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Abstract

Background—Preserving cognitive function is an important public health issue. We investigated
whether dietary pattern associates with cognitive function in middle-age.

Methods—We studied 2435 participants in the community-based Coronary Artery Risk
Development in Young Adults (CARDIA) study of black and white men and women aged 18-30
in 1985-86 (year 0, Y0). We hypothesized that a higher A Priori Diet Quality Score, measured at
YO0 and Y20, is associated with better cognitive function measured at Y25. The diet score
incorporated 46 food groups (each in servings/day) as the sum of quintile ranks of food groups
rated beneficial, O for food groups rated neutral, and reversed quintile ranks for food groups rated
adverse; higher score indicated better diet quality. Y25 cognitive testing included verbal memory
(Rey Auditory-Verbal Learning Test (RAVLT)), psychomotor speed (Digit Symbol Substitution
Test (DSST)) and executive function (Stroop).

Results—~Per 10-unit higher diet score at Y20, the RAVLT was 0.32 words recalled higher, the
DSST was 1.76 digits higher, and the Stroop was 1.00 seconds+errors lower (better performance)
after adjusting for race, sex, age, clinic, and energy intake. Further adjustment for physical activity,
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smoking, education, and body mass index attenuated the association slightly. Diet score at YO0 and
increase in diet score over 20 years were also positively associated with each cognitive test.

Conclusions—A higher quality dietary pattern was associated with better cognitive function 5

years and even 25 years later in apparently healthy middle-aged adults.

Keywords
Cohort study; epidemiology; middle age; diet pattern; cognitive tests

Introduction

Cogpnitive function declines with aging (1). With social, economic and health care
development, by 2050, 22% of the world population is expected to be over 60 years old (2)
and the prevalence of cognitive function impairment will likely increase worldwide.
Cognitive impairment is linked with high risk of dementia and stroke, and is a major threat
to independence in the elderly (3, 4). Therefore, understanding preservation of cognitive
function throughout adulthood is an important public health issue.

Healthy dietary patterns have been associated with slower decline of cognitive function and
lower risk of dementia or cognitive impairment in older adults (5-18). Higher adherence to a
Mediterranean diet was associated with slower cognitive decline measured by mini—-mental
state examination (MMSE), but not with cognitive decline assessed by other cognitive tests
or with risk for incident dementia (13). In another study of 732 subjects over 60 years old,
adherence to a Mediterranean diet was not significantly associated with MMSE score (12).
Recently, a cross-sectional study in middle-aged Caucasians found that a food pattern rich in
fruits, vegetables, dried legume and fish associated with lower risk of cognitive deficit than
other food patterns rich in processed meat, fried foods, sweetened desserts, and high-fat
dairy products (19). However, no prospective study has assessed a healthy dietary pattern
and cognitive function in middle-age. Primary prevention in young adulthood or middle age
could postpone cognitive function decline. Given the discrepancy in previous studies and
limited evidence in young and middle-aged adults, prospective studies investigating this
association are needed.

The A Priori Diet Quality Score (20) represents a diet pattern that was inversely related to
oxidative stress (21) and circulating cellular adhesion molecule concentration (22) in the
Coronary Artery Risk Development in Young Adults (CARDIA) study. Higher scores
predicted lower total, cardiovascular disease, cancer, and other “inflammatory-related”
mortality in the lowa Women’s Health Study (23). We therefore assumed that it would also
relate to cognitive function. Here we investigated the association between the A Priori Diet
Quality Score and cognitive function among apparently healthy middle-aged CARDIA
participants. We hypothesized that a higher diet quality score 5 years before or even 25 years
before would be associated with better cognitive function at midlife. Prior studies in
CARDIA showed that both greater subclinical atherosclerotic calcification and ideal
cardiovascular health were associated with better cognitive function (24, 25). The findings of
our study further expand our understanding of cognitive function in CARDIA.
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Subjects and Methods

