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Many epidemiologic studies have considered whether markers of B-vitamin status are associated with cognitive function and cognitive decline.

This avenue of research was sparked by the homocysteine (Hcy) theory of cardiovascular disease, which was extended to Alzheimer's disease

when a link between vascular dementia and Alzheimer’s disease was discovered. Hcy could cause cognitive impairment via direct neurotoxicity.

However, decreased remethylation of Hcy to methionine might also compromise cognitive function by means other than mere Hcy lowering.

Folate and vitamin B-12 participate in Hcy remethylation and largely determine Hcy status. Consequently, much of the relevant research has

focused on these 2 B vitamins. The many subtly different hypotheses that investigators have addressed by attempting to link several B-vitamin

status indicators to diverse cognition-related outcomes have created a confusing body of conflicting studies that seems to defy summarization.

Nevertheless, themes are discernible that aid interpretation, foster hypothesis generation, and inform future study design. For example, despite a

shared metabolic pathway, Hcy, vitamin B-12, and folate are differently related to specific cognitive outcomes. Although consistency of findings

across studies is often touted as essential to distinguishing causal from coincidental relationships, discrepancies among study findings can be

even more informative. Adv. Nutr. 3: 801-812, 2012.

Introduction

The potential for low B-vitamin status to affect cognitive
function is actually well-known (1). What has changed in re-
cent years is emerging evidence that B-vitamin status plays a
role in age-related cognitive impairment and decline. Revo-
lutionary ideas about the etiology of cardiovascular disease
(CVD)* and its likely connection to Alzheimer’s disease
(AD), along with revelations about the prevalence, causes,
characteristics, and susceptibility to exacerbation by high
folic acid intakes of vitamin B-12 deficiency converged in
the late 1990s to spark an explosion of research.
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Biochemical rationale

In part due to growing acceptance of the homocysteine
(Hcy) theory of CVD (2) and the roles that folate and vita-
min B-12 play in Hcy remethylation (3), most of the re-
search has focused on these 2 vitamins. Hcy remethylation
is catalyzed by the enzyme methionine synthase (Fig. 1),
which uses vitamin B-12 as a cofactor and transfers a methyl
group from 5-methyltetrahydrofolate, or food folate, to Hcy.
This reaction has several consequences with the potential to
affect cognition. First, it results in the regeneration of the ac-
tive form of folate, tetrahydrofolate, which is needed for thy-
midine synthesis and thus DNA replication. This could
benefit cognition by fostering adult neurogenesis in the hip-
pocampus (4), a brain area critical for learning and memory
that is especially vulnerable to the adverse effects of aging
(5). Next, it leads to less Hcy, which may be neurotoxic
(6), and has been widely believed to be a direct cause of ath-
erosclerosis, although that hypothesis has become more
controversial lately (7). Finally, a downstream product is
S-adenosyl methionine, the methyl donor for the central
nervous system (8). Methylation reactions are vital to brain
function, one example being their role in neurotransmitter
synthesis (9).
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Diagram illustrating the biochemical rationale for associations among vitamin B-12, folate, and cognitive function. A, The

roles of the 2 vitamins in homocysteine remethylation, which results in the regeneration of the active form of folate, tetrahydrofolate,
and the production of S-adenosyl methionine, the methyl donor for the central nervous system. Accumulation of homocysteine and
B-cystathionine indicates the loss of the cofactor and substrate functions of vitamin B-12 and folate in homocysteine remethylation. B,
The role of vitamin B-12 as a cofactor to the enzyme methylmalonyl-CoA mutase. Buildup of methylmalonic acid and 2-methylcitric
acid indicates the loss of this vitamin B-12 function. C, The role of malonyl-CoA in fatty acid synthesis. When vitamin B-12 is lacking,
methylmalonyl-CoA builds up, perhaps substituting for malonyl-CoA, which might result in the accumulation of abnormal fatty acids in

membranes of neural tissue.

A low vitamin B-12 concentration could also affect cog-
nitive function by virtue of the vitamin’s only other known
function—acting as a cofactor for the enzyme methylma-
lonyl-CoA mutase. If that enzyme were inactivated, as it
would be in the absence of vitamin B-12, methylmalonyl-
CoA would build up and possibly substitute for malonyl-
CoA in fatty acid synthesis. Cognitive dysfunction might
then ensue due to the resultant accumulation of abnormal
fatty acids in the membranes of neural tissue (10).

