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Abstract. Identification of modifiable risk factors provides a crucial approach to the prevention of dementia. Nutritional or
nutrient-dependent risk factors are especially important because dietary modifications or use of dietary supplements may
lower the risk factor level. One such risk factor is a raised concentration of the biomarker plasma total homocysteine, which
reflects the functional status of three B vitamins (folate, vitamins B12, B6). A group of experts reviewed literature evidence
from the last 20 years. We here present a Consensus Statement, based on the Bradford Hill criteria, and conclude that elevated
plasma total homocysteine is a modifiable risk factor for development of cognitive decline, dementia, and Alzheimer’s
disease in older persons. In a variety of clinical studies, the relative risk of dementia in elderly people for moderately raised
homocysteine (within the normal range) ranges from 1.15 to 2.5, and the Population Attributable risk ranges from 4.3 to
31%. Intervention trials in elderly with cognitive impairment show that homocysteine-lowering treatment with B vitamins
markedly slows the rate of whole and regional brain atrophy and also slows cognitive decline. The findings are consistent
with moderately raised plasma total homocysteine (>11 pmol/L), which is common in the elderly, being one of the causes
of age-related cognitive decline and dementia. Thus, the public health significance of raised tHcy in the elderly should not
be underestimated, since it is easy, inexpensive, and safe to treat with B vitamins. Further trials are needed to see whether
B vitamin treatment will slow, or prevent, conversion to dementia in people at risk of cognitive decline or dementia.

Keywords: Homocysteine, folate, vitamin B12, cobalamin, vitamin B6, cognitive impairment, dementia, Alzheimer’s disease,
brain atrophy, risk-factor, causation
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was associated with Alzheimer’s disease (AD), as
diagnosed by clinical [1] and histopathological [2]
criteria. The histopathological study also found that
vascular dementia was associated with raised tHcy
[2]. The B-vitamins, folate and cobalamin (B12), are
major determinants of tHey [3], and it was found that
low red blood cell folate [1, 2], low serum folate, and
low serum B12 [2] were also associated with a diag-
nosis of AD. These reports prompted an editorial that
posed the question: ‘Hyperhomocysteinemia. A new
risk factor for Alzheimer disease?’ [4].

This Consensus Statement is not a systematic
review, but represents the conclusions of a panel of
experts on the evidence concerning the causal role of
raised tHcy in dementia, based upon recent reviews
[5-9]. The Consensus Statement concludes that the
question of causality of tHcy in dementia can be
answered in the affirmative, with significant impli-
cations for public health.

Development of cognitive impairment is a mul-
tifactorial condition with raised tHcy being just
one component of ‘sufficient causes’ of dementia.
According to the causal theory introduced by Roth-
man [10], a sufficient cause of dementia would
contain a variety of ‘component causes’ such as
age, hyperhomocysteinemia, hypertension, smoking,
low physical activity, ApoE4 genotype, other vas-
cular risk factors, etc. Notably, there are usually
many distinct sufficient causes, with different com-
ponents in each, and where hyperhomocysteinemia
may belong to several (Fig. 1). The strength of hyper-
homocysteinemia as a risk factor for dementia does
not arise from the strength of its role in the etiology
of dementia alone, but also depends on the preva-
lence of the other causal components in the sufficient
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Fig. 1. Hypothetical ‘sufficient causes’ for dementia that involve
raised plasma total homocysteine (tHcy) as one of the single
component causes. For example, B might be age, C hyperc-
holesterolemia, D hypertension, E smoking, F ApoE4, G low
physical activity, H low education. Based on Rothman & Greenland
[14].

causes where hyperhomocysteinemia belongs. By
eliminating hyperhomocysteinemia from the elderly
population, the ‘sufficient causes’ that include raised
tHcy as a component will then become insufficient
for causing dementia.