Study design

CARDIA is a multi-center longitudinal cohort study of cardiovascular risk factors in adults
between 18 and 30 years old at enrollment (1985-1986, year 0 (Y0)). Recruitment was at
random from the general population in Birmingham, AL, Chicago, IL, and Minneapolis,
MN, and from Kaiser Permanente Medical Care Plan members in Oakland, CA. The full
CARDIA sample (n=5,115) at baseline was balanced by age (45% 18-24 years old), race
(52% African American; 48% white), sex (46% men), and education (40% completed <12
years) (26-28). The 7 follow-up examinations at Y2, Y5, Y7, Y10, Y15, Y20 and Y25 had
91%, 86%, 81%, 79%, 74%, 72% and 72% of the surviving cohort returning, respectively.
Of 3122 participants who attended YO0, Y20 and Y25 exams, 2573 assessed diet at YO and
Y20 and measured cognitive function at Y25. 2435 participants without missing covariate
values were analyzed (figure 1).

Dietary Pattern Assessment

Diet was assessed at YO0 and Y20 by using the interviewer administered CARDIA Diet
History(29). The A Priori Diet Quality Score was derived from 46 foods groups as
previously described (20-22, 30) (computational details in Online supplementary text and
supplementary Tables 1 and 2). The score is based on classification of foods groups
according to hypothesized health effects as beneficial (n=20, for example fruit, vegetables,
legumes, low fat dairy products, fish, poultry, coffee, tea and moderate amount of alcoholic
drinks), adverse (n = 13, for example fried foods, high fat meat, salty snacks, desserts, high
fat dairy products, and soft drinks), or neutral (n = 13, for example lean meat, shellfish,
potato, eggs, chocolate, fruit juices and diet beverages). Food groups considered beneficial
or adverse were categorized into quintiles, and study participants received a score of 0—4 for
each group reflecting increasing consumption. When non-consumption was common,
nonconsumers were coded 0 and consumers were split into quartiles with scores from 1 to 4.
The A Priori Diet Quality Score was the sum of category scores 0—4 for the beneficial food
groups plus scores in reverse order (4-0) for adverse food groups (neutral food groups score
0). Higher score indicates better diet quality (theoretical maximum=132). A one-unit change
in the score was a change of one category of one food group in the presumed beneficial
direction. To study change in diet score, we used the cutoffs of food group categories as
determined at YO, which were then applied to dietary data at YO and Y20 (20, 21).

Coghnitive function assessment

Cognitive function was measured at Y25. 1) The Rey Auditory Verbal Learning Test
(RAVLT) assesses the ability to memorize and to retrieve words (verbal memory) (31). The
number of words correctly recalled after the long delay (10 min) was used in the analyses. A
higher number of words recalled (range 0 to 15) indicated better performance. 2) The Digit
Symbol Substitution Test (DSST) assesses psychomotor speed, sustained attention, and
working memory(32). A higher number of digits correctly substituted (range 0 to 133)
indicated better performance. 3) The Stroop Test evaluates executive function by assessing
the ability to view complex visual stimuli and to respond to one dimension while
suppressing the response to another dimension (33). The test was scored by the time to
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correctly state ink color (e.g., yellow) of color words (e.g., the word blue) plus number of
errors; thus, a higher score (seconds plus errors) indicated worse performance.

At Y2, two tests (reverse star tracing and the Atari Breakout video game) were conducted to
elicit reactive blood pressure; although not intended as cognitive tests, these tests involve
general cognitive agility. 1) In star-tracing, subjects traced the outline of a star from a
reversed image displayed in a mirror while staying within narrow limits, with the stylus
always on the apparatus. If subjects moved out of the limits of the star, an error was scored
automatically. The participants drew forward stars as quickly as possible with the fewest
possible errors. Total stars completed over three minutes and number of errors were recorded
and constituted a Y2 cognitive score. The cognitive task of reversing an image and eye-hand
coordination resembles the task in the Stroop test. 2) The Atari Breakout video game tests
eye-hand coordination and psychomotor skill. Video game performance is considered an
objective alternative psychomotor test closely related to Wechsler Adult Intelligence Scale
executive intelligence score and Stroop test score(34-36). The average of up to 9 games
completed within 3 minutes was used to compute the Y2 cognitive score.