Historical underpinnings

The vitamin B-12 deficiency disease pernicious anemia (PA),
which is now known to be caused by autoimmune destruc-
tion of the parietal cells that produce intrinsic factor (11),
was first described in 1849. In that era, Addison noted delir-
ium and other mental disturbances in his patients (12). Be-
fore the role of vitamin B-12 status in PA was known, the
diagnostic hallmark was a potentially fatal megaloblastic
anemia. However, by the late 1970s, it was recognized that
PA could be expressed entirely neurologically and without
vitamin B-12 deficiency, as traditionally defined (13). A
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related development was the recognition of poor vitamin
B-12 function not attributable to intrinsic factor deficiency
and detectable by the markers Hcy, methylmalonic acid
(MMA), 2-methylcitrtic acid, and B-cystathionine (14). These
markers indicate poor vitamin B-12 function in the body be-
cause they build up in the circulation when vitamin B-12 is
not performing its cofactor roles (Fig. 1). Use of these markers
has revealed the insensitivity of a low vitamin B-12 concen-
tration as traditionally defined (i.e., <148 pmol/L) to poor
vitamin B-12 function. Thus, the possible prevalence of cogni-
tively significant low vitamin B-12 status increased from the
0.1-0.2% prevalence of classically presenting PA (15) to the
3% prevalence of low vitamin B-12 status, as traditionally
defined (16), to the 11-50% prevalence of elevated MMA
(17-20). Most of this so-called biochemical vitamin B-12 defi-
ciency is believed to be caused by age-related food-cobalamin
malabsorption (21,22). Carmel (23) uses the term subclinical
deficiency to describe the syndrome because it does not present
with the classic PA features of megaloblastic anemia and spinal
cord degeneration. However, food-cobalamin malabsorption
has been linked to confusion and dementia (22).



Occurring concurrently with these advances in our un-
derstanding of low vitamin B-12 status were increasing ac-
ceptance of McCully’s Hcy theory of arteriosclerosis (2)
and the realization that vascular dementia and AD were re-
lated (24). In 1968, Kilmer proposed that the underlying
cause of arteriosclerosis (and thus vascular dementia) in
the general population was not fat or cholesterol, but B-
vitamin deficiency and consequent hyperhomocysteinemia
(25). Bell et al. (26) were the first investigators to attempt
to apply the Hcy theory of CVD to dementia. In a small
study, they found that patients with dementia had higher
Hcy concentrations than those without dementia. However,
the studies by Riggs et al. (27) and Clarke et al. (28) in the late
1990s set in motion the race to prove the Hcy theory of de-
mentia. The relevant studies include those that attempted to
link Hcy, folate status, and vitamin B-12 status to dementia/
AD, poor or worsening performance on the Mini-Mental
State Examination (MMSE) and more sensitive neuropsy-
chological tests, as well as studies that attempted to pre-
vent or slow cognitive decline with B-vitamin supplements.
Ellinson et al. (29) reviewed the extant body of literature in
2004 and concluded that results of the 6 studies that fulfilled
their search criteria did not support a correlation between
serum vitamin B-12 or folate and cognitive impairment in
people aged older than 60 y of age. In 2007, Raman et al.
(30) lamented the low quality of some of the 24 studies
that they reviewed as well as the lack of standardization
among them, both in cognition-assessment methodology
and low B-vitamin status definitions. More recently, Smith
(31) noted that, by 2008, 77 cross-sectional studies and 33
prospective studies had shown associations between Hcy
and/or B vitamins and cognitive deficit/dementia and called
for large-scale randomized, controlled trials (RCT) of Hcy-
lowering vitamins. Such trials have now been published,
but no reviewer has found the evidence compelling enough
to recommend B-vitamin supplementation for the preven-
tion of age-related cognitive impairment and decline (32—
36). Once RCTs have been published, results of observational
studies tend to be forgotten. However, ignoring a vast body
of observational research in favor of a few RCTs of uneven
quality seems imprudent (37). The purpose of this review
is to guide future research by reconciling conflicting results
of observational studies and trials and refining testable work-
ing hypotheses.

Current status of knowledge

Indicators of B-vitamin status in relation

to dementia/AD

The initial studies that hinted at associations between
B-vitamin status indicators and dementia/AD or cognitive
impairment were small and had retrospective designs (26—
28). Eventually, however, the various hypotheses were tested
in large, international, population-based cohort studies and
surveys. Among 12 studies relating Hcy or hyperhomocys-
teinemia to dementia/AD (28,38—-48), 8 of which were pro-
spective (38,39,41,43,45-48), all but 2 found an association.
The 2 null studies were a South Korean prospective study

with a very short follow-up period and few incident AD
cases (38) and an analysis of data from the WHICAP (Wash-
ington Heights-Inwood Columbia Aging Project) (39). Dia-
betes prevalence in the WHICAP cohort was ~30%, and the
inverse relationship between diabetes and Hcy (49,50) likely
explained that study’s null findings.

In some of the same studies that investigated the associ-
ation between Hcy and dementia/AD, attempts were made
to link circulating concentrations of folate, vitamin B-12,
or the biologically active fraction of the circulating vitamin
B-12, holotranscobalamin (holoTC) (51), to this outcome,
but with very different results. In fact, the initial observa-
tion of Clarke et al. (28) regarding vitamin B-12 status and
dementia/AD stands in stark contrast to all of the null find-
ings that have been reported since (38,41,42,45,48,52,53).
Some of the authors claimed that their findings were sup-
portive of an association, but the evidence was actually
equivocal. For example, with data from the Kungsholmen
Project, Wang et al. (53) found an association with com-
bined low vitamin B-12 and folate status, but not with low
status for either vitamin alone. Furthermore, Kivipelto
et al. (41) found significant protection against AD in associ-
ation with the third, but not the fourth, holoTC quartile cat-
egory compared with the first, and the small South Korean
study by Kim et al. (38) found an increased risk of dementia
in association with 2.4-y decline in circulating vitamin B-12
concentrations, but not with baseline vitamin B-12 status.