A question often asked is: is raised tHcy a direct
cause of cognitive impairment or could elevated tHcy
simply be a marker of causes like poor lifestyle,
and/or inadequate B vitamin status [3, 11]? We sug-
gest that in fact both direct and indirect pathways
may well occur, as illustrated in Fig. 2. Neverthe-
less, most prospective studies have found that raised
tHcy remained associated with cognitive impairment
even after adjusting for B vitamin status [8], con-
sistent with tHcy being a risk factor for cognitive
impairment independent of the B vitamins. Fur-
thermore, in the VITACOG trial, it was shown by
Bayesian analysis, using the directed acyclic graph
procedure, that lowering of tHcy by B vitamin treat-
ment mediated the slowing of regional brain atrophy,
which, in turn, mediated the slowing of cognitive
decline [12]. As we shall argue below, there is good
evidence that raised tHcy is a risk factor for cog-
nitive impairment but it may well act in parallel
with some of the factors that themselves determine
tHcy.

The potential causal role of tHcy in dementia was
analyzed by McCaddon and Miller [7] according to
Bradford Hill’s criteria of causation [13]. Hill sug-
gested nine features that are helpful in supporting the
idea of causation: strength, consistency, specificity,
temporality, biological gradient, plausibility, coher-
ence, analogy, and experiment. We will adopt the
same approach, bearing in mind that the use of these
features has several limitations [14].
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Fig. 2. Parallel pathways for causation of cognitive impairment
involving homocysteine. Raised tHcy may directly cause cogni-
tive impairment (blue arrow). Many modifiable factors determine
tHey [3, 11]. Some of these factors may directly cause cognitive
impairment (red arrows) as well as causing cognitive impairment
indirectly by raising tHcy (grey arrows). Reverse causality (dashed
line) could also explain the association of Hcy with cognitive
impairment.
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STRENGTH OF THE ASSOCIATION
BETWEEN RAISED tHcy AND DEMENTIA

To gain some idea of the risk of dementia asso-
ciated with raised tHcy, we summarize in Table 1
the outcomes of prospective observational stud-
ies as reviewed in seven meta-analyses. All the
meta-analyses revealed a significant association to
dementia, with the pooled risk estimates varying from
1.15t0 2.5.

In one of the latest comprehensive meta-analyses,
Xu et al. investigated the associations between 36
modifiable risk factors and AD [15]. The pooled rel-
ative risk of AD was 1.15 (1.02-1.27) for raised
tHey in 13 cohort studies on 6,310 subjects; this
was classified as Grade 1 evidence. The variation of
the risk estimates between these seven meta-analyses
reflect in part that different cohorts were studied but
also reflect the different definitions of high tHcy
used. Nevertheless, the universal finding is of an
increased risk of dementia in subjects with elevated
tHcy.

A meta-analysis [16] based upon Mendelian ran-
domization of the C677T polymorphism of MTHFR,
which is associated with an increase in tHcy, avoids
the potential biases of observational cohort studies.
In 34 studies on a total of 9,397 subjects, there was an
odds ratio of AD of 1.37 (1.15-1.63) for those with
the TT alleles compared with those with the CC alle-
les. From the same meta-analysis, the authors also
assessed tHcy and found a combined odds ratio of
3.37 (1.9-5.95) for each 1 SD increase in In(tHcy);
this association was stronger in Asian and mixed
populations than in Caucasians.

The population attributable risk (PAR) of dementia
for raised tHcy can be estimated from the preva-
lence of hyperhomocysteinemia and the relative risk
of dementia. Table 1 shows PAR estimates based
on independent relative risks and a prevalence of
hyperhomocysteinemia of 25% or 30%, since most
studies considered either the upper quartile or ter-
tile of tHcy distribution as a cut-off for defining
hyperhomocysteinemia. The PAR% is the propor-
tion of dementia cases in the elderly population (i.e.,
exposed and non-exposed) that is due to hyperho-
mocysteinemia (the exposure in question) and so
indicates the dementia incidence that would be pre-
vented if hyperhomocysteinemia was eliminated. Itis
striking that, apart from one meta-analysis, the PAR
estimates suggest that from 12% to 31% of cases
of dementia or AD could be prevented by lowering
tHcy.