Measurements of other variables

Age, race, sex, education levels, and cigarette smoking were obtained by self- and
interviewer-administered questionnaires at each clinic visit (27, 37). Physical activity was
measured at each examination by an interviewer-based questionnaire, and the frequency and
intensity of 13 activities were used to calculate “Exercise Units” (38,39). Body weight was
measured using a balance beam scale and height using a vertically mounted metal centimeter
ruler and a metal carpenter’s square. Body mass index (BMI) was weight(kg)/height(m)?2.
Seated blood pressure was the average of the last two of three measurements after 5 minutes
rest (27). Blood glucose and total cholesterol were measured by standard procedures (27).
Diabetes diagnosis was fasting glucose level 2126 mg/dL, self-report of antidiabetic
medication, or a 2-h postload glucose =200 mg/dL (the last at Y10 and Y20 only) (40).
Apolipoprotein E4 genotype was measured by the modified method of Kamboh et al. (41).

Statistical Analysis

Statistical analyses used SAS 9.2 (SAS Institute Inc., Cary, NC). Multiple linear regressions
modeled the associations of Y0 and Y20 diet score with cognitive function tests at Y25.
Age, race, sex, clinic, energy intake, physical activity, smoking, maximum education
attained through Y25, BMI, blood pressure, total cholesterol, and diabetes were included in
the models as potential confounders. A sensitivity analysis also adjusted for apolipoprotein
E4 phenotype, which was assayed at CARDIA year 7 (n = 2176). Interactions between diet
score and race, sex, and education were assessed by adding cross-product terms. A
composite cognitive function score at Y2 was computed by averaging the 3 Z scores for the
average Atari Breakout game score, the number of stars completed, and the negative of the
number of errors in star tracing. A composite cognitive function score at Y25 was the
average of the 3 Z scores for the average number of words recalled in RAVLT, digits
correctly substituted in DSST, and negative of Stroop test score (details in Online
Supplementary Table 3). The correlation coefficient between the two composite cognitive
scores measured 23 years apart was 0.31. The Y2 composite cognitive function score was
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included as a covariate to adjust for baseline cognitive function. Statistical testing was two-
sided with type I error =0.05.

The 2435 participants had average age 25 at YO and 45 at Y20. Among them 403 (16.6%)
were black men, 649 (26.7%) were black women, 639 (26.2%) were white men, and 744
(30.6%) were white women. The cohort was apparently healthy in terms of YO lifestyle and
clinical measures (Table 1). Correlation between RAVLT and DSST was 0.3, between
RAVLT and Stroop test was —0.3, and between DSST and Stroop test was —0.5.

