.11 (0.89–1.39) 1.01 (0.91–1.10) 1.21 (0.95–1.53) 1.01 (0.92–1.10) 1.08 (0.87–1.35)
3H/6H 0.96 (0.87–1.06) 0.96 (0.80–1.16) 1.03* (0.93–1.13) 1.16 (0.91–1.47) 0.86* (0.77–0.97) 0.84 (0.64–1.10) 0.97 (0.88–1.06) 0.94 (0.73–1.21)
3/6 0.92 (0.83–1.02) 0.89 (0.72–1.08) 1.01 (0.92–1.12) 1.09 (0.91–1.30) 0.95 (0.85–1.06) 1.04 (0.85–1.27) 0.98 (0.89–1.07) 1.01 (0.85–1.21)
3H (g day21) 0.91 (0.81–1.01) 0.89 (0.69–1.13) 0.97 (0.87–1.07) 1.09 (0.89–1.36) 0.87** (0.76–0.99) 0.89 (0.66–1.20) 0.96 (0.87–1.06) 1.05 (0.85–1.30)

OR – odds ratio; CI – confidence interval; ARIC – Atherosclerosis Risk in Communities study; RCI – Reliable Change Index; DWRT – Delayed Word Recall Test; DSST/WAIS-R – Digit Symbol Substitution Test of the
Wechsler Adult Intelligence Scale–Revised; WFT – Word Fluency Test; GCD – global cognitive decline; Q1 – food-frequency questionnaire measurement at visit 1 of fatty acid group intake as % of energy intake or ratio
of n–3 to n–6 groups; fatty acid exposure categories defined under ‘Exposure assessment’ in Data and methods section.
* P , 0.05 for testing the null hypothesis that b1 5 0. See equations (1) and (2).
**P , 0.10 for testing the null hypotheses that g 5 0 using the likelihood ratio test. See equation (2).
-Exposures were standardised by subtracting each observation from its mean and dividing it by its standard deviation. Each model (e.g. 1a) has one exposure/outcome pair.
-

-

Control for confounding was done using backward elimination and an overall change in estimate criterion of 5%. Covariates which changed the estimate of exposure by more than 5% were retained in the final model.
Covariates considered as potential confounders were: sociodemographics (age, sex, education, race); genetic factors (apolipoprotein E e4 allele); behavioural factors (smoking, alcohol, caffeine consumption and
physical activity) and nutritional factors (body mass index, energy intake, other fatty acids, intake of antioxidants and vitamins B6, B12 and folate). Hypertension was considered as a potential effect modifier in separate
models. Multiplicative interaction was tested using the likelihood ratio test at an a level of 0.10.
yRegression calibrated OR (adjusted for measurement error in dietary fatty acids) with its 95% CI, using replicate dietary fatty acid measures at visits 2 and 3 (Q2 and Q3).
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models, models 3.2b and 3.2g of Table 3 (effect of 3H and

3H/6H ratio on decline in WFT). The figure shows the

extent to which naive estimates are biased towards

the null when compared with the corrected regression

coefficients using the SIMEX method. This method is

described in detail in Appendix A.

Multivariate analysis findings: plasma exposures

Multivariate logistic regression analyses of the plasma

fatty acid data (Table 4) indicated generally lower odds of

cognitive decline among subjects with a higher con-

centration of long-chain n–3 fatty acid in their plasma

cholesteryl esters and phospholipids, and an elevated

ratio of long-chain n23/n26 fatty acids. An interaction

was noted between WFT for absolute 3H in cholesteryl

esters (OR 5 0.74 among normotensives vs. 0.51 among

hypertensives) without reaching statistical significance at

the level of 0.10 (P 5 0.25). The same pattern was

observed for the ratio of 3H/6H in cholesteryl esters and

both exposures in the phospholipid fraction.