CONSISTENCY OF THE ASSOCIATION
BETWEEN RAISED tHcy AND
COGNITIVE IMPAIRMENT

As shown in the above meta-analyses and in
reviews [6, 17], there is a high degree of consistency
between the large number of studies in all parts of
the world that have examined cognitive impairment or
dementia in relation to tHcy. Beydoun et al. [17] used
multiple logistic regression to assess the consistency
of risk factors and concluded their study of 8 different
modifiable risk factors as follows: “Combining both
criteria (strength of association in the case of incident
AD and consistency overall), the strongest evidence
thus far is an increased risk with elevated plasma Hcy
levels or lower educational attainment and a lowered
risk with increased physical activity.” [17]

We conclude that the association between raised
tHcy and cognitive impairment is both strong and
consistent, but, as pointed out by Rothman and Green-
land [14], ‘a strong association is neither necessary
nor sufficient for causality’.

SPECIFICITY OF THE ASSOCIATION
BETWEEN RAISED tHcy AND
COGNITIVE IMPAIRMENT

Besides dementia, raised tHcy has been associated
with numerous clinical outcomes. For instance, dis-
eases that involve damage to the vasculature, such as
ischemic heart disease, stroke, and age-related mac-
ular degeneration, are also associated. It is likely
that a significant component of cognitive impair-
ment is directly caused by compromised cerebral
vasculature and that vascular insufficiency also con-
tributes to the damage to the nervous system that
leads to cognitive impairment and dementia [8]. Thus,
the association between tHcy and cognition is not
specific. Nevertheless, the importance of the charac-
teristic of ‘specificity’ must not be over-emphasized;
indeed, it has been claimed ‘the criterion is invalid as
a general rule’ [14].

TEMPORALITY OF THE ASSOCIATION
BETWEEN RAISED tHcy AND
COGNITIVE IMPAIRMENT

This characteristic is crucial to exclude reverse
causality, for example that cognitive impairment
leads to changes in diet, lifestyle factors, other dis-
eases and drug use that in turn raise tHey (Fig. 2).



564

A.D. Smith et al. / Homocysteine and Dementia

Table 1
Meta-analyses since 2009 on the association between elevated plasma homocysteine and dementia or AD in prospective cohort studies
Meta-analysis  Studies/Subjects/Duration  Exposure Outcome Pooled risk estimates ~ PAR% PAR%
threshold (95%CI) (95%CI) (95%CI)
[Prev. 0.25] [Prev. 0.30]
Van Dam, 3 prospective studies in tHey >14.0, Alzheimer’s RR: 2.5 (1.38-4.56) 27.3 31.0
et al. [44] 2,569 subjects (baseline 15.0, or disease (7.5-47.1) (8.6-53.5)
free of AD) 15.6 pmol/L
‘Wald et al. 8 cohorts of 8,669 For a Dementia (the  Adjusted OR: 1.50 / /
[45] subjects, median 5 wmol/L search (1.13-2.0)
duration =5 years. increase in criteria was
Cohort studies of tHey (i.e., mixed,
individuals without 10.0 — memory,
cognitive impairment or 15.0pmol/L)  dementia,
dementia at the start of etc.)
the study which
reported serum
homocysteine levels
and the incidence or
risk of dementia after at
least 1 year of
follow-up were
included.
Beydounetal. 5 cohorts on 4,412 Elevated tHcy  Incident AD RR: 1.93 (1.50-2.49) 18.9 21.8
[17] subjects (variety of (10.8-27.0) (12.5-31.1)
cut-offs:
14.0, 15.0,
15.6, 14.6
and
12.6 p.mol/L)
Nie et al. [46] 14 cohorts on 15,908 Elevated tHcy  Dementia, RR: 1.53 (1.23-1.9) 11.7 13.7
subjects (variety of cognitive (3.8-19.6) (6.3-21.2)
cut-offs: impairment
15.8, 15.0,
14.0,27.5,
15.4, 15.0,
13.4, 13.0,
14.3,21.0,
15.1, 14.5,
17.0 [?],
10.8 pmol/L)
Shen et al. [47] 9 studies on 4,830 Elevated tHcy AD RR: 1.77 (1.37-2.16)  16.1 18.8
subjects (mixed study (variety of (9.1-23.1) (10.7-26.9)
designs) cut-offs: 14,
12.0, 13.1,
13.3,274,
15.0, 13.0,
15.0 pmol/L)
Xu et al. [15] 8 cohort studies on 5728 Elevated tHcy AD RR: 1.15 (1.02-1.27) 3.6 4.3 (0.84-7.8)
subjects same as (0.69-6.51)
Shen et al.
[47]
Hu et al. [16] 34 cohort studies on Mendelian AD OR TT versus CC:
9,397 subjects randomisa- 1.37 (1.15-1.63).
tion of the OR CT versus CC
MTHFR 1.28 (1.14-1.44).
C677T as a OR (for each 1 SD
cause for increase in
AD In(tHcy)): 3.37
(1.9-5.95)