Per 10-unit higher diet score at Y20, 0.32 (SE=0.05, P<0.0001) more words were correctly
recalled on the RAVLT, 1.76 (SE=0.26, P<0.0001) more digits were correctly substituted in
DSST, and 1.00 (SE=0.20, P<0.0001) lower score was obtained on the Stroop test at Y25,
after accounting for race, sex, age, study center, and energy intake (Table 1, model 1).
Further adjustment for physical activity, smoking, maximum education attained through Y25
(Table 1, model 2), and subsequently for BMI, blood pressure, total cholesterol, and diabetes
(Table 1, model 3) attenuated the results slightly. The difference in model 3 between the 4th
and 1st quartile of Y20 diet score corresponds to 23.7%, 12.9%, and 8.7% of a sample SD
for the RAVLT, DSST, and Stroop test scores, respectively (also see Online Supplementary
Table 3 for results for the composite year 25 cognitive score). Further adjustment for
apolipoprotein E4 (per 10-unit higher diet score at Y20, 0.22 for RAVLT, 0.76 for DSST and
-0.65 for the Stroop test, all P <0.05, N=2176) yielded similar findings. The three cognitive
tests were more closely associated with diet assessed at Y20 (5 years earlier) than at YO (25
years earlier, 0.32 vs 0.29 for RAVLT, 1.76 vs 1.41 for DSST and —1.00 vs —0.73 for the
Stroop test) (Table 1, model 1). Analysis of quartiles of diet score at Y20 (cutpoints: 62, 71,
81) showed monotonic improvement in the cognitive tests in all three models (P<0.05),
while quartiles of diet score at Y0 showed monotonic improvements in all three models for
RAVLT and DSST (P<0.05) but not for Stroop test. No significant interactions were
identified between YO0 and Y20 diet scores and race or sex (all P>0.05 with df=1 for diet-
race and diet-sex interactions). In an exploratory analysis, we found that the association
between diet score and DSST performance tended to be of a smaller magnitude in
participants who were college graduates or received graduate level education than in those
with less than a college degree (P for interaction = 0.04 at Y0 and 0.01 at Y20). Education
did not modify the relation between diet pattern and either RAVLT or Stroop test scores (P
for interaction >0.05). A sensitivity analysis altered the A Priori Diet Quality Score by
adding chocolate to the list of beneficially-rated foods; findings were similar to those
presented here.

In addition, a 10-unit higher YO diet score was associated with 5% SD higher Y2 cognitive
function Z score after adjusting for race, sex, age, study center, and energy intake (P=0.004).
However the association lost its significance after further adjustment for educational
attainment. Additional adjustment for Y2 cognitive function Z score in the analysis of YO
diet score predicting Y25 cognitive test scores yielded similar magnitude of associations
between YO diet score and performance in the three tests as is reported in Table 2.

J Nutr Health Aging. Author manuscript; available in PMC 2017 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

ZHU etal.

Page 6

Furthermore, change in the A Priori Diet Quality Score from YO to Y20 was also associated
with Y25 cognitive function tests. Each 10 unit increase in diet score over 20 years was
associated with 0.24 (SE=0.06, P<0.0001) more words correctly recalled on the RAVLT,
1.40 (SE=0.29, P<0.0001) more digits correctly substituted on the DSST, and an 0.85
(SE=0.23, P=0.0002) lower Stroop test score at Y25, after accounting for race, sex, age,
center of clinic visit, energy intake, and YO diet score (Table 2). Further adjustment
attenuated the associations. The difference in model 3 between the 4th quartile and 1st
quartile of the change of diet score over 20 years corresponds to 11.8%, 11.9%, and 10.4%
of the sample SD of the test score in the RAVLT, DSST, and Stroop test, respectively.
Analysis across quartiles of the change of the A Priori Diet Quality Score from Y0 to Y20
(cutpoints: 0, 7, 15) yielded significant monotonic gradation for the DSST and Stroop test
(P<0.05), but not for the RAVLT (P>0.05).

Discussion

In the current study, higher A Priori Diet Quality Score at average age 45 years, and even at
average age 25 years, was positively associated with better performance in cognitive
function tests, including RAVLT, DSST, and Stroop test assessed at average age 50 years.
The improvement of diet score over 20 years was associated with all three cognitive function
tests. Furthermore, the more recent diet score tended to be more strongly associated with
cognitive function assessed in middle-age. These findings support a role for diets favoring,
for example, phytochemical-rich plant foods, low fat dairy products, fish, poultry, and less
processed foods in preventing cognitive declines in middle age.