Evidence of an association between low folate status
and dementia/AD is more consistent, with only 3 of 10
(28,38,42,44,45,48,52-55) studies failing to find a significant
association. The most likely explanation for the null findings
of the CAIDE (Cardiovascular Risk Factors, Aging, and De-
mentia) study is the low folate status of the population
(mean = 6.3 nmol/L), which would have yielded few values
in the acceptable range (i.e., =13.6 nmol/L) (56) for com-
parison. In addition to the Kungsholmen study by Wang
etal. (53) previously mentioned , the only other null finding
came from the CHAP (Chicago Health and Aging Project)
(55). These seemingly aberrant results are not easily dis-
missed, however, because the CHAP was a well-designed,
long-term follow-up study.

Hcy in relation to cognitive function and decline

Many population-based studies have used the 30-point MMSE
to assess cognitive function and decline. The disadvantages of
the MMSE include insensitivity to mild or isolated cognitive
deficits (57). Furthermore, although the MMSE can be used
successfully to test the hypothesis that an exposure is associ-
ated with severe global cognitive deficits suggestive of demen-
tia, its ability to do so depends on the prevalence of low scores
in the population (57). Consequently, the null findings of
studies that attempted to relate Hcy concentrations to
MMSE performance in samples with MMSE scores mainly
between 28 and 30 (58,59), including young subsets of sub-
jects studied by Duthie et al. (60) and Robbins et al. (61), are
not surprising. Similarly predictable are the mixed findings
of studies of samples with MMSE scores mainly between 27
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and 28 (62,63). In samples in which lower MMSE scores
were more common (64—67), however, including older sub-
jects studied by Duthie et al. (60) and Robbins et al. (61),
higher Hcy concentrations were associated with lower
MMSE scores. Data collected on members of the Framing-
ham Offspring Cohort illustrate the principle. Figure 2
shows B coefficients for the cross-sectional association be-
tween the plasma total Hcy concentration and MMSE per-
formance at 5 consecutive examination cycles. The plot
illustrates the inability to demonstrate a significant inverse
relationship until the cohort members had aged to a point
when poor MMSE performance was common.

Results of studies examining the association between
baseline Hcy concentration and MMSE score decrease illus-
trate another principle—that to connect an exposure to
decline, decline must occur over the follow-up period.
Observation of cognitive decline using the MMSE score re-
quires either a long follow-up period or a cohort whose
MMSE scores are decreasing relatively rapidly. Thus, too-
short follow-up times likely explain the null findings of
2 studies that followed cognitively intact subjects as young
as 50 y of age for =3 y, on average (58,68). Seshadri et al.
(43) reported that they could find an association between
Hcy and MMSE score decrease only after =4 y of follow-
up from the baseline examination for their analyses.
However, data presented in Figure 2 suggest that the
time needed would depend on which examination was
considered to be the baseline. Clarke et al. (69) success-
fully linked Hcy to MMSE score decrease after following
subjects with a mean baseline age of 75.4 y for 10 y, when
MMSE scores decreased by 1.3 points, on average. More
recently, Hooshmand et al. (67) demonstrated an associ-
ation between Hcy and 7.4-y MMSE score decrease de-
spite almost identical mean MMSE scores at baseline
and follow-up. However, that relationship was found
to depend on the inclusion in analyses of 20 study par-
ticipants who deteriorated to dementia during the
follow-up period. Dufouil et al. (62) found a significant

association between hyperhomocysteinemia (i.e., Hcy
=15 pumol/L) and MMSE score decrease of at least 3
points over the 2-y follow-up period, a definition that
suggests a high frequency of rapid cognitive decline in
the cohort.

The null finding of the Leiden 85-Plus study (70) is likely
explained by the advanced age of the subjects. Among Fra-
mingham original cohort members, the ability to find a
significant interaction between Hcy and time in a mixed-
model, repeated-measures analysis depended on the age of
the subjects at baseline. Specifically, significant acceleration
of 8-y MMSE score decrease was associated with increasing
baseline Hcy concentration among subjects who were 73-78
y of age at baseline (8 = —0.02, P < 0.001), but not among
subjects who were younger (8 = —0.007, P = 0.114), or
older (B = —0.002, P = 0.854) (M.S. Morris, unpublished
results).

Advantages of neuropsychological test batteries over the
MMSE include sensitivity to mild cognitive deficits that re-
flect early-stage decline, the opportunity to detect isolated
impairments, and the ability to determine the specific cogni-
tive domains affected by an exposure or disease (71). There
can be disadvantages in terms of specificity, however, in that
there may be multiple causes of the cognitive deficits detect-
able by the sensitive tests. Another problem is the lack of a
generally accepted standard test battery. Even if there were
one, the included tests might not be the best ones for detect-
ing the cognitive deficits caused by B-vitamin deficiency or
combining results of multiple tests into a global score might
obscure the most relevant findings.