Naive estimate

SIMEX estimate−0.08
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Fig. 1 Simulation extrapolation (SIMEX) plot of corrected coefficients for stratified models 3b and 3e of Table 3; Atherosclerosis
Risk in Communities study, 1987–1998. pct3 h is dietary intake of long-chain n23 fatty acids expressed as % of energy intake (3H);
r3hr6h is ratio of long-chain n23 to long-chain n26 fatty acids (3H/6H) (for definition of 3H and 6H see ‘Exposure assessment’ in
Data and methods section). l is equivalent to U 5 {0.5,1,1.5,2} and is a scale factor used to add error to the covariate and estimate
bm5f (U, bm

59) starting from the naive estimate in which U 5 0. Hence, the naive estimate of the regression coefficient b is the one
estimated by generalised linear models without measurement error correction. See Appendix A for more details
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Discussion

This population-based prospective study conducted

among middle-aged men and women at baseline showed

that increased dietary intake of long-chain n–3 fatty acids

and balancing long-chain n–3/n–6 decreased the risk of

cognitive decline in verbal fluency, particularly among

hypertensive subjects. This finding also held for the

corresponding plasma analytes in the cholesteryl

ester and phospholipid fractions. This finding may be

due to the higher sensitivity of WFT to early mental

decline (i.e. among those aged 55 years or more at

baseline) compared with DWRT and DSST/WAIS-R18.

Limitations of the study include the lack of psychometric

diagnosis for mild cognitive impairment, which might

have been a more definite and clinically relevant out-

come40. However, the neuropsychological tests used

represent some of the domains reported to be most

sensitive in discriminating between normal ageing and

mild cognitive impairment41. Another limitation relates to

the nature of dietary exposures in general, which are

often prone to measurement error both in terms of

validity and short-term reliability. We corrected for

validity by using replicate FFQ measures but failed to

correct for short-term reliability of the FFQ due to the lack

of adequate short-term replicates in ARIC. Nevertheless, a

previous study by Ma et al.27 provides estimates of

short-term reliability for each of the fatty acids that

were considered. Moreover, residual confounding due

to inadequate control or measurement of potential

confounders cannot be totally ruled out. It is important

to note also that exposure timing (1 year prior to visit 1)

did not coincide with the baseline measurement of

outcome (visit 2), which constitutes another major

limitation.

One of the main strengths of this study is its pro-

spective design which, as stated earlier, thus far is unique

in the literature testing this particular hypothesis42. An

evidence-based report suggested a need to look for the

effect of n–3 fatty acids on cognitive decline by cardio-

vascular disease status and to define exposure in terms of

absolute value of medium- and long-chain fatty acids, as

well as the ratio between n–3 and n26 fatty acids in diet

and plasma43. All of these suggestions were implemented

in the present study. Moreover, this is the first study to

assess effect modification by hypertensive status and to

test at the population level a biological interaction

documented in animal experimental work. Measurement

error, which almost always accompanies dietary assess-

ment, was corrected for in this study using RCAL for all

associations and SIMEX for a selected number of these

associations.

Table 4 Multivariate logistic models of cognitive decline and plasma n–3 fatty acid exposures--

-

: OR (95% CI) for interaction with hyper-
tensive status; ARIC, 1987–1998

Statistically reliable cognitive decline (RCI ,–1.645)

Plasma fatty acids (N 5 2251) DWRT DSST/WAIS-R WFT GCD

Plasma cholesteryl esters y (M)
Models 1.1a–1.1b Models 2.1a–2.1b Models 3.1a–3.1b Models 4.1a–4.1b

All subjects
3H 1.00 (0.82–1.21) 0.91 (0.73–1.14) 0.63* (0.46–0.86) 1.03 (0.87–1.22)
3H/6H 0.92 (0.75–1.14) 0.92 (0.74–1.15) 0.63* (0.45–0.87) 0.97 (0.81–1.16)

Normotensive stratum
3H 1.09 (0.85–1.40) 0.99 (0.74–1.32) 0.74 (0.48–1.12) 1.13 (0.92–1.38)
3H/6H 1.02 (0.79–1.32) 1.00 (0.76–1.32) 0.73 (0.48–1.11) 1.09 (0.88–1.34)

Hypertensive stratum
3H 0.89 (0.65–1.21) 0.78 (0.55–1.12) 0.51* (0.32–0.83) 0.92 (0.69–1.22)
3H/6H 0.79 (0.56–1.13) 0.76 (0.51–1.14) 0.51* (0.31–0.84) 0.78 (0.55–1.11)

Plasma phospholipids y (N)
Models 1.2a–1.2b Models 2.2a–2.2b Models 3.2a–3.2b Models 4.2a–4.2b

All subjects
3H 0.93 (0.76–1.14) 1.04 (0.87–1.24) 0.77* (0.61–0.97) 0.96 (0.80–1.15)
3H/6H 0.89 (0.73–1.10) 0.99 (0.82–1.20) 0.72* (0.55–0.94) 0.93 (0.77–1.13)

