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High homocysteine and low B vitamins predict cognitive decline in
aging men: the Veterans Affairs Normative Aging Study'~*

Katherine L Tucker, Ning Qiao, Tammy Scott, Irwin Rosenberg, and Avron Spiro III

ABSTRACT

Background: Elevated homocysteine concentrations may contrib-
ute to cognitive impairment. Most elevations in homocysteine result
from inadequate folate, vitamin B-12, or vitamin B-6 intake. It is not
clear whether the observed associations between homocysteine and
cognitive measures are causal or whether they are due to homocys-
teine, to independent actions of the B vitamins, or to both.
Objective: We aimed to assess the individual and independent ef-
fects of baseline plasma homocysteine, folate, vitamin B-12, and
vitamin B-6 and of dietary B vitamin intakes on 3-y changes in
cognitive measures in 321 aging men.

Design: Participants were from the Veterans Affairs Normative
Aging Study. Cognitive function was assessed with the Mini-Mental
State Examination and on the basis of measures of memory, verbal
fluency, and constructional praxis, which were adapted from the
revised Wechsler Adult Intelligence Scale and the Consortium to
Establish a Registry for Alzheimer’s Disease batteries at 2 time
points. At baseline, dietary intakes were assessed with a food-
frequency questionnaire, and blood was drawn for the measurement
of B vitamins and homocysteine.

Results: Over a mean 3-y follow-up, declines in constructional
praxis, measured by spatial copying, were significantly associated
with plasma homocysteine, folate, and vitamins B-6 and B-12 and
with the dietary intake of each vitamin. Folate (plasma and dietary)
remained independently protective against a decline in spatial copy-
ing score after adjustment for other vitamins and for plasma homo-
cysteine. Dietary folate was also protective against a decline in
verbal fluency. A high homocysteine concentration was associated
with a decline in recall memory.

Conclusions: Low B vitamin and high homocysteine concentrations
predict cognitive decline. Spatial copying measures appear to be
most sensitive to these effects in a general population of aging
men. Am J Clin Nutr 2005;82:627-35.

KEY WORDS Folate, vitamin B-6, vitamin B-12, homocys-
teine, cognitive function

INTRODUCTION

Ithas long been known that a deficiency of several B vitamins,
including vitamin B-12, can lead to neurologic deterioration and
cognitive decline. However, there is increasing evidence to sug-
gest that even moderately low or subclinical B vitamin concen-
trations may be associated with cognitive impairment (1). Ho-
mocysteine, an amino acid that becomes elevated in the presence

of inadequate folate, vitamin B-12, or vitamin B-6, is a risk factor
for cardiovascular disease (2). Several prospective studies have
shown positive risk associations with myocardial infarction and
stroke (3-7), although some have reported null findings (§—10).
Several mechanisms for the effects of homocysteine on cog-
nitive decline have been proposed (11-13). Because the effects
on the vasculature that contribute to heart disease and stroke are
also likely to increase the risk of vascular dementia, it has been
hypothesized that inadequate B vitamin status and high homo-
cysteine concentrations may contribute to cognitive decline
through silent brain infarction (11, 14). Homocysteine may also
be directly neurotoxic through overstimulation of N-methyl-D-
aspartate receptors, which results in calcium influx and apoptosis
(12, 13). However, a recent study suggests that the oxidized
forms of homocysteine, homocysteinesulfinic acid, and homo-
cysteic acid, rather than homocysteine itself, are the toxic com-
pounds (15). In addition, low concentrations of folate or vitamin
B-12 may impair methylation reactions important to the main-
tenance of brain tissue. Folate and vitamin B-12 are required for
methionine synthesis and the subsequent formation of
S-adenosylmethionine, a universal methyl donor important to the
formation of neurotransmitters, phospholipids, and myelin (1).

! From the Jean Mayer US Department of Agriculture Human Nutrition
Research Center on Aging at Tufts University, Boston, MA (KLT, NQ, and
IR); the New England Medical Center Department of Psychiatry, Boston,
MA (TS); and the Boston University School of Public Health and the Vet-
erans Affairs Boston Healthcare System, Boston, MA (AS).

2 The views expressed in this article are those of the authors and do not
necessarily represent the views of the US Department of Veterans Affairs.