Many studies have used tests of delayed verbal recall.
The likely reason for this choice is the reputed relevance
to AD (72,73). Of 13 studies that assessed cross-sectional
associations between Hcy and recall or memory perfor-
mance, 9 found at least marginally significant associations
(59,67,68,74-79). Two American studies (80,81) were
among the 4 exceptions (63,80—-82). Results obtained by
our group with data collected in the NHANES III may

*
$-0536 P=0.746
0059 .w-r:mz *
Figure 2 Cross-sectional association between - P=0.068
plasma homocysteine and Mini-Mental State g
Examination (MMSE) performance at 5 § 0.1
successive examinations of the Framingham §
Original Cohort (N = 541). Examinations &
occurred 2 y apart. Plotted B coefficients give -0.15 4
the decrease in the MMSE score per micromole
per liter increase in homocysteine. Results are
adjusted for age, sex, education, smoking 0.2 1 *
status, serum creatinine, and body mass index. P<0.001
-0.25 ‘ ‘
28.4/75 28.5/77 27.6/79 27.4/81 26.6/83

804 Symposium

Mean MMSE score/age (years)



provide a clue to some of the discrepancies (74). In that
study, we found an inverse association between Hcy and
delayed story recall that was restricted to survey partici-
pants with serum folate <17 nmol/L (74). This seems to
suggest that Hcy affects memory only when it is due to
low folate status. In other words, the apparent Hcy effect
is really the effect of low folate, for which Hcy is a marker.
If there is no low folate status in the population, Hcy re-
flects other phenomena (83). The prevalence of serum fo-
late <17 nmol/L was 50% in the NHANES III, and it was
even higher in the other American and European studies
that successfully linked Hcy to poor memory function
(67,76,79). Elias et al. (76), who found the association with
data from the Framingham Offspring Cohort, did not repli-
cate their findings with data from the Maine-Syracuse Study
(80). However, the latter study and analysis by Miller et al.
(81) of data collected in the Sacramento Health and Aging
Study were conducted in the United States in the era of
food folic acid fortification, when very little of the hyperho-
mocysteinemia could have been due to low folate (83).

Variation in the tests used makes summarizing results for
Hcy and performance in nonmemory functions challenging.
Nevertheless, it is worth pointing out that all 7 studies that
evaluated the association between Hcy and performance
on the Digit-Symbol Substitution (DSST) or similar tests
of information-processing speed (84) found associations
(60,62,63,75,78,80,85). Although fewer in number, all stud-
ies that used the Stroop test (60,75,78), block design test
(60,63,80), and finger tapping test (62,78) also found associa-
tions. These tests assess executive function/processing speed
(86), executive function/visuospatial ability (87), and simple
motor speed (88), respectively. Impairments in these cognitive
functions characterize vascular dementia (89,90) and have
been linked to white matter hyperintensity volume, a possible
sign of asymptomatic CVD (91). Consequently, the many pos-
itive findings likely reflect the link between Hcy and CVD.

Most prospective studies that used neuropsychological
test batteries found associations between baseline Hcy and
decline in global functioning (92), memory performance
(68,72,93), and/or other cognitive functions (68,72,93,94).
However, no association was observed between Hcy and de-
cline in memory function in a study conducted in postforti-
fication Canada (94). Furthermore, Tangney et al. (95) failed
to link Hcy to decrease in a global composite score that in-
cluded results of tests of both immediate and delayed recall
over a follow-up period that spanned the pre- and postfor-
tification eras in Chicago.

Folate and vitamin B-12 in relation to cognitive
function and decline

With the exception of studies with little chance of finding low
MMSE scores due to the exclusion of people with low scores
(63,96) or that focused on relatively young people [e.g., the
1936 cohort of Duthie et al. (60)], cross-sectional studies
generally found associations between B-vitamin status and
MMSE scores (44,60,66,67,69,97,98). Lindeman et al. (98)
speculated that their failure to link low vitamin B-12 status

to poor MMSE performance might have resulted from their
use of serum vitamin B-12 rather than a more sensitive indi-
cator of vitamin B-12 status. However, 3 published studies
found cross-sectional associations between low serum vita-
min B-12 and poor MMSE performance (69,97,99).

Only a few studies have considered serum vitamin B-12
or folate concentrations in relation to decrease in MMSE
score. These included 1 of the short-term studies (68) and
the Leiden 85-Plus (70), both with null results. However, 3
well-designed studies [1 from the United Kingdom (69),
the CHAP (94), and our group’s analysis of Framingham
data (99)] successfully linked low vitamin B-12 status to ac-
celerated decrease in MMSE scores (69,99) or a composite
score that included MMSE results (95) over 6-10 y of fol-
low-up. Although some favor MMA over plasma vitamin
B-12 for assessing vitamin B-12 status, the CHAP and Fra-
mingham studies revealed associations with both markers.
In the Framingham study, being in either of the 2 quintile
categories indicative of the worst vitamin B-12 status pre-
dicted accelerated decrease in MMSE score. On the other
hand, considering both markers together revealed that
only the 16% of cohort members with both plasma vitamin
B-12 below the second quintile (i.e., <258 pmol/L) and
MMA above the third quintile (i.e., =228 nmol/L) actually
experienced accelerated decline (M.S. Morris, unpublished).