Normotensive stratum
3H 1.03 (0.77–1.36) 1.07 (0.83–1.39) 0.83 (0.60–1.15) 1.03 (0.77–1.36)
3H/6H 0.99 (0.75–1.30) 1.06 (0.83–1.37) 0.80 (0.57–1.13) 1.04 (0.80–1.35)

Hypertensive stratum
3H 0.83 (0.61–1.11) 0.97 (0.75–1.26) 0.74 (0.53–1.04) 0.94 (0.73–1.22)
3H/6H 0.77 (0.56–1.08) 0.89 (0.66–1.21) 0.66* (0.43–0.99) 0.86 (0.64–1.15)

OR – odds ratio; CI – confidence interval; ARIC – Atherosclerosis Risk in Communities study; RCI – Reliable Change Index; DWRT – Delayed Word Recall
Test; DSST/WAIS-R – Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale–Revised; WFT – Word Fluency Test; GCD – global cognitive
decline; fatty acid exposure categories defined under ‘Exposure assessment’ in Data and methods section.
* P , 0.05 for testing the null hypothesis that b1 5 0. See equations (1) and (2).
-Exposures were standardised by subtracting each observation from its mean and dividing it by its standard deviation (SD). Each model (e.g. 1.1a) has one
exposure/outcome pair. These models are then stratified by hypertensive status for each of the two exposures.
-

-

Same analytic approach was used as in Table 3.
yPlasma cholesteryl ester levels of fatty acids (%); plasma phospholipids levels of fatty acids (%); M and N in reference to SD values from Table 2.
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Previous epidemiological studies have shown that the

fatty acids composition of plasma differs significantly

between subjects with normal cognitive functioning and

patients with some form of cognitive impairment44–46.

While the majority showed a beneficial effect of plasma

and erythrocyte n–3 fatty acids on cognition, a case–

control study – the Canadian Study of Health and Ageing

– reported that the mean relative plasma concentration of

n–3 fatty acids as well as total PUFAs was higher among

subjects aged 65 years or more with cognitive impairment

or dementia after controlling for demographic, beha-

vioural and genetic factors47. Epidemiological studies

based on dietary assessments of n–3 fatty acids also had

suggestive but somewhat controversial results. While

most leaned towards a protective effect of increasing

intake of these fatty acids in the diet2,3,48–50, others found

no effect or the opposite effect on cognitive functioning

and decline4,51.

One possibly important implication from our study’s

results is that diets rich in fatty acids of marine origin

should be considered for middle-aged subjects. We

explored whether such an association was differential

according to hypertensive status. Although no statistically

significant interactions were found, the results suggest that

hypertensive subjects (e.g. odds ratios for 3H and WFT

were ,1 with P , 0.05) may benefit from supplementation

of their diets to a larger extent than the normotensive

group. These results merit replication given the large

public health potential that would be associated with

results that unequivocally indicate an inverse association

between fatty acid intake and reduced cognitive decline in

the general population. The literature indicates that these

fatty acids were frequently found associated with reduced

risk of cardiovascular disease, including stroke52 and cor-

onary heart disease53,54, although thus far all the evidence

is of an observational nature. They have also been asso-

ciated with improved insulin sensitivity55, reduced risk of

dyslipidaemia56 and a hypocoagulable profile57 among

other health benefits. Because many of these conditions

are also related to cognitive impairment, future research

should focus on disentangling the direct and indirect

effects of fatty acids (using plasma biomarkers) on cogni-

tion and uncover the main mechanism involved in their

ability to prevent clinically significant decline in ageing

populations. Finally, these findings suggest the utility of

randomised clinical trials that would augment intake of

marine fatty acids in the treatment group and give a non-

enriched diet to the placebo group while allowing for

stratification by baseline hypertensive status.
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Appendix A – Measurement error correction

We considered a structural model in which i stands for

individual and j for dietary variable and Tij (a latent vari-

able) is the true value of dietary intake of nutrient or ratio

of nutrients j for subject i. For that subject i, Qij is the value

of dietary variable j derived from the FFQ. Q1ij and their

replicate values from visits 2 and 3, Q2ij and Q3ij, were

entered into the model as Z-scored manifest variables.