AD, Alzheimer disease; CI, confidence intervals; tHcy, total homocysteine; MTHFR, methylentetrahydrofolate reductase; OR, odds ratio;
PAR, Population Attributable Risk; Prev, prevalence of hyperhomocysteinemia (HHCY); RR, relative risk; SD, standard deviation. It should
be noted that many of the meta-analyses included the same cohorts. PAR =100 * [P(HHCY) * (RR-1)]/ 1 +[P(HHCY) * (RR-1)]. 95% CI
of PAR are according to Beydoun et al. [17] and the references cited there.
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Although dementia may precede hyperhomocys-
teinemia at later stages (via feeding difficulties or
micronutrient malabsorption), tHcy levels did not
increase during 3 years as dementia worsened in
the OPTIMA study [2]. In contrast, patients with
higher tHcy at study entry showed a worse progres-
sion upon radiological re-examination of the brain
[2]. A large number of prospective studies, in which
blood samples were taken from subjects long before
they showed signs of cognitive impairment, are con-
sistent with a temporal relationship. The intervals
between blood sampling to measure tHcy and diag-
nosis of cognitive impairment or dementia were up to
13 years in the Framingham study [18] and 35 years
in the Gothenburg Women Study [19].

Thus, the criterion of temporality (hyperhomocys-
teinemia —> dementia) is fully satisfied.

BIOLOGICAL GRADIENT OF THE
ASSOCIATION BETWEEN RAISED tHcy
AND COGNITIVE IMPAIRMENT

A gradient relationship between tHcy and cogni-
tive impairment or dementia is evident from many
of the prospective studies reviewed. This gradient
is often shown by a threshold concentration above
which impairment occurs or by a concentration-
response relationship, as can be seen from the
exposure thresholds in the meta-analyses (Table 1). A
notable example of the concentration-response rela-
tionship is a study from northern Italy in which an
increasing incidence of dementia in normal elderly
was observed as baseline tHcy increased; there was
an almost 5-fold higher incidence in those with tHcy
> 15.0 pmol/L. compared with those with tHcy <
10.1 pmol/L [20]. In OPTIMA, patients with AD
showed a marked concentration-dependent increase
in the rate of cognitive decline over the range of
10.0 to 18.0 pmol/L of tHcy [21]. Threshold effects
were found for the association of tHcy with the rate
of atrophy of the medial temporal lobe in patients
with AD, where the rate increased in patients with
tHey > 11.1 wmol/L compared with those with tHcy
< 11.1 pmol/L [2] and in the Normative Aging Study
an apparent threshold of 11 wmol/L tHcy was found
for impairment in spatial copying ability [22]. We will
return below to the matter of a threshold in relation
to treatments that lower tHcy.

Thus the criterion of a biological gradient is fully
satisfied in the relationship between raised tHcy and
cognitive impairment.