Our results are consistent with those of recent studies showing that a healthy dietary pattern
which includes higher intake of fruit, vegetables, fish, nuts and legumes, and lower intake of
meats, sweets and high fat dairy is related to better cognitive function, slower deterioration
of cognitive function, and lower risk of dementia or cognitive impairment in subjects older
than 65 years old (5-16, 18). In addition, in a cross-sectional study of 4693 Caucasian adults
aged 35-55 years, a “whole food pattern”, a diet rich in fruit, vegetables, and fish, was
associated with lower odds of cognitive deficit compared to a ‘processed food’ pattern, a diet
rich in processed meat, chocolate, sweeteners, desserts, fried food, refined grains, and high
fat dairy products (19). Though different approaches have been used to define a healthy
dietary pattern throughout the literature, including Mediterranean Diet (9-11), DASH diet
(17), healthy diet indicator (6, 7), and whole food pattern (19), healthy dietary constituents
are generally similar across studies. Higher intake of fruit, vegetables, fish, nuts and legumes
and lower intake of meats, high fat dairy and sweets are generally considered to be part of a
healthy dietary pattern.

There are few studies of improvements in dietary pattern and subsequent cognitive function.
In a randomized trial of 124 sedentary and overweight or obese participants with
prehypertension or hypertension, the DASH diet alone for 4 months resulted in improved
psychomotor speed measured by a battery of cognitive tests, including DSST and Stroop
test, than usual diet control(17). Our observational findings of a positive association between
the improvement of diet over 20 years and cognitive function 5 years after the second diet

J Nutr Health Aging. Author manuscript; available in PMC 2017 June 09.
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assessment bolster the above findings, cautioning that baseline and followup cognitive
function tests differed in our study.

We have shown in prior CARDIA studies that higher dietary score is associated with less
oxidative stress and lower concentrations of circulating cellular adhesion molecules (21, 22),
which could mean that the vasculature throughout the body is healthier with high diet score.
In the lowa Women’s Health Study, a study of post-menopausal women with mean age of
61, this diet score was inversely associated with total death including CVD death and
chronic inflammatory related death (23), therefore those with higher diet score were less
vulnerable from CVD and chronic inflammation. CARDIA has shown that ideal
cardiovascular health was associated with better cognitive function (25). Therefore, a better
diet score, which tends to preserve overall cardiovascular health may help to preserve
cognitive function at an older age, may also help to preserve cognitive function in middle
age. In CARDIA, women, whites, and those who received higher education tended to have
higher diet scores, although this sociodemographic discrepancy tended to attenuate over
years (20).

Given the large, community-based sample, our findings generalize to young to middle-aged
U.S. whites and African Americans. Our findings are important for understanding the
underlying mechanism of the development of cognitive function in early and middle
adulthood given 25 years of follow-up and A Priori Diet Quality Score assessed at two
examinations 20 years apart. Compared to previous prospective studies in the elderly(9-11),
it is unlikely that dietary choice at average ages 25 and 45 were influenced by subclinical
cognitive impairment. On the other hand, several limitations of this proposed study should
be noted. One limitation is that we could not completely control for baseline of the Y25
cognitive function measures. Y2 reverse star tracing and the Atari Breakout video game
were not intended initially as cognitive tests though they seem to measure cognitive
function. The absence of a true baseline cognitive function measure made it difficult to fully
assess the temporality of the association between dietary pattern and cognitive function.
Future CARDIA examinations will be needed to evaluate the temporality of this association.
The absence of association between YO diet and the Y2 cognitive Z score is of interest in
itself. Diet may be associated with aspects of cognitive function assessed in Y25, but
unassociated with the ones captured by reverse star tracing and the Atari Breakout video
game. However, this seems unlikely, because speed of processing and executive function,
which were assessed in Y25, seem to be involved in the Y2 measures. More likely is that
diet is not related to cognitive function in people of average age 27 years, and that the loss of
cognitive function associated with diet observed by average age 50 reflects problems that
accumulate over many years. Another limitation, as in all observational studies, is potential
residual confounding due to unmeasured or unknown confounders. However, CARDIA
collected information on a wide range of variables, limiting the potential for residual
confounding.