3 Supported in part by the USDA Agricultural Research Service, under
agreement number 58-1950-9-001 and by NIA grant no. AG21790-01. The
Cognition and Health in Aging Men Project (CHAMP) is supported by the
Research Services of the US Department of Veterans Affairs, the National
Institutes of Health (grants RO1-AA08941, RO1-AG13006, RO1-AG 14345,
RO1-AG18436, 5-P42-ES05947, and RO1-ES05257), and the US Depart-
ment of Agriculture, Agricultural Research Service (contract 53-K06-510).
The VA Normative Aging Study is supported by the Cooperative Studies
Program/Epidemiology Research and Information Center of the US Depart-
ment of Veterans Affairs, and is a component of the Massachusetts Veterans
Epidemiology Research and Information Center.

“ Reprints not available. Address correspondence to KL Tucker, Jean Mayer
USDA Human Nutrition Research Center on Aging at Tufts University, 711
‘Washington Street, Boston, MA 02111. E-mail: katherine.tucker @tufts.edu.

Received January 24, 2005.

Accepted for publication March 21, 2005.

Am J Clin Nutr 2005;82:627-35. Printed in USA. © 2005 American Society for Clinical Nutrition 627



628 TUCKER ET AL

Recentreviews of homocysteine, B vitamins, and cognitive
function or decline have reached different conclusions. In
2001, Calvaresi and Bryan (16) reviewed evidence from
8cross-sectional, 2 longitudinal, and 4 experimental studies and
concluded that there was good evidence to suggest that B vita-
mins are related to cognitive performance and decline. More
recently, Ellinson et al (17) concluded that total homocysteine is
negatively associated but that folate or vitamin B-12 are incon-
sistently associated with cognitive scores. Other reviews (18, 19)
concluded that, with the exception of clear deficiency, the evi-
dence for a role of B vitamins in preventing cognitive decline
remains unclear. Most recently, reviews of clinical trials of folic
acid, vitamin B-12, or vitamin B-6 noted no conclusive effect of
treatment on dementia (20-22). However, the authors identified
only 4 qualifying trials for folic acid, 2 for vitamin B-12, and 2 for
vitamin B-6; sample sizes were small (n = 11-139) and the
durations short (1-5 mo). All of these reviews noted that more
research is needed to understand these relations.

We previously reported that homocysteine is negatively and B
vitamins positively associated with cross-sectional measures of
cognitive function in 68 male participants aged 54—81 y in the
VA Normative Aging Study (NAS) (23). In this report we ex-
amined the association between homocysteine and associated B
vitamins and cognitive decline in 321 men from the NAS over a
3-y follow-up period.

SUBJECTS AND METHODS

Subjects

The NAS began in 1963 by recruiting men in the Boston area
who were originally free of heart disease or other major health
problems. Participating men return every 3-5 y for a health
examination, at which time they complete a series of question-
naires. Since 1993, a brief cognitive examination was added to
these visits. Dietary intake data have been collected since 1987,
and assessments of plasma B vitamins and homocysteine were
added in 1993. In this analysis, we examined the relation between
baseline plasma homocysteine, folate, vitamin B-12, and vitamin
B-6 and cognitive decline in 321 men who completed 2 cycles of
cognitive testing ~3 y apart. This protocol was approved by the
Institutional Review Boards of both the Boston Veterans Affairs
Medical Center and Tufts New England Medical Center. All
participants gave written informed consent.

Cognitive measures

We selected those tests that were significantly correlated with
at least one of the B vitamins—folate, vitamin B-12, or vitamin
B-6—in our earlier cross-sectional assessment of 68 men. These
included measures of working memory (backward digit span),
recall (word list memory test), language (verbal fluency), and
spatial copying (constructional praxis). We also examined
changes in Mini-Mental State Examination (MMSE) scores as a
global measure of cognitive function (24).

The Backward Digit Span test is from the Revised Wechsler
Adult Intelligence Scale (25). Participants are read a list of digits
and asked to recall these in backward sequence. The score is the
longest span of digits recalled correctly in backward order, with
a maximum of 8. The word list memory test is adapted from the
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) battery (26). Ten words are presented on a computer

screen consecutively, for 2 s each, and participants are then asked
to recall these words. Three consecutive trials are administered,
and the score is the sum of words remembered; the maximum
score is 30. The verbal fluency test is also from the CERAD.
Participants are asked to name as many animals as they can
within 1 min.