Q1ij ¼ a01Q1j
þ a11Q1j

T ij þ �Q1ij

Q2ij ¼ a02Q2j
þ a12Q2j

Tij þ �Q2ij

Q3ij ¼ a03Q3j
þ a13Q3j

Tij þ �Q3ij

ðA1Þ

An estimate of the error variance covariance matrix Ŝuu

was computed using a formula suggested previously35,

which takes into account the intra-class correlation

between replicate measures. For RCAL and SIMEX, the

method of moments is used to correct for measurement

error in covariates and can be summarised as follows39,58:

b̂Z ;RC

b̂T ;RC

 !
¼

SZZ SZQ

SQZ SQQ � Ŝuu

 !�1
SZZ SZQ

SQZ SQQ

� �
b̂Z ;naive

b̂T ;naive

 !
:

ðA2Þ

The generalised linear model in which measurement

error correction of covariates is conducted can be

written as:

E ðY Qj ;Zk Þ ¼
�� b̂0 þ

Xm
j¼1

b̂T ;naive;kQj þ
Xn

k¼1

b̂Z ;naive;kQk :

ðA3Þ

SIMEX is a procedure consisting of four main steps.

Step 1. Fitting the causal model to obtain the estimated

coefficients bnaive and an estimate of the measurement

error variance s2
u.

Step 2. Generating random pseudo errors for a scale

factor y times the estimated error variance, � � N ð0; ys2
uÞ.

These pseudo errors are added to the original values of

the error-prone covariate. Fitting the model to obtain

b{naive, yj }. This is repeated r times to obtain the mean

coefficient vector, bfyj g ¼ ð1=r Þ
P

bfi; yj g.

Step 3. The previous step is repeated for j ¼ 1; . . . ; k�

scale factors, where typically we use y ¼ f0:5; 1; 1:5; 2g,
although individual researchers may choose a longer list

of scale factors. Using the typical list of scale factors we

have k 5 5 estimated coefficient vectors, since k* 5 4 for

the list above and we have the estimated coefficient

vector from the initial step (k 5 k* 1 1).

Step 4. For each regression coefficient bm

(m ¼ 1; . . . ; p) in the model, we consider the estimated

coefficient as a function of the scale factor yj for

j ¼ 1; . . . ; k. Formally, we specify a function f( ) such that

bm ¼ fðy;bfygm Þ. We estimate this relationship and then

extrapolate back the final estimates bm ¼ fðy0 ¼ �1;bfygm Þ

(no measurement error). Researchers are free to choose

the form of the function f( ), but we point out that there

are relatively few – in this case, five – observations

available to estimate the parameters of f( ). The function

f( ) used to model the relationship between the estimated

coefficient and y is called the extrapolant function59.

Although deciding which model to fit is a valid question

when performing SIMEX, it has been shown that con-

servative estimates with a quadratic curve do improve

over the naive estimator without any correction. Investi-

gators may also use model-fitting techniques to decide

which model to fit and then extrapolate with. Calculating

the standard error of the SIMEX estimator requires 100

simulations on its own. With the ever-increasing speed of

computers, the necessary computing power is widely

available37.

Fatty acids, hypertension and cognitive decline 27

https://doi.org/10.1017/S1368980007000080 Published online by Cambridge University Press

https://doi.org/10.1017/S1368980007000080


Appendix B – Unadjusted mean (SD) of fatty acid exposures by cognitive decline status in three domains

(DWRT, DSST/WAIS-R and WFT) and GCD, stratified by hypertensive status; ARIC, 1987–1998

Statistically reliable cognitive decline (RCI ,–1.645)

DWRT DSST/WAIS-R WFT GCD

Mean (SD) No Yes No Yes No Yes No Yes

Dietary intake (% of energy)
All subjects (N 5 7814) n 5 481 n 5 408 n 5 392 n 5 486

3P 0.415 (0.086) 0.415 0.416 0.415 0.412 0.415 0.416 0.414 0.413
3H 0.182 (0.166) 0.182 0.174 0.182 0.181 0.182 0.170 0.182 0.178
3 0.597 (0.190) 0.597 0.590 0.597 0.593 0.597 0.586 0.597 0.592
3P/6P 0.103 (0.037) 0.103 0.103 0.103 0.104 0.103 0.103 0.103 0.103
3H/6H 2.272 (1.872) 2.277 2.199 2.269 2.320 2.284 2.052* 2.276 2.216
3/6 0.147 (0.073) 0.147 0.144 0.147 0.148 0.147 0.143 0.147 0.145
3H (mg day21) 302 (283) 302 300 302 294 303 279 302 292

