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ABSTRACT

Background: Epidemiologic evidence regarding niacin, folate,
vitamin B-6, and vitamin B-12 intake in relation to cognitive func-
tion is limited, especially in midlife.

Objective: We hypothesize that higher intake of these B vitamins in
young adulthood is associated with better cognition later in life.
Design: This study comprised a community-based multicenter
cohort of black and white men and women aged 18-30 y in
1985-1986 (year O, i.e., baseline) from the Coronary Artery Risk
Development in Young Adults (CARDIA) study (n = 3136). We
examined participants’ CARDIA diet history at years 0, 7, and 20
to assess nutrient intake, including dietary and supplemen-
tal B vitamins. We measured cognitive function at year 25
(mean *= SD age: 50 = 4 y) through the use of the Rey Auditory
Verbal Learning Test (RAVLT) for verbal memory, the Digit Sym-
bol Substitution Test (DSST) for psychomotor speed, and a
modified Stroop interference test for executive function. Higher
RAVLT and DSST scores and a lower Stroop score indicated
better cognitive function. We used multivariable-adjusted linear
regressions to estimate mean differences in cognitive scores and
95% Cls.

Results: Comparing the highest quintile with the lowest (quintile 5
compared with quintile 1), cumulative total intake of niacin was sig-
nificantly associated with 3.92 more digits on the DSST (95% CI:
2.28,5.55; P-trend < 0.01) and 1.89 points lower interference score
on the Stroop test (95% CI: —3.10, —0.68; P-trend = 0.05). Total
folate was associated with 2.56 more digits on the DSST (95% CI:
0.82, 4.31; P-trend = 0.01). We also found that higher intakes of
vitamin B-6 (quartile 5 compared with quartile 1: 2.62; 95% CI:
0.97, 4.28; P-trend = 0.02) and vitamin B-12 (quartile 5 compared
with quartile 1: 2.08; 95% CI: 0.52, 3.65; P-trend = 0.02) resulted in
better psychomotor speed measured by DSST scores.

Conclusion: Higher intake of B vitamins throughout young adult-
hood was associated with better cognitive function in midlife.
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INTRODUCTION

Maintaining a healthy lifestyle and diet may be an important
strategy for reducing the global burden of cognitive impairment
and dementia. A modest 1-y delay in the onset and progression
of Alzheimer disease (AD), the most common form of dementia,
is estimated to reduce the number of cases by 9.2 million
throughout the world (1). In particular, B-vitamin intake has been
thought to reduce the risk of later adulthood cognitive dysfunction.
Multiple mechanisms linking B vitamins to cognitive function
have been observed, chiefly through their influence on homo-
cysteine metabolism (2, 3).

To the best of our knowledge, 3 studies have examined niacin
intake and cognitive outcome in older adults. These studies found
that higher intake of niacin was correlated with better perfor-
mance on cognitive tests (4, 5) or was associated with lower risk
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of AD (6). Several systematic reviews and meta-analyses of
cohort studies reported that lower intakes of folate and vitamin
B-6 in mid- and late life were associated with poorer cognitive
outcomes in older adults (7, 8). Vitamin B-12 status, measured by
sensitive markers holotranscobalamin and methylmalonic acid,
was inversely associated with impaired cognition or risk of de-
mentia (9). Randomized controlled trials (RCTs) revealed an
inconsistent picture of B-vitamin supplementation and cognitive
function (10-12), but RCTs carried out on participants with a
low dietary intake of B vitamins or with early signs of cognitive
impairment found a favorable effect of B-vitamin supplemen-
tation on cognitive function (13-15).

Evidence suggests that cognitive decline is already evident by
middle age (16), which indicates a possibility that the critical
period to prevent the onset of dementia may be earlier than has
been predicted. However, few studies, if any, have evaluated
whether the intake of B vitamins in young adulthood is associated
with cognitive function in midlife. Thus, we aimed to investigate
the association between the intakes of niacin, folate, vitamin B-6,
and vitamin B-12 through young adulthood and cognitive func-
tion in midlife. The CARDIA (Coronary Artery Risk Develop-
ment in Young Adults) study, which followed participants for
25 y starting from a young age, offers a unique opportunity to
examine these relations.