In the spatial copying task, participants are asked to copy a
circle, crossed rectangles, a vertical diamond, and a cube (from
the CERAD battery) as well as tilted triangles, an 8-dot circle, a
horizontal diamond, and a tapered box (from the Developmental
Test of Visual-Motor Integration; VMI) (25, 27). The accuracy of
the copied figures is scored by trained staff using criteria from the
CERAD and VML The resulting score is the total number of
figures drawn correctly; the maximum score is 9. A second score
is weighted by the degree of difficulty of the figure, resulting in
a maximum score of 26.

Plasma analysis

Fasting plasma samples were drawn at the VA field site and
stored at —80 °C. Batches were transferred on dry ice to the Jean
Mayer US Department of Agriculture Human Nutrition Re-
search Center on Aging, where they were again stored at —80 °C
and later analyzed for total homocysteine, vitamin B-12, folate,
and vitamin B-6 (as pyridoxal-5'-phosphate; PLP). The time
between blood draw and analysis averaged 1.7 = 1.2 y. Total
homocysteine in plasma was measured by using an adaptation of
the method described by Araki and Sako (28). The CV for this
assay in our laboratory is 4.0%. PLP was measured enzymati-
cally, by using tyrosine decarboxylase, based on the principles
described by Shin-Buehring et al (29). The CV for this assay in
our laboratory is 5.0%. Plasma folate and vitamin B-12 concen-
trations were measured by radioassay with the use of a commer-
cially available kit from Bio-Rad (Hercules, CA). The CVs for
these assays in our laboratory are 4.7% for vitamin B-12 and
4.3% for folate.

Dietary intake

Dietary intake was assessed with a version of the Willett semi-
quantitative food- frequency questionnaire. This scannable form,
which requests participants to record the number of times they
consume each of 126 food items per month, week, or day was
mailed to NAS participants before their examination visit and
checked for completeness at the examination. Forms were pro-
cessed through a nutrient database at the Channing Laboratory at
Harvard University to obtain estimates of usual daily nutrient
intake. Vitamin and mineral supplement use was also asked on
this questionnaire and was included in the total nutrient intake
estimates. Questionnaires with improbable intakes (>16.75 or
<2.51 MJ) were excluded from further analysis.

Statistical analysis

Test scores (backward digit span, word list recall, verbal flu-
ency, figure copying, and MMSE) at follow-up were regressed,
on baseline total homocysteine, plasma vitamin B-12, plasma
folate, and PLP by using the regression procedure in SAS (ver-
sion 9.1; SAS Institute Inc, Cary, NC). Because of skewness,
homocysteine and all nutrient measures were log transformed.
Models were adjusted for time (mo) between cognitive measures
as well as for respective baseline score, age, education level (y),
body mass index (in kg/mz), smoking (current, past, or never),
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alcohol use (=2 drinks/d, >2 drinks/d, or none), serum creati-
nine, systolic blood pressure, and diabetes diagnosis. Because
folic acid fortification of cereal grain products was initiated in
1996, we further adjusted for the time of the second cognitive
measurement relative to the start of fortification (1 October 1996)
and to the completion of the phase-in period (1 August 1997) to
note whether the measure was taken before implementation,
during the transition, or after full implementation of folic acid
fortification. All baseline dietary and plasma nutrient measures
were assessed before fortification of the food supply with folic
acid. In a final set of linear models, all measures of either plasma
B vitamins and homocysteine or of dietary B vitamin intake were
included jointly in the fully adjusted models to determine
whether one or more of these contributed independently to the
result.

We also regressed the follow-up cognitive scores on initial
dietary intake measures for folate, vitamin B-6, and B-12 by
using the same set of covariates described for the plasma analy-
ses, except that serum creatinine was replaced with total energy
intake. Dietary measures were also skewed and, therefore, were
log transformed before inclusion in the regression models.

In addition to the linear analyses, we created tertile categories
for each of the nutrient measures and homocysteine to examine
the change in cognitive scores graphically for those with rela-
tively low, average, and high intakes and the status of these
measures. These analyses were conducted by using the general
linear models procedure in SAS; each tertile variable was defined
as a class variable. For those with a significant test for trend
(across median values for each tertile), least-squares means were
compared across tertile categories, with Tukey’s adjustment for
multiple comparisons. The same set of covariates described
above for the linear regression models was used in these analyses
with categorical change measures.