Almost all of 15 studies that attempted to demonstrate
cross-sectional associations between serum folate and neu-
ropsychological test performance found an association with
at least 1 test (44,60,63,68,74,80,82,85,92,98,100). However,
of 13 published studies that included memory tests in the
battery (44,60,63,67,68,74,80,82,92,98,100-102), 6 failed
to find an association with serum folate. The null findings
of these studies may have been due to insufficient variation
in folate status (67) or overreliance on immediate versus de-
layed verbal recall (68,82,100-102).

A majority of studies of relationships between vitamin
B-12 status and sensitive neuropsychological test perfor-
mance found associations (67,68,76,80,85,100,103,104), al-
though the evidence is not as strong as that for folate,
with 6 of 14 studies finding no association with any test
(63,74,92,98,101,102). Four of the positive studies used sen-
sitive indicators of vitamin B-12 status (67,85,103,104), but
associations have also been reported between circulating vi-
tamin B-12 and performance on some tests (68,76,80,100).
The positive studies betray little consistency in terms of the
tests and domains for which associations were observed, and
it seems that all of the associations between circulating vita-
min B-12 and test performance could have been confounded
by folate status. Nevertheless, there is some evidence to sug-
gest that vitamin B-12 status is independently related to
memory function. When we conducted our 2001 study of
Hcy and folate in relation to story recall in senior partici-
pants in the NHANES III, we found no significant associa-
tion between serum vitamin B-12 and that outcome (85).
Since the publication of that study, however, we have mea-
sured MMA in approximately half of the serum samples.
Somewhat poorer delayed verbal recall ability was associated

B vitamins and cognition 805



with being in the bottom 2 vitamin B-12 quintile categories
(i.e., serum vitamin B-12 <283 pmol/L) and the top 3 MMA
quintile categories (i.e., MMA =211 nmol/L) after control-
ling for age, sex, race/ethnicity, education, creatinine, and
serum folate. Furthermore, after multivariate adjustment,
the 34% of seniors with serum vitamin B-12 <283 pmol/L
and MMA =211 nmol/L could recall, on average, <5 of 6
main story ideas after a delay compared with 5.3 for the
22% with the combination serum vitamin B-12 =283
pmol/L and MMA <211 nmol/L (P = 0.03) (M.S. Morris,
unpublished). Other supporting evidence comes from the
CHAP. In that study, MMA, B-cystathionine, and 2-methyl-
citric acid, but not serum vitamin B-12, were associated with
episodic memory function, and the latter 2 indicators were
also associated with semantic memory function (103).
Somewhat consistent with the CHAP results, 2-methylcitric
acid, but not MMA or serum vitamin B-12, was associated
with recall and semantic learning in a Canadian study (104).

In our group’s study using NHANES (1999-2002) data, we
defined low vitamin B-12 status using both serum vitamin
B-12 and plasma MMA and found an association with perfor-
mance on the DSST (85), the only cognitive function test ad-
ministered to senior participants in that survey. Furthermore,
plasma MMA, by itself, was associated with this outcome, but
serum vitamin B-12 was not. Consistent with the latter result,
neither Feng et al. (63) nor Durga et al. (100) found serum
vitamin B-12 to be related to DSST performance.

One of the first studies to be published on the subject of
B-vitamin status and cognition was a prospective analysis of
CHAP data (105). Only intake data were available, and re-
sults were contrary to expectation and inconsistent with re-
sults of the many mainly cross-sectional studies supporting
the hypothesis that high folate status was beneficial to cog-
nition. In fact, the results of the CHAP suggested that high
folate intakes were associated with accelerated cognitive de-
cline over time. Among other studies of B-vitamin status in
relation to decline in performance on sensitive neuropsy-
chological tests, Tucker et al. (68) found that higher folate
status (i.e., =20 nmol/L) protected against a 3-y decline in
figure copying ability, but that the serum vitamin B-12 con-
centration was not independently associated with a decline
in performance on any test. Furthermore, Kado et al. (92)
linked low folate status (i.e., <7.14 nmol/L), but not low se-
rum vitamin B-12 (i.e., <217 pmol/L), to an accelerated 7-y
decline in a composite score on several tests, including tests
of figure copying and memory. Kang et al. (101) found no
associations between either folate status or vitamin B-12 sta-
tus and the decrease in a verbal memory composite score
that occurred over 4 y of follow-up.

Folate/B-12 interaction in relation to cognitive
function and decline
The unique findings of the CHAP may be explained by a com-
bination of high folic acid intake by CHAP participants and a
high prevalence of low vitamin B-12 status in the cohort.