METHODS

Study population

The CARDIA study was a community-based, multicenter,
longitudinal study of black and white men and women initially
aged 18-30 y in 1985-1986 (year 0, i.e., baseline) (17). A total
of 5115 participants were recruited from 4 sites in the United
States (Birmingham, Alabama; Chicago, Illinois; Minneapolis,
Minnesota; and Oakland, California). They were re-examined
during 7 follow-ups at years 2, 5, 7, 10, 15, 20, and 25, with
retention rates of 91%, 86%, 81%, 719%, 74%, 72%, and 72%,
respectively. All the participants provided written informed
consent, and the institutional review boards at all centers ap-
proved the study.

The present analyses included participants who had undergone
cognitive measurements at year 25 and =1 measurement of
B-vitamin intake at baseline, year 7, or year 20. Dietary data for
participants who were pregnant or reported an extreme energy
intake (<600 or >6000 kcal/d for women; <800 or >8000 kcal/d
for men) were set as missing. Among 3499 participants at year
25, 3322 had undergone cognitive testing (the Rey Auditory
Verbal Learning Test, the Digit Symbol Substitution Test, and
the Stroop Test). After excluding 96 individuals who did not
participate in year 7 and year 20 surveys, 8 participants who
were pregnant, 34 who reported an extreme energy intake, and
48 who had missing cumulative dietary information, 3136 par-
ticipants remained in the analyses (Supplemental Figure 1).

Dietary assessment

We collected dietary intake information at baseline, year 7, and
year 20 through the use of an interviewer-administered CARDIA
Diet History (18). In brief, participants were questioned about
their eating habits in the previous month, including portion sizes
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and common additions (e.g., toppings, condiments). We calcu-
lated nutrient intake based on information from the food and
nutrient database Nutrition Data System for Research (version
10, 20, and 36 at baseline, year 7, and year 20, respectively;
Nutrition Coordinating Center at the University of Minnesota).
We also recorded participants’ supplemental intake of B vita-
mins including intake from multivitamin sources. Total intake of
each B vitamin includes that from both dietary and supplemental
sources. A validation study of a sample of 128 CARDIA par-
ticipants has been described elsewhere (19). The correlation
coefficients for logarithmically transformed nutrient values and
energy-adjusted nutrient values from 2 dietary histories ranged
from 0.30 to 0.80.

To represent long-term intake and to minimize sample loss due
to missing data, the cumulative total intake was calculated based
on the mean total intake or 1 instance of total intake across
baseline, year 7, or year 20 among participants who had com-
pleted the diet history =1 time (72% had all 3 measures). Total
intake of vitamin B-6 and vitamin B-12 was based on year 7 and
year 20 mean values because intake of those vitamins was not
assessed at baseline. We reported the median value of individual
B vitamins at each wave and by the number of dietary assess-
ments (e.g., all 3 waves compared with 1-2 waves) to facilitate
the understanding of trends in intake over time and in nutrient
intake by participation status, respectively.

Cognitive function assessment

Trained and certified CARDIA technicians measured cognitive
function at year 25 with 3 standardized tests. The Rey Auditory
Verbal Learning Test (RAVLT) assessed verbal memory. Results
from a 10-min delayed free recall were used, with possible scores
ranging from O to 15. More words recalled indicated better
performance. The Digit Symbol Substitution Test (DSST) from
the Wechsler Adult Intelligence Scale—III assessed psychomotor
speed, sustained attention, and working memory (20). The
possible scores ranged from O to 133, with a higher score in-
dicating better function. The Stroop interference test evaluated
executive function through viewing multiple visual stimuli,
which assessed the ability to respond to one stimulus dimension
while suppressing the response to another (21). In the first and
second congruent trials of the Stroop task, participants read a list
of names of colors and identified the colors of 40 rectangular
boxes, respectively. In the final incongruent trial, participants
named the color of words printed in a color different from the
written name of the color. Each trial was scored by adding the
number of errors and the amount of time (s) required to com-
plete the trial. The Stroop interference score was calculated by
subtracting the score on the final incongruent trial from the
second congruent trial (22). Higher scores indicated worse
cognitive performance.