RESULTS

The mean age of the 321 men included was 67 y at baseline
(Table 1). They were relatively highly educated and had a mean
of 2 y of education after high school. Only 6% were current
smokers at baseline, and the mean alcohol intake was 14 g, or =1
drink/d. Mean body mass index was in the overweight range (ie,
28), and 11% of the men reported having diabetes. Although
most of the follow-up visits were scheduled at 3 y after baseline,
the actual time to follow-up ranged from 1 to 4 y. Therefore, this
variable was adjusted in the analysis. Mean plasma homocys-
teine and B vitamin measures were all within normal range and
mean dietary intakes met National Research Council recommen-
dations (30). However, ranges were large and included individ-
uals with deficient plasma status and intake for each of these B
vitamins.

The mean and ranges of cognitive scores indicated that the
group of participants was not severely cognitively impaired (Ta-
ble 2). The lowest MMSE was 22, a score that indicated that the
participant was mildly impaired and likely to progress but was
still able to complete the questionnaires (31); the mean score was
27, which indicated that the participants were considered gener-
ally well functioning. Other scores showed a wide range of re-
sponses; the average scores were comparable with the findings of
other studies of generally healthy adults and were considerably
greater than those that may be considered impaired (25, 32).
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TABLE 1
Characteristics of participating men at baseline
No. of
Value’ subjects
Demographics and behavior
Age (y) 67 £ 7 (50-85) 321
Education (y) 14 + 3 (6-24) 319
Alcohol intake (g/d) 13.9 £ 19 (0-112) 309
Smoking status (%) 320
Current 5.6
Former 59.7
Never 34.7
Health measures
BMI (kg/m?) 27.9 £4.0(20.1-51.9) 320
Diabetes (%) 10.6 321
Systolic blood pressure (mm Hg) 138 + 16.9 (97-208) 320
Serum creatinine (mg/dL) 1.2 £0.2(0.7-1.9) 320
Follow-up period (d) 1092 + 100 (370-1481) 321
Plasma measures
Folate (nmol/L) 26 £ 12 (6-95) 314
Vitamin B-6 (nmol/L) 86 £ 84 (11-828) 313
Vitamin B-12 (pmol/L) 335 £+ 136 (90-1069) 315
Homocysteine (nmol/L) 11 £53.0-45) 317
Dietary intake
Folate (ug) 440 + 202 (80-1216) 321
Folate equivalents (mg) 497 * 285 (80-1589) 321
Vitamin B-6 (mg) 3.98 £ 7.19 (0.5-85.5) 321
Vitamin B-12 (pg) 9.57 £ 5.73 (1.4-57.0) 321
Energy (kJ) 8.37 £ 2.37 (3.4-16.1) 320

’ All values are X £ SD; range in parentheses.

Linear associations with longitudinal measures of
cognitive function

The B vitamin and homocysteine concentrations were signif-
icantly predictive of several final cognitive scores, adjusted for
baseline score and covariates, as described above (Table 3).
Because the baseline cognitive measures were adjusted, the re-
lations described with final measures approximate the effects on
change in score over the follow-up period. Spatial copying score
was significantly associated with each of the baseline plasma
vitamins (positively) and with homocysteine (negatively). In
addition, these scores were also significantly positively associ-
ated with baseline dietary intakes of folate, vitamin B-6, and
vitamin B-12. Verbal fluency was significantly associated with
dietary folate and tended toward being significantly associated
with dietary intake of vitamin B-6 (P < 0.1).

Homocysteine was significantly negatively associated with
recall memory, as assessed by word list memory score (P <
0.05); B vitamins were not. None of the measures examined were
significantly associated with working memory, as measured by
backward digit span or with the MMSE (P > 0.1).

Because folate, vitamin B-6, and vitamin B-12 are intrinsically
related to homocysteine and are often correlated with each other,
we examined their associations with cognitive outcomes when
adjusted for each other for the 3 measures for which there was at
least one significant association. This provides further evidence
of the differential strength of association of these variables, after
their common variance was accounted for. Plasma folate (P <
0.01) remained significantly associated with longitudinal mea-
sures of figure copying score when all 3 plasma B vitamins and
homocysteine were included simultaneously in the same model,



630

TUCKER ET AL

TABLE 2
Baseline cognitive measures
Cutoff indicating
Value’ impairment

Spatial copying?