In conclusion, we found that a higher quality dietary pattern measured by the A Priori Diet
Quality Score was associated with better cognitive function 5 years and even 25 years later
independent of other factors among apparently healthy middle-aged adults. Furthermore,
dietary pattern improvement over 20 years was also associated with better cognitive function

J Nutr Health Aging. Author manuscript; available in PMC 2017 June 09.
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5 years later. Maintaining or improving diet over the lifecourse may have the potential to
prevent or at least delay future cognitive decline in older adulthood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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5115 participants + 1993 did not attend year 20 and year 25 visits
: * 56 diet not assessed at year 0
Orverall exclusions * 382 diet not assessed at year 20;
* 111 no cognitive tests at year 25
* 138 missing covanates

| 2435 participants included

Figure 1.
Flow chart: sample for the primary analyses
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Table 1

A Priori Dietary Quality Score, cognitive function tests, and baseline characteristics (N=2435), CARDIA

Mean(SD)/%
Baseline (Year 0) Characteristics

Age (years) 25.2(3.6)
Black (%) 43.2%
Women (%) 57.2%
Energy intake (1000 * kcal/d) 27(1.2)
Physical activity score (exercise units) 420.4(293.5)
Smoking status

Never smoker (%) 62.3%

Former smoker (%) 14.4%

Current smoker (%) 23.3%

Maximum education attained through Year 25 (years in school) 15.9(2.5)

BMI (kg/m2) 24.3(4.7)
Hypertension (%) 3.4%
Total cholesterol (mg/dl) 177.3(32.7)
Diabetes (%) 0.4%
A Priori Diet Quality Score
Year 0 64.0 (13.2)
Year 20 71.1(12.7)
Year 20 — Year 0 7.0(11.5)
Year 25 Cognitive Function
Rey Auditory-Verbal Learning Test (Words correctly recalled) 8.6(3.2)
Digit Symbol Substitution Test (Digits correctly substituted) 71.1(15.7)
Stroop Test(Seconds + errors to correctly name colors) 43.6(12.0)
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Table 2

Page 13

Prospective association between Y0 and Y20 A Priori Diet Quality Score and Y25 cognitive function, N=2435

RAVLT (Words) DSST (Digits) Stroop Test
(Secondst+Errors)

Slopeﬂ SE P Slope SE P Slope SE P
Year 0
Diet Score(10 units)
Model * 0.29 0.06 <0.0001 141 027 <0.0001 -0.73 0.21 0.0006
Model 27 0.18 0.06 0.002 055 0.26 0.04 -0.34 0.22 0.12
Model 37 016 006 0004 046 026 008 -025 022 025
Year 20
Diet Score(10 units)
Model 1 0.32 0.05 <0.0001 176 0.26 <0.0001 -1.00 0.20 <0.0001
Model 2 021 0.06 00002 083 026 0002 -0.62 021 0.004
Model 3 0.21 0.06  0.0003 082 0.26 0.002 -0.58 0.22 0.007
Year 20-Year 0
Diet Score(10 units)
Model 1 0.23 0.06 <0.0001 142 029 <0.0001 -0.85 0.23 0.0002
Model 2 0.16 0.06 0.008 0.70  0.29 0.01 -0.57 0.23 0.01
Model 3 016  0.06 0.01 070 029 0.01 -0.55 0.23 0.02

1.

“Slope” is the difference in the indicated cognitive function test score per 10 units of the A Priori Diet Quality Score;

*
Model 1 adjusted for age, race, sex, center of clinic visit, and energy intake; for change in A Priori Diet Quality Score over 20 years, the baseline

score was a covariate;

fModeI 2 further adjusted for physical activity, smoking, and maximum education attained through Y25;

7

Model 3 further adjusted for body mass index, blood pressure, total cholesterol, and diabetes.
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