Covariates

We assessed all covariates with standardized questionnaires
or clinical examinations at baseline and follow-up. Education
through year 25 was measured in years and grouped by level of
education achieved: high school or below, college, or graduate
school and beyond in stratified analysis. Participants were
classified as never or ever smokers. Alcohol intake, assessed by a
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self-administered questionnaire, was converted to milliliters per
day (23). Physical activity (exercise units) was measured by the
validated, interviewer-administered CARDIA Physical Activity
History questionnaire (24). BMI was calculated by measuring
participants’ weight and height, which were taken in duplicate
and averaged. Depressive symptoms were assessed on the
Center for Epidemiologic Studies Depression (CES-D) scale,
which has been validated and extensively used (25). The pos-
sible score ranged from O to 60. A higher score indicated more
depressive symptoms. Blood pressure was measured from the
right arm of seated participants at 1-min intervals after a 5-min
rest. The average of the second and the third measurements was
used. The presence of diabetes was detected through fasting
blood glucose or glucose tolerance tests (=126 or =200 mg/dL
respectively), glycated hemoglobin assay (=6.5%), or reported
use of antidiabetic medications (26). Except for smoking and
diabetes, which were represented as binary status through year 25,
all other nondietary lifestyle factors or medical factors were av-
eraged across repeated measurements from baseline to year 25.
Dietary covariates were averaged across measures at baseline,
year 7, and year 20. For participants who had a missing education
(n="17) or smoking (n = 13) or diabetes status (n = 10) at year 25,
their last observation at year 20 was carried forward.

Statistical analysis

We examined characteristics of participants by quintiles of
total niacin, folate, vitamin B-6, and vitamin B-12 intake in
nutrient density form through the use of ANOVA, chi-square test,
or Kruskal-Wallis equality-of-populations rank test as appro-
priate. Characteristics were described as mean or percentage. The
median value was provided for variables (e.g., alcohol con-
sumption) with skewed distribution. We also compared the
correlations between the individual B vitamins under study
through the use of Spearman’s rank correlation coefficients.

We used multivariable-adjusted linear regression to model the
association between the intake of B vitamins and the outcome of
interest. The first model adjusted for age, sex, race, center, and
educational attainment. The second model further adjusted for
smoking status, alcohol consumption, physical activity, BMI,
CES-D scores, systolic blood pressure, diabetes, total energy
intake, saturated fat and cholesterol intake, and additional
covariates that changed the effect estimate over 10% for corre-
sponding models. For niacin and folate, the second model ad-
ditionally adjusted for intakes of vitamin C and polyunsaturated
fat. For vitamin B-6 and vitamin B-12, the model further adjusted
for vitamin C intake, or intakes of vitamin E and polyunsaturated
fat, respectively. The parsimonious set of nutrient variables in
each model was based on a priori potential confounders and was
aided by backward stepwise elimination. Linear trends were
tested by creating a continuous variable for the exposure of
interest by using the median value of each quintile. We did not
adjust for multiple comparisons because the associations ex-
amined were from a priori hypotheses based on the findings of
previous literature on niacin, folate, vitamin B-6, and vitamin B-
12 with cognitive outcomes (6-9). Considering the challenge of
highly correlated nature of B vitamins in model adjustment and
interpretation, we presented the results adjusting for other B
vitamins as continuous variables in a sensitivity analysis. We
performed the joint F test for a global hypothesis, testing that
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among the highly correlated B vitamins, the association with
each cognitive outcome was not null.