Sum of drawings 1-9 (n = 307) 5.75 £ 1.82 (0-9) —

Sum of weighted drawings 1-9 (n = 307) 15.3 £ 5.9 (0-26) —
Language

Verbal fluency, no. correct (n = 260) 19.0 £ 4.8 (7-37) <13.6°
Memory

Word list memory, 3 trials (n = 257) 19.6 = 3.79 (9-29) <15.1°

Backward digit span, longest span recalled (n = 257) 5.12 = 1.33 (3-8) <2.99*
Mini-Mental State Examination, total score (n = 302) 27.2 = 1.8 (22-30) <24’

* All values are ¥ = SD; range in parentheses.

2 No published cutoffs that define impairment are available for this combination of figure copying scores.

3 From reference 32.
4 From reference 25.
> From reference 24.

as did dietary folate (P < 0.05) after the other 2 B vitamins were
adjusted (Table 4). When dietary B vitamins were included
together, none remained independently significant with longitu-
dinal measures of verbal fluency. Homocysteine was almost
significant with the word list memory task.

Categorical differences in change in cognitive function
measures

For those associations that were significant in linear models,
we repeated the analyses with regression of change in cognitive
scores from baseline to subsequent (mean of 3 y) measure onto

tertile categories of baseline plasma B vitamins and homocys-
teine as well as dietary intakes (Figures 1-3). On the basis of this
grouping, only the figure copying scores remained significant.
Men with plasma folate concentrations < 20 nmol/L or dietary
folate intakes <339 ug/d had relatively large losses (x: 0.68 and
0.55 of a point, respectively, from a baseline mean score of 5.8)
in spatial copying ability, whereas those >30 nmol/L or 523 pg/d
showed, on average, no apparent loss. Similarly, men with a
plasma PLP concentration <46 nmol/L or a dietary intake <2.1
mg/d showed losses similar to those seen with low folate,
whereas those with values greater than these cutoffs showed little

TABLE 3
Association between individual baseline plasma and dietary intake measures and 3-y cognitive measures’
BZ
Folate Vitamin B-6 Vitamin B-12 Homocysteine

Constructional praxis: spatial copying, sum of drawings”

Plasma (n = 280-284) 1.00* 0.38° 0.59° —1.317

Diet (n = 287) 0.67° 0.30° 0.37° —
Language: verbal fluency, no. correct

Plasma (n = 239-243) 0.76 0.56 0.06 —0.12

Diet (n = 245) 1.44° 0.81% 0.38 —
Working memory: backward digit span, longest span recalled

Plasma (n = 236-240) —0.28 —0.03 0.18 —0.12

Diet (n = 242) 0.11 0.04 0.12 —
Recall memory: word lists, total of 3 trials

Plasma (n = 235-239) 043 0.33 -0.20 —1.43°

Diet (n = 241) 0.31 0.21 —0.01 —
Mini-Mental State Examination

Plasma (n = 271-275) 0.12 0.15 —0.16 —0.49

Diet (n = 278) 0.08 —0.05 0.14 —

! Final cognitive measures regressed onto baseline diet and plasma measures (log transformed), adjusted for baseline cognitive measures, age, education,
smoking, alcohol intake, BMI, diabetes (yes or no), systolic blood pressure, time of second measure relative to folic acid fortification, time interval between
the 2 cognitive measures, and serum creatinine (for plasma) or total energy intake (for diet).

2 Adjusted regression coefficient from a multiple linear regression model.

I Results for the weighted sums did not differ significantly from those for the unweighted sums (data not shown).

4P < 0.0001.
P <0.01.
5P <0.05.
7P <0.001.
SpP<0.1.
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TABLE 4
Association between simultaneously included baseline plasma and dietary measures and 3-y cognitive measures’
B
Folate Vitamin B-6 Vitamin B-12 Homocysteine

Constructional praxis: spatial copying, sum of drawings”

Plasma 0.71% 0.17 0.06 —0.65

Diet 0.71° —0.09 0.07 —
Language: verbal fluency, no. correct

Plasma 0.69 0.39 —0.51 0.30

Diet 1.35 0.32 —0.38 —
Recall memory: word list, total of 3 trials

Plasma —0.07 0.36 -0.71 —1.34°

Diet 0.28 0.16 —0.22 —

! Final cognitive measures regressed onto baseline plasma or dietary measures (log transformed), adjusted for baseline cognitive measures, age, education,
smoking, alcohol intake, BMI, diabetes (yes or no), systolic blood pressure, time of second measure relative to folic acid fortification, time interval between
the 2 cognitive measures, and serum creatinine (for plasma) or total energy intake (for diet).