Normotensive (N 5 3313) n 5 178 n 5 250 n 5 212 n 5 303
3P 0.415 (0.089) 0.415 0.409 0.415 0.404 0.415 0.420 0.415 0.413
3H 0.173 (0.162) 0.173 0.163 0.172 0.180 0.173 0.164 0.173 0.163
3 0.588 (0.187) 0.588 0.573 0.588 0.585 0.588 0.585 0.588 0.576
3P/6P 0.101 (0.037) 0.101 0.099 0.101 0.101 0.101 0.102 0.101 0.099
3H/6H 2.215 (1.775) 2.215 2.210 2.209 2.360 2.223 2.059 2.223 2.054
3/6 0.142 (0.069) 0.142 0.137 0.142 0.142 0.142 0.141 0.143 0.135
3H (mg day21) 286 (265) 285 299 286 299 286 288 286 289

Hypertensive- (N 5 4219) n 5 286 n 5 250 n 5 212 n 5 303
3P 0.415 (0.085) 0.414 0.422 0.415 0.416 0.415 0.413 0.415 0.415
3H 0.189* (0.169) 0.190 0.178 0.190 0.182 0.190 0.172 0.189 0.189
3 0.604* (0.193) 0.604 0.600 0.605 0.599 0.605 0.584 0.604 0.603
3P/6P 0.104* (0.037) 0.104 0.106 0.104 0.106 0.104 0.102 0.104 0.105
3H/6H 2.310* (1.817) 2.328 2.188 2.331 2.130 2.334 2.025* 2.328 2.194
3/6 0.150* (0.076) 0.151 0.149 0.150 0.150 0.151 0.142 0.150 0.151
3H (mg day21) 315* (298) 316 300 316 292 318 265* 317 300

Plasma cholesteryl esters-

-

All subjects (N 5 2251) n 5 123 n 5 119 n 5 115 n 5 140
3H 1.009 (0.395) 1.008 1.015 1.009 1.010 1.012 0.947 1.006 1.044
3H/6H 0.112 (0.047) 0.112 0.109 0.112 0.112 0.113 0.101* 1.112 1.111

Normotensive (N 5 1107) n 5 52 n 5 52 n 5 52 n 5 61
3H 0.997 (0.408) 0.995 1.029 0.995 1.026 0.997 0.976 0.992 1.072
3H/6H 0.113 (0.048) 0.113 0.114 0.113 0.117 0.113 0.106 0.113 0.118

Hypertensive (N 5 1075) n 5 69 n 5 64 n 5 60 n 5 73
3H 1.024 (0.387) 1.026 1.004 1.026 0.991 1.030 0.922* 1.024 1.023
3H/6H 0.112 (0.045) 0.113 0.106 0.113 0.107 0.113 0.097* 0.113 0.105

Plasma phospholipids-

-

All subjects (N 5 2251) n 5 123 n 5 119 n 5 115 n 5 140
3H 3.444 (1.053) 3.448 3.379 3.442 3.482 3.453 3.279 3.437 3.557
3H/6H 0.222 (0.082) 0.223 0.214 0.222 0.222 0.223 0.206* 0.222 0.223

Normotensive (N 5 1107) n 5 52 n 5 52 n 5 52 n 5 61
3H 3.438 (1.059) 3.437 3.460 3.434 3.513 3.440 3.381 3.426 3.634
3H/6H 0.225 (0.084) 0.225 0.225 0.225 0.231 0.226 0.217 0.225 0.226

Hypertensive (N 5 1075) n 5 69 n 5 64 n 5 60 n 5 73
3H 3.458 (1.053) 3.468 3.314 3.460 3.433 3.472 3.218 3.454 3.518
3H/6H 0.220 (0.080) 0.220 0.206 0.220 0.213 0.221 0.198* 0.220 0.213

SD – standard deviation; RCI – Reliable Change Index; DWRT – Delayed Word Recall Test; DSST/WAIS-R – Digit Symbol Substitution Test of the Wechsler
Adult Intelligence Scale–Revised; WFT – Word Fluency Test; GCD – global cognitive decline; ARIC – Atherosclerosis Risk in Communities study; fatty acid
exposure categories defined under ‘Exposure assessment’ in Data and methods section.
*P , 0.05 for null hypothesis that means of exposures are equal to each other between cognitive decline categories or hypertensive status.
- ‘Hypertensive’: screened positive on measured hypertension at either visits 1 to 4 or was taking antihypertensive medication in the two weeks prior to
examination at any of the four visits.
-