A general adverse effect of folic acid on cognition would be
unexpected, but concern for the elderly was expressed during
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debates over folic acid fortification policy due to the possibility
of rapid neuropsychiatric deterioration of the many older peo-
ple with undiagnosed low vitamin B-12 status (106,107). This
fear was based on results of folic acid intervention studies con-
ducted on PA patients in the 1940s and 1950s (108). In our
group’s 2007 study using NHANES (1999-2002) data, we
found especially poor DSST performance in association with
very high folate status combined with low vitamin B-12 status
(85). The vitamin B-12 status of the CHAP cohort was un-
known at the time that the landmark study of Morris et al.
(105) was published, but a later report revealed a nearly
40% prevalence of elevated MMA (i.e., >271 nmol/L) and a
14.2% prevalence of probable vitamin B-12 deficiency (95).
Circulating folate concentrations were not assessed, but 17%
of the subjects received =400 ug/d of folic acid from supple-
ments alone at baseline. Furthermore, the median total folate
intake in the top quintile category was 742 ug/d, and manda-
tory food folic acid fortification was instituted in the United
States during the study’s 6-y follow-up period. Considering
the high prevalence of low vitamin B-12 status in the CHAP
and the inclusion of the Symbol Digit Modalities Test of infor-
mation-processing speed in the CHAP cognitive test battery,
the accelerated decline in cognitive function associated with
high folate intake in that study could be consistent with our
group’s finding of especially slow information processing
among NHANES participants with a combination of low vita-
min B-12 status and either very high folate status (85) or cir-
culating unmetabolized folic acid (109). Thus, results of both
studies could reflect precipitation or exacerbation by folic acid
of cognitive consequences of low vitamin B-12 status.

Clarke et al. (110) did not replicate our group’s 2007 find-
ings with data collected in the Banbury B12 Study and the
Oxford Healthy Aging Project. In the combined sample of
Clarke et al., the odds of poor MMSE performance (i.e.,
MMSE <25) associated with plasma holoTC <45 pmol/L
was increased to approximately the same extent in subgroups
with serum folate >30 nmol/L (OR = 1.5; 95% CI = 0.91—
2.46) and =30 nmol/L (OR = 1.45; 95% CI = 1.19-1.76).
However, the median serum folate level in the 2 compared
groups was 53 nmol/L and 14 nmol/L, respectively, as op-
posed to 80 nmol/L and 30 nmol/L, respectively, for the folate
categories compared in our group’s NHANES (1999-2002)
analysis. Consequently, Clarke et al. and we addressed differ-
ent hypotheses. Whereas our study was designed to test the
hypothesis that the supraphysiologic status achievable in post-
fortification America was associated with precipitation or ex-
acerbation of cognitive problems associated with low vitamin
B-12 status, the Clark et al. study was only capable of demon-
strating the benefits of replete folate status over relative folate
deficiency in people stratified by vitamin B-12 status.

The prevalence of supplement use among Framingham
Offspring Cohort members is high. At examination 7
(1998-2001), in the postfortification era, 25% of cohort
members received =400 ug/d of folic acid from supple-
ments alone, and the median total folate intake in the top
quintile category was 917 ug/d (M.S. Morris, unpublished
results). Among cohort members 65 y of age and older,



higher folate status at examination 7 was associated with an
accelerated 5-y decline in visuospatial ability and executive
functioning (M.S. Morris, unpublished results). Marginally
significantly poorer episodic memory performance was as-
sociated with plasma folate above the top quintile (i.e., 66
nmol/L) as well as with plasma vitamin B-12 <258 pmol/L.
There was also a significant interaction, however. Specifically,
among the cohort members with plasma vitamin B-12 =258
pmol/L, supraphysiologic folate status was not associated with
performance on a test of delayed story recall. Among the 35%
of the cohort with plasma vitamin B-12 <258 pmol/L, on the
other hand, the subgroup with plasma folate >66 nmol/L had
significantly worse episodic memory performance than the
subgroup with lower (i.e., replete but not supraphysiologic)
plasma folate. These findings also appear consistent with ex-
acerbation of an adverse neuropsychiatric effect of low vita-
min B-12 status by supraphysiologic folate status reflecting
high folic acid intake.

Randomized, controlled trials

A number of RCTs have addressed the hypothesis that B-vita-
min supplementation or Hcy lowering protects against cogni-
tive decline, and several systematic reviews have been
published (32-34,36). The earliest published trial included
by most reviewers is the 1997 folic acid trial by Fioravanti
et al. (111) However, Balk et al. (33) included 2 studies
from the 1970s among 14 using treatment with folic acid, vi-
tamin B-12, or both. All reviewers reached the same conclu-
sion; there was no evidence that B-vitamin treatment is
effective at slowing cognitive decline. However, the following
statement by Balk et al. bears consideration: “Fourteen trials
met our criteria; most were of low quality and limited appli-
cability (33).” Balk et al. and the other reviewers remarked on
the inconsistency across studies in outcome assessment and
on the short duration of most trials. Rather than attempting
to draw conclusions from a collection of studies of low quality

and limited applicability, I focus on high-quality trials, the
discrepant findings of which appear to be reconcilable by dif-
ferences in design. These particular trials were selected be-
cause they were of relatively large size and long duration,
did not specifically select cognitively impaired subjects or
those with dementia, and provided data on the subjects’ base-
line B-vitamin status.