2 Adjusted regression coefficient from a multiple linear regression model.

7 Results for the weighted sums did not differ significantly from those for the unweighted sums (data not shown).

4P <0.0l1.
> P <0.05.
5P <0.1.

if any loss in function (Figure 2). Those with a plasma PLP
concentration >85 nmol/L or intakes >3.1 mg/d were signifi-
cantly less likely to have a decrease in this measure (P < 0.01).
The linear effect of homocysteine was also evident (Figure 3).
Men with homocysteine concentrations >11 nmol/L were sig-
nificantly more likely to lose spatial ability than were those with
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a homocysteine concentration <9 nmol/L, for whom scores re-
mained similar to those at baseline. Tertile comparisons of
plasma vitamin B-12 or intake of vitamin B-12 were not signif-
icantly associated with a change in figure copying score.

When examined in tertile categories, the highest intake cate-
gories for plasma and dietary folate and for PLP and dietary

e
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FIGURE 1. Change i
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figure copying score by tertile category for plasma and dietary folate. P for trend (on the basis of tertile medians) <<0.0001 for plasma
“Significantly different from lowest tertile (¢ test comparisons of least-squares means from general linear models, with Tukey’s
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FIGURE 2. Change in figure copying score by tertile category for plasma pyridoxal-5'-phosphate (PLP) and dietary vitamin B-6. P for trend (on the basis
of tertile medians) <0.01 for plasma and <0.01 for diet. "~"*Significantly different from lowest tertile (7 test comparisons of least-squares means from general
linear models, with Tukey’s adjustment for multiple comparisons): “P < 0.05, “*P < 0.01.

vitamin B-6 each approached significance (P < 0.1) in relation
to those with respective lowest intakes for verbal fluency with
evidence of linear pattern (data not shown).

DISCUSSION

These results support the protective role of B vitamins, par-
ticularly folate and vitamin B-6, as well as the role of homocys-
teine, as a risk factor for cognitive decline. As in our earlier and
smaller cross-sectional study (23), we found that the strongest
associations were seen with measures of spatial copying. Other
studies support the sensitivity of complex tasks, such as spatial
copying to respond to homocysteine. McCaddon et al (33) also
found that homocysteine was more strongly associated with de-
clines in spatial copying over 5 y than with other measures of
cognitive decline, and a recent study (34) found clear significant
associations between homocysteine and the Stroop test, a mea-
sure of executive function and cognitive flexibility, but not with
simpler measures of verbal memory or with the MMSE.

Unlike our earlier study, in which homocysteine remained
independently associated with figure copying score after adjust-
ment for B vitamins, we found stronger and independent asso-
ciations with folate and these 3-y longitudinal changes in figure
copying. The independent contributions of plasma folate, after
adjustment for homocysteine and other B vitamins, and of dietary
folate, after adjustment for dietary vitamins B-6 and B-12, sug-
gest that this vitamin may have effects other than through ele-
vating homocysteine. The larger sample size and longitudinal
design of the present study, along with the consistency of results

across plasma and dietary measures, suggest that folate itself
may be the important factor in preventing decline in this
complex measure of constructional praxis. In contrast, we
found that homocysteine was more strongly associated with
recall memory (23).

Existing studies show a mixture of associations of B vitamins
and homocysteine with different measures of cognitive outcome;
however, the primary mechanisms for the association are un-
clear. Most studies have used the MMSE as their measure of
cognitive function, and most have been conducted in patient
populations with dementia. Patients with Alzheimer disease have
both lower B vitamin and higher total homocysteine concentra-
tions than do nondemented patients (35-38). Furthermore, lower
concentrations of B vitamins and elevated homocysteine have
been related to the severity of disease (39, 40). Imaging studies
of brain morphology generally support associations between hip-
pocampal atrophy and white matter hyperintensities and high
homocysteine concentrations (36, 40—42). In a group of psychi-
atric inpatients, we previously found that both high homocys-
teine and low folate concentrations were significantly associated
with white matter hyperintensities but that only low folate was
associated with low hippocampal and amygdal volumes (43).