-

Plasma cholesteryl ester levels of fatty acids (%); plasma phospholipids levels of fatty acids (%).
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Appendix C – Correlations and mean differences between covariates and main fatty acid exposures among

all subjects in the dietary group (N 5 7814) and the plasma group (N 5 2251); ARIC, 1987–1998

Dietary fatty acid exposures (% of total energy intake)

3P 3H 3 3P/6P 3H/6H 3/6 3H (mg day21)

Mean (SD) 0.415 (0.086) 0.182 (0.166) 0.597 (0.190) 0.103 (0.037) 2.272 (1.872) 0.147 (0.073) 302 (283)

Male–female 0.004* 20.004* 20.036* 20.005* 20.422* 20.018* 232*
Age (years) 0.018 20.010 20.008 0.025* 0.007 0.013 216
White–non-white- 0.003 0.077* 0.081* 0.009* 0.404* 0.031* 123*
Education (,HS–>HS) 0.011* 20.016* 20.006 0.004* 20.210* 0.000 217.6
ApoE e4 allele- (no–yes) 0.004* 20.010* 20.005 0.000 20.079 20.002 28.77
Smoking status- (no–current) 20.012* 0.015* 0.003 20.001 0.172 0.004 20.1*
Alcohol (g day21) 0.078* 20.015 0.023* 20.017 20.039* 20.004* 20.022*
Caffeine (mg day21) 0.037* 20.103* 20.073* 20.033* 20.092* 20.083* 20.063*
Physical activity scale 20.024* 0.012 20.000 20.012 0.032* 0.003 0.037*
Body mass index (kg m22) 0.058* 0.057* 0.076* 0.044* 0.003 0.060* 0.068*
Total energy intake (kcal day21) 20.055* 20.160* 20.164* 20.084* 20.084* 20.145* 0.208*
Vitamin A (1000 3 IU day21) 0.040* 0.130* 0.131* 0.150* 0.148* 0.182* 0.268*
Vitamin B6 (mg day21) 20.045* 0.096* 0.063* 0.071* 0.125* 0.114* 0.373*
Vitamin B12 (mg day21) 0.103* 0.171* 0.196* 0.141* 0.078* 0.186* 0.369*
Vitamin C (mg day21) 20.143* 0.030* 20.039* 0.109* 0.105* 0.121* 0.217*
Vitamin E (mg day21) 20.048* 0.032* 0.006 20.147* 0.068* 20.075* 0.235*
Folate (mg day21) 20.055* 0.042* 0.012 0.080* 0.107* 0.094* 0.281*

Fatty acid exposures in plasma (%)

Plasma cholesteryl esters Plasma phospholipids

3H 3H/6H 3H 3H/6H

Mean (SD) 1.009 (0.395) 0.112 (0.047) 3.444 (1.053) 0.222 (0.082)

Male–female 20.039* 20.011 20.154* 20.007*
Age (years) 0.034 0.040* 0.034 0.040*
Education (,HS–>HS) 20.064 20.007 20.184* 20.015*
ApoE e4 allele (no–yes) 0.005 0.002 0.009 0.001
Smoking status (no–current) 0.113* 0.009* 0.430* 0.025*
Alcohol (g day21) 0.025 0.005 20.065* 20.071*
Caffeine (mg day21) 20.078* 20.065* 20.117* 20.093*
Physical activity scale 0.002 0.036 0.012 0.045*
Body mass index (kg m22) 0.002 20.036 20.044* 20.091*
Total energy intake (kcal day21) 20.031 20.014 20.034 20.028
Vitamin A (1000 3 IU day21) 0.098* 0.107* 0.129* 0.131*
Vitamin B6 (mg day21) 0.094* 0.091* 0.119* 0.108*
Vitamin B12 (mg day21) 0.114* 0.089* 0.100* 0.077*
Vitamin C (mg day21) 0.052* 0.064* 0.074* 0.076*
Vitamin E (mg day21) 0.034 0.044* 0.056* 0.062*
Folate (mg day21) 0.098* 0.105* 0.111* 0.111*

ARIC – Atherosclerosis Risk in Communities study; SD – standard deviation; HS – high school; ApoE – apolipoprotein E; fatty acid exposure categories defined
under ‘Exposure assessment’ in Data and methods section.
* P , 0.05 for hypothesis test of no difference between categories (in categorical covariates) and Pearson correlation coefficient r 5 0 for continuous covariates.
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