Based on the findings of previous literature on B vitamins and
cognitive function or other health outcomes, and the role of
education in cognitive resilience (27-30), we developed a priori
hypotheses to examine whether the associations were modified
by race, educational level, CES-D score, and supplementation
via likelihood ratio test with and without the product term be-
tween the B vitamins under study (quintiles) and the stratifica-
tion term (categories). We repeated the analysis by excluding
participants who experienced a stroke event through year 25
(n = 40). We also repeated the analysis by limiting it to those
who had diet information in all 3 waves (n = 2268). Addi-
tionally to the nutrient density method, we also applied the
standard multivariate method which used the absolute nutrient
intake with adjustment for the total energy intake. A 2-sided
P value =0.05 was defined as statistical significance. All
statistical analyses were performed with Stata (version 14.1;
StataCorp).

RESULTS

The current study included 1398 blacks (45%) and 1738 whites
(55%) with 56% female and mean *= SD age of 25.1 £ 3.6 y at
baseline. Participants with a higher intake of niacin, folate,
vitamin B-6, or vitamin B-12 were older, were more likely to be
female and white, exercised more, and had a higher education
level, fewer depression symptoms as indicated by lower CES-D
scores, lower BMI and systolic blood pressure, and a lower
prevalence of diabetes (for niacin and folate only) (Table 1). A
higher B-vitamin intake was related to lower intakes of total
energy, saturated fat, and cholesterol. B-vitamin intake was
positively correlated to the intakes of vitamins C and E. The
Spearman rank correlation coefficients between these B vitamins
ranged from 0.65 to 0.82 (Supplemental Table 1) as expected,
because fortified breakfast cereals and multivitamins are their
shared major sources (31). The median intake of niacin, vitamin
B-6, and vitamin B-12 slightly increased over time (Supplemental
Table 2), while folate intake had appreciably increased at year
20 after the Food and Drug Association—-mandated folic acid
fortification of grain products in the United States went into effect
in 1998. Participants who had all 3 waves of dietary assess-
ment tended to have higher intakes of B vitamins at each wave.

The mean = SD scores of RAVLT, DSST, and the Stroop test
were 8.4 * 3.2, 70.5 £ 15.9, and 22.5 = 10.7, respectively.
Higher niacin intake was significantly associated with a better
performance on 2 of the 3 cognitive tests (Table 2). Compared
with participants in the lowest quintile (quintile 1) of niacin
intake, those in the highest quintile (quintile 5) had 3.92 more
digits in DSST (95% CI: 2.28, 5.55; P-trend < 0.01), and 1.89
points lower interference score on the Stroop test (95% CI:
—3.10, —0.68; P-trend = 0.05), which are equivalent to results
observed in participants 6.1 and 5.9 y younger in age, re-
spectively. No significant association was observed between
niacin intake and RAVLT. The highest quintile of folate intake
was associated with 2.56 more digits in DSST (95% CI: 0.82,
4.31; P-trend = 0.01), equivalent to 4.1 y younger in age. The
positive association between folate intake and RAVLT was
marginally significant (quintile 5 compared with quintile 1: 0.30;
95% CI: —0.07, 0.68; P-trend = 0.09). The association with Stroop
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B VITAMINS AND COGNITIVE FUNCTION

test scores was attenuated and not significant after multivariable
adjustment. For vitamin B-6, higher intake was associated with a
better performance in DSST (quintile 5 compared with quintile
1: 2.62; 95% CI: 0.97, 4.28; P-trend = 0.02), but not in RAVLT or
Stroop test. Except for the highest quintile of vitamin B-12 intake,
which was associated with 2.08 more digits in DSST (95% CI:
0.52, 3.65; P-trend = 0.02), no significant association was found
between vitamin B-12 and other cognitive tests. Results remained
materially unchanged after further adjusting for other B vitamins
under study despite the increased standard errors of the estimates
(Supplemental Table 3). As suggested by the conditional F test,
the estimates of B vitamins under study were jointly significant for
each cognitive outcome (P = 0.01).