Results from patient populations are highly suggestive but
cannot clarify the question of whether the associations between
poor B vitamin status and elevated homocysteine and cognitive
impairment are a product of the disease or whether these micro-
nutrient inadequacies are responsible for some of the cognitive
impairments. Fewer longitudinal population-based studies exist,
but those do generally support the hypothesis that low B vitamin
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status and high homocysteine concentrations are causal contrib-
utors to cognitive decline and dementia; the strongest associa-
tions are generally seen for the most complex tasks (33, 34, 44,
45). The Rotterdam Study did not initially find an association
between homocysteine and a decline in MMSE score overa 2.7y
follow-up (46). However, more recent analyses from the same
study found that elevated homocysteine concentrations are as-
sociated with significantly poorer psychomotor speed (47). In
Sweden, a 3-y follow-up study showed that subjects with low
baseline folate or vitamin B-12 were twice as likely to develop
Alzheimer disease (48). Results from the Framingham Heart
Study showed clear associations between baseline homocysteine
concentration and incidence of dementia over an §-y follow-up
period (49). In contrast, the Epidemiology of Vascular Aging
Study in France found only a nonsignificant (P = 0.09) trend for
the association between high homocysteine concentrations and
the presence of white matter hyperintensities after magnetic res-
onance imaging 2 y later (45).

The suggested negative effects of elevated homocysteine on
cognitive function may result from atherosclerosis, from vaso-
toxic effects, or from excitotoxic effects (36, 50-56). In addition
to direct effects on the vasculature, homocysteine may be neu-
rotoxic, by activating the N-methyl-D-aspartate receptor and
leading to cell death (53, 57). However, a recent study, which
used dissociated neurons from embryonic Wistar rats, found that
oxidized forms of homocysteine, but not homocysteine itself,

resulted in a rapid dose-response-related inhibition of net-
work activity (15). A study of cultured murine cortical neu-
rons with homocysteine noted increases in reactive oxygen
species, phospho-tau immunoreactivity, and other indicators
of apoptosis (58).

A second mechanism that may contribute to the observed
associations is hypomethylation, which results from the lower
availability of methyl donors due to B vitamin deficiency (59).
Hypomethylation interferes with protein synthesis and affects
neurotransmitter metabolism (60-62). Low concentrations of
folate, vitamin B-6, and vitamin B 12 may, therefore, lead directly
to cognitive impairment through the accumulation of neuronal
DNA damage (11, 63). A study of hippocampal cultures in folic
acid—deficient medium noted DNA damage that potentiated
amyloid S toxicity (64).

Most of the previous work in this area has assumed that ele-
vated homocysteine is the causal factor associated with cognitive
decline. Our results support the negative influence of homocys-
teine on several measures of cognitive decline, including spatial
copying, measures of memory, and MMSE score. However, our
results further suggest that low folate may have independent
effects on constructional praxis beyond its effect on raising ho-
mocysteine. When adjusted for each other, low plasma folate
rather than high homocysteine was independently significantly
associated with declines in spatial copying ability, whereas high
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homocysteine remained more predictive of declines in memory
and overall MMSE score.

Despite the continuing concern that the observed associations
between homocysteine and cognitive function may indicate a
response to cognitive decline or dementia rather than be a cause
of such, more recent longitudinal studies support the likelihood
of a causal connection with either homocysteine or its associated
B vitamins. Our data suggest that the effects are complex and
involve multiple pathways. Although homocysteine is likely to
affect vascular changes that contribute to cognitive decline, other
mechanisms involving B vitamins, particularly folate, may also
be contributory. The consistency of findings across plasma and
dietary measures shown here also argues against the suggestion
that processes involved in cognitive decline also contribute to
higher homocysteine. Although one may argue that the reverse
causality may be through poorer dietary intake (or less accurate
reporting of intake) with cognitive decline, this is unlikely in a
population with early decline, as this group of men represents.

Further studies to confirm and refine the observed associations
are needed along with long-term randomized trials to demon-
strate the effect of vitamin supplementation in the general pop-
ulation. Whether due to low vitamin availability, high homocys-
teine concentrations, or both, B vitamin intakes and status appear
to be important in reducing cognitive decline in men. Since the
baseline measures were taken for this study, the food supply has
been fortified with folic acid, which has led to reductions in
homocysteine concentrations in the US population. Further study
is needed to determine whether this change will translate to
reductions in cognitive decline. More attention to B vitamin and
homocysteine status could have a major effect on the health and
well being of our aging population. B
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