The salient details of 3 trials are summarized in Table 1.
The trials conducted by McMahon et al. (112) and Durga
et al. (113) were Hcy-lowering trials, whereas the recently
published Walker et al. (114) trial was not. This is reflected
in the mean baseline Hcy concentrations. Also worth noting
is the exclusion of vitamin B-12-deficient subjects from the
Durga et al. trial only. These differences, plus the variation
across studies in the treatment, help to explain the trials’ dis-
parate findings. Specifically, the treatment in the McMahon
et al. trial was at a level that might have resulted in circulat-
ing unmetabolized folic acid (115) because folate status
among the subjects was high, and total folic acid intake likely
often exceeded the upper tolerable limit of 1000 wg/d (114).
Although the McMahon et al. study was interpreted as null,
the general pattern of treatment effects was one of nonsig-
nificantly greater cognitive decline among the treated sub-
jects compared with the controls. Furthermore, processing
speed actually slowed more over time among the treated sub-
jects compared with the placebo group. This finding could
be consistent with our group’s results of a cross-sectional
analysis of NHANES (1999-2002) data. We showed that,
among subjects with low vitamin B-12 status, circulating
unmetabolized folic acid was associated with poor DSST
performance (109). The treatment in the McMahon et al.
trial included a dose of vitamin B-12 that far exceeded rec-
ommendations (i.e., 500 vs. 2.4 ug/d) (116), but that might
not have been enough to correct vitamin B-12 deficiency
(116,117). Even though Durga et al. also treated subjects
with a rather high dose of folic acid and no vitamin B-12

Table 1. Comparison among 3 randomized, controlled trials assessing effects of B-vitamin treatment on cognitive change'

Trials

McMahon et al. (112) Durga et al. (113) Walker et al. (114)
n 276 818 900
Country New Zealand The Netherlands Australia
Age, y =65 50-70 60-74
Baseline plasma Hcy, umol/L 16.8% 132 9.7
Baseline plasma/RBC folate, nmol/L 26° 123 573*
Follow-up plasma/RBC folate, nmol/L 75° 76° 9514
Baseline plasma vitamin B-12, pmol/L 284 290° 305
Length, y 2 3 2
MMSE 29 29 ?
Folic acid intake, ug/d 1000 800 400
Vitamin B-12 intake, wg/d 500 - 100
Vitamin B-6 intake, mg/d 10 - -

None
More worsening

Memory effect
Processing-speed effect

More improvement
Less worsening

More improvement
None

" Hey, homocysteine; MMSE, Mini-Mental State Examination.

2 potential subjects with plasma homocysteine <13umol/L were excluded.
3 Plasma folate was reported.

4 RBC folate was reported.

® Potential subjects with serum vitamin B-12 <200 pmol/L were excluded.

B vitamins and cognition 807



at all, their treatment effected benefits to both memory and
processing speed. These benefits might be explained by the
combination of a safe folic acid dose, exclusion of vitamin
B-12—deficient subjects, and low baseline folate status. The
results generate the hypothesis that Hcy lowering benefited
processing speed and that correction of folate deficiency
benefited memory.

Results of the Walker et al. (114) RCT help to reinforce
this idea, in that the lack of hyperhomocysteinemia among
their subjects might have precluded treatment benefits to
processing speed, and the correction of folate deficiency
could account for the observed benefits to memory. Mean
baseline RBC folate was well above the cutoff point for de-
ficiency (e.g., 317 nmol/L) (119), but it was comparable to
that of senior NHANES III participants (i.e., 532 nmol/L),
21% of whom had RBC folate in the deficient range (M.S.
Morris, unpublished). Also in the NHANES III, seniors
with RBC folate =317 nmol/L performed significantly bet-
ter on a test of delayed story recall than those with RBC
folate <317 nmol/L (P < 0.001), after controlling for demo-
graphic factors and vitamin B-12 deficiency (M.S. Morris,
unpublished).

In a recent large (N = 2009) American trial, mean folate
intake at baseline exceeded the dose delivered by most multi-
vitamins, and no overall benefit was found with a B-vitamin
supplement containing 2.5 mg of folic acid, 50 mg of vitamin
B-6, and 1 mg of vitamin B-12 (120). However, subgroup
analyses suggested that, among the 15% of trial participants
who had folate intakes <279 ug/d at baseline, the treated sub-
jects experienced significantly less decline than the placebo
group in performance on the Telephone Interview of Cogni-
tive Status. Interestingly, despite a treatment that contained
more than twice as much folic acid as that used by McMahon
et al., a treatment benefit was also observed among those trial
participants with baseline vitamin B-12 intakes <2.4 ug/d. In
other words, despite long-term treatment with a megadose of
folic acid, the vitamin B-12—deficient subjects in the treat-
ment group experienced less cognitive decline than the vita-
min B-12-deficient subjects in the placebo group. Trial
participants with low vitamin B-12 intake were few, and
plasma vitamin B-12 concentrations were not available, but
the larger dose of vitamin B-12, compared with that used
by McMahon et al., might have accounted for the different
findings of the 2 trials.