We stratified data according to a few prespecified factors,
including race and educational level, to examine the potential
modifications (Figure 1). We found that the significant associ-
ations between folate intake and RAVLT or DSST scores per-
sisted among whites, but not blacks (P-interaction = 0.001 and
0.03, respectively). In addition, the positive associations be-
tween niacin intake and DSST scores and between vitamin B-6
and RAVLT scores were diluted in participants with higher
levels of education (P-interaction = 0.03 and 0.01, respectively).
The effect estimates between vitamin B-12 intake and Stroop
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interference scores were more pronounced in participants with a
higher depression score (below the median, i.e., =8.4 CES-D
scores—quintile 5 compared with quintile 1: —0.58; 95% CI:
—1.99, 0.82; above the median: —1.30; 95% CI: —3.18, 0.57),
with a borderline significant interaction (P-interaction = 0.07).
Approximately 50% of participants had ever taken supplements
containing B vitamins, but we did not find a significant in-
teraction by supplement use. Moreover, excluding participants
who had ever experienced a stroke or those who had missing
waves of dietary assessment did not materially alter the results
(data not shown). Using the absolute nutrient intake with ad-
justment for total energy intake had essentially no impact on
results (Supplemental Table 4).

DISCUSSION

The present study is among the first to evaluate the intake of B
vitamins through young adulthood in relation to cognitive per-
formance in middle age. We found that higher intakes of these B
vitamins from both food and supplement sources were generally
associated with better psychomotor speed. The observed asso-
ciations were more pronounced in participants with a low edu-
cational level and in white individuals.

d e i & Black
Niacin ¢ y ' i
——O G— & > White
Folate — <% ] * e ] * <
<& < <&
Vitamin B-6 % @ o—
—_> <— O+
Vitamin B-12 — 1 @ %
—< — O—t—
1 0 1 2 5 0 5 10 s 3 0 3

Adjusted mean difference in
RAVLT words (95% Cl)

Adjusted mean difference
in DSST symbols (95% Cl)

Adjusted mean difference
in Stroop points (95% ClI)

ik '“ER . :| s L. # High school/ less
. —— * —— @ College
—— —r— —<+— < Graduate school
Folate T —— e
—— —t — P —
—— —_— ——
Vitamin B-6 e e ——
—— * o ——
4((7 —]— —oT
Vitamin B-12 ~ —4— e ——
+ —r— ——
< B o —oT
2 4 0o 1 2 5 o 5 108 4 0 4

Adjusted mean difference
in RAVLT words (95% Cl)

Adjusted mean difference
in DSST symbols (95% Cl)

Adjusted mean difference
in Stroop points (95% Cl)

FIGURE 1 Multivariable-adjusted mean differences (95% Cls) in cognitive test scores by race (upper panel) and education (lower panel) comparing
quintile 5 with quintile 1 of cumulative daily total intake of B vitamins. Model adjusted for covariates listed in model 2 (see Table 2, footnote 1).
*P-interaction < 0.05. DSST, Digit Symbol Substitution Test; RAVLT, Rey Auditory Verbal Learning Test.
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A number of studies have examined the relation between the
intake of B vitamins and cognitive function or the risk of dementia
in older adults, focusing on folate, vitamin B-6, and vitamin B-12,
but the results were inconsistent. The null results from most of the
RCTs are difficult to interpret because of the small sample sizes
and short periods of follow-up (32). Among several relatively
large RCTs that followed participants over several years, 2
studies reported beneficial effects of B-vitamin supplementation
on cognitive function in participants with low dietary intake of B
vitamins (13, 14), which generally support our findings.

B vitamins are involved in the metabolism of homocysteine
and are therefore used either separately or jointly in homocysteine-
lowering treatment. Elevated homocysteine concentrations have
been hypothesized to increase the risk of dementia, supported by
several lines of evidence (3, 10). Homocysteine concentration
was found to be positively associated with amyloid neurotoxicity
(33, 34), regional brain atrophy (35-39), cognitive impairment
(40-42), or dementia (43). If the relations were causal, it was
estimated that there would be an ~20% risk reduction in de-
mentia from homocysteine-lowering treatment involving B
vitamins (43). Elevated midlife homocysteine was suggested as
a risk factor for dementia (44), which was in line with evidence
indicating that the pathologic process in AD may begin early in
life (45). Our findings were concordant with the potential ben-
eficial effects of B-vitamin intake on cognitive function, sug-
gesting that B vitamins may be an early preventive measure.

Of the 4 B vitamins examined in the present study, we found
that all were positively associated with psychomotor speed. It is
possible, as observed in previous studies (46—48), that the cog-
nitive domain of visual motor speed is more likely to be influ-
enced by B-vitamin intake or homocysteine concentration. These
B vitamins were found to be associated with multiple vascular
risk factors (31, 49-51), whose relations with cognitive perfor-
mance were most pronounced in psychomotor speed (52-54).
However, the largely null findings on verbal memory performance
do not necessarily indicate that such a benefit of B vitamins does
not exist. The delayed word-recall task may be less challenging
to perform than the DSST and Stroop tests. This may have di-
minished our ability to detect any possible association at a rel-
atively young age.

We observed no relation between niacin or vitamin B-6 intake
and cognitive performance among participants who attended
graduate school, but the association was pronounced among
participants at the high school educational level and below. It is
possible that education or education-related variables such as
cognitive activities may increase the ability to tolerate the ac-
cumulation of cognitive dysfunction induced by low intake of B
vitamins (27). In our study, we also found that greater intake of
folate was associated with better cognitive performance only
among whites. This observation is in line with many previous
studies, which found folate-race interactions in other health
outcomes such as hypertension and cancer risk (28, 29). Pre-
sumably, blacks tend to have lower folate status response than
whites (55), although the response mechanisms are not well
understood.

A few limitations of the present study should be considered.
First, cognitive function was assessed only once, which did not
allow us to evaluate the association with changes in cognitive
function. Second, it is challenging to estimate the independent
association of individual B vitamins because of the high correlation
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between them. Although we adjusted for the other B vitamins
under study in a sensitivity analysis and found that the results
were materially unchanged, the concern still remains. Third,
because there are multiple sources of B vitamins (e.g., vitamin-
rich foods like legumes, meat, and fish; fortified foods, especially
breakfast cereals; and dietary supplements), the association we
observed may be different for each source of B vitamins, but we
did not evaluate that in the current study. The biochemical
markers of B-vitamin status were not examined, and the intake
amounts of these B vitamins may not reflect the amount available
to the body. For example, vitamin B-12 bioavailability decreases
substantially in doses >1.5-2.0 ug/meal (56). Because we ob-
served an increasing trend of intake over time for some B
vitamins, especially folate, confounding cannot be ruled out if
there was any unobserved factor that influenced the participation
in dietary assessment and the performance of cognitive function.
However, the consistent results among participants with all 3
waves of dietary assessments provide reassurance about the
validity of our findings. Residual confounding may not be ruled
out, as it applies to all observational studies. Although we ad-
justed for a wide array of dietary and nondietary confounders,
confounding should not substantially skew our results. Fur-
thermore, although we did not examine the potential influence of
genetic risk factors in the current study, it would be interesting
in future studies to examine the potential diet-gene interaction
between vitamin B-12 and the presence of the apolipoprotein
E €4 allele on cognitive performance (30).

One major strength of this study is that participants who were
aged 18-30 y at baseline were reassessed for their cognitive per-
formance 25 y later, which enabled us to study B-vitamin intake in
young adulthood in relation to cognitive function in midlife. An-
other strength is the use of a community-based cohort relatively
balanced across race, sex, and educational level, which enabled
more efficient adjustment in the analysis and identification of
potential modifiers. The rigorous quality control in the CARDIA
study gives us reassurance about the validity of our findings.

In conclusion, the present study suggests that greater intake of
B vitamins throughout young adulthood may be associated with
better cognitive performance in middle age, especially in the test
for psychomotor speed. Considering the rapidly growing pop-
ulation at risk for dementia, increasing B-vitamin intake in early
life may have important implications for cognitive performance
later in life.
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