Conclusions

The body of literature on B-vitamin status in relation to cog-
nitive function and decline has grown dramatically since
2004, and even published reviews on the subject are now nu-
merous. Reviewers point to null studies and studies suggest-
ing adverse effects of high folic acid intake or status and
conclude that the evidence does not support a recommen-
dation to combat cognitive impairment and decline with
B-vitamin supplements. However, unrealistic expectations
and subtle differences among the hypotheses addressed have
contributed to the overall impression of inconsistency. For
example, it is surely naive to think that everyone will benefit
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from more folic acid and vitamin B-12, regardless of their sta-
tus. Equally naive are the assumptions that all cognitive func-
tions will be similarly affected by low B-vitamin status, and
that all markers will be able to detect true associations.
Thus, we should not expect studies with no replete or defi-
cient subjects to find associations, nor should we expect
that all single-outcome studies will produce the same results,
or that circulating vitamin B-12 and functional vitamin B-12
status indicators will generate equivalent findings. Further-
more, based on historical PA case studies, megadoses of folic
acid unaccompanied by treatment for vitamin B-12 defi-
ciency should not be expected to benefit cognition in vitamin
B-12—deficient individuals. Considered in this regard, the
seemingly aberrant results of studies of folate status in relation
to cognitive function conducted in populations with fortified
food supplies and many supplement users should not be
thought of as inconsistent with the majority. They simply
test a different hypothesis, i.e., whether raising the folate sta-
tus of already replete people is beneficial. What is the proper
definition of replete, however? Many studies have found that
folate status well above traditionally used cutoff points confers
benefits over low-normal status, and results of some studies
have suggested that even so-called low-normal vitamin B-12
status is cognitively significant. This argues for exploration
of dose-response relationships rather than dichotomizing ex-
posure or reporting a 8 coefficient for a continuous associa-
tion whose shape is unknown.

To detect a true association epidemiologically, not only
must the exposure vary sufficiently, but so must the out-
come. Thus, the null results of studies conducted in cogni-
tively intact or nondeclining samples do not really conflict
with the positive findings of studies that merely had a better
chance of success.

If the extant body of literature does not support firm con-
clusions, it at least generates some promising working hypoth-
eses. Two that come to mind are that hyperhomocysteinemia
slows processing speed, but that only low folate status impairs
memory. Unfortunately, however, there may be a subgroup
within the population for whom supraphysiologic folate status
is actually harmful to memory function. It is also important
to point out that, in our ongoing study of the Framingham
Offspring Cohort, we identified no cognitive benefits of supra-
physiologic over merely replete folate status (M.S. Morris,
unpublished). Although intakes of folic acid in excess of the
current upper tolerable limit are reportedly rare in the general
US population, effort should be invested in determining how
high might be too high when it comes to preserving good cog-
nitive function during aging, and who, precisely, is at risk.

Low vitamin B-12 status has been linked to both slow in-
formation processing and poor memory function, but sen-
sitive indicators of vitamin B-12 function appear to be
needed to detect these effects in studies. On the other
hand, associations have been detected between low circulat-
ing vitamin B-12 concentrations and poor global cognitive
functioning and accelerated global cognitive decline. Such
a relationship should not be surprising considering the liter-
ature on PA. However, the apparent equivalence of both a



functional marker and plasma B-12 concentrations at iden-
tifying people at risk may suggest that the phenomenon ap-
plies specifically to a subgroup that both indicators tend to
misclassify (e.g., those with PA or severe malabsorption).

When design issues that may have prevented a few studies
from finding a true association are taken into account, results
of studies attempting to link hyperhomocysteinemia and low
folate status to dementia/AD appear extremely consistent.
However, cautious interpretation of the associations is war-
ranted in light of the likely involvement of atherosclerosis
in both vascular dementia and AD and the already established
links among low folate status, hyperhomocysteinemia, and
vascular disease. If the associations do reflect causal relation-
ships, then the incidence of dementia/AD should decrease
over time in countries with fortified food supplies and a
high prevalence of supplement use. Also worth emphasizing
is the overall lack of evidence for a link between low vitamin
B-12 deficiency and dementia/AD, despite the suggestion
from a few studies that low vitamin B-12 status predicts rapid
cognitive decline. This may suggest that the elderly are suscep-
tible to a preventable form of cognitive deterioration.

Future studies should attempt to clarify and expand upon
the following observations: Hcy and low folate status are
both related to dementia/AD, but low vitamin B-12 status
is not. Hey is related to slow information processing; low fo-
late status is related to poor memory function; indicators of
poor vitamin B-12 function are related to both outcomes,
and low circulating vitamin B-12 concentrations predict ac-
celerated global cognitive decline. RCTs have effected bene-
fits to memory function and processing speed by correcting
low folate status and hyperhomocysteinemia, respectively.
However, supraphysiologic folate status, circulating unme-
tabolized folic acid, and high folic acid intake have been
linked to slow information processing and accelerated de-
cline in memory and global cognition. Whether these find-
ings apply only to vitamin B-12—-deficient individuals or
even a subset of them requires clarification.
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