PLAUSIBILITY OF THE ASSOCIATION
BETWEEN RAISED tHcy AND
COGNITIVE IMPAIRMENT

‘Plausibility refers to the biological plausibility of
the hypothesis, an important concern but one that is
far from objective or absolute’ [14]. The question
whether raised tHcy itself causes dementia, or is a
marker for other causes, such as B vitamin inad-
equacy, has been discussed above (Fig. 2) and in
reviews [7, 8]. What can be said is that many differ-
ent biological mechanisms are known that could link
raised tHcy with cognitive impairment. These range
from vascular mechanisms, to regional brain atrophy,
neurofibrillary tangle and amyloid plaque formation,
neuronal death, and epigenetic mechanisms; these are
discussed in several reviews [7, 8, 23— 27]. The mech-
anisms are not mutually exclusive and it is likely that
several distinct pathways are involved—see Fig. 4 in
the review by Smith and Refsum. [8]

We conclude that the association of tHcy with
cognitive impairment is highly plausible.

COHERENCE OF THE ASSOCIATION
BETWEEN RAISED tHcy AND
COGNITIVE IMPAIRMENT

As stated by Rothman and Greenland [14], ‘coher-
ence implies that a cause-and-effect interpretation for
an association does not conflict with what is known
about the natural history and biology of the disease’.

Key biological aspects of cognitive impairment
and of dementia are loss of neurons, leading to
regional brain atrophy, and deposition of insoluble
proteins such as amyloid-$3 in plaques and of phos-
phorylated tau (P-tau) in neurofibrillary tangles. In
one of the early reports, raised tHcy was shown to
be associated with the rate of atrophy of the medial
temporal lobe in AD patients [2] and its association
with regional brain atrophy has been extensively con-
firmed since then, most recently in the VITACOG
trial. [12] In relation to P-tau, raised plasma tHcy
and raised CSF S-adenosylhomocysteine are associ-
ated with increased levels of CSF P-tau [28] and, in
a clinicopathological study, raised tHcy several years
before death was associated with an increase in neu-
rofibrillary tangle density in the cerebral cortex [29].
Animal studies have shown that hyperhomocysteine-
mia leads to epigenetic regulation of gene expression
in the amyloid-f3 pathway, to increased amyloid depo-
sition in the brain, to increased formation of P-tau



566 A.D. Smith et al. / Homocysteine and Dementia

[30], to the death of hippocampal neurons in culture
and in vivo [31], and to various cognitive deficits.

We conclude that the association of tHcy with
impaired cognition and dementia is coherent across
studies from isolated cells, through animals, and to
human neuropathology.

ASSOCIATION BETWEEN RAISED tHcy
AND COGNITIVE IMPAIRMENT BY
ANALOGY

This criterion is not crucial for arguments about
causation [14], but it should be noted that substances
with a molecular similarity to homocysteine have
toxic effects on the nervous system. Homocysteic
acid is an excitatory amino acid that acts via NMDA
receptors to cause cell death [32]. Homocysteine thi-
olactone is neurotoxic in animals and leads to the
N-homocysteinylation of proteins on lysine residues
[33, 34].

EXPERIMENTAL EVIDENCE OF THE
ASSOCIATION BETWEEN RAISED tHcy
AND COGNITIVE IMPAIRMENT

Hill considered that the strongest evidence of
causality between a factor and an outcome was exper-
imental intervention. Two questions arise: first, does
deliberately increasing tHcy in the elderly lead to
cognitive impairment; second, does lowering tHcy
prevent cognitive impairment?

Several animal studies, summarized in the reviews,
have shown that increasing tHcy, either by direct
administration or by feeding the animals a B-vitamin
deficient diet, is associated with cognitive impair-
ment. It would not be ethical deliberately to increase
tHcy in humans, but a common polymorphism
(C677T in MTHFR) is associated with a modest
increase in the concentration of tHcy and is asso-
ciated with a significant increase in the risk of AD
(Table 1) [16]. A person’s level of tHcy may change
over time, probably due to changes in lifestyle, and a
Norwegian study in 1,670 elderly found that in those
whose tHcy had increased over a 6-year period by up
to 8 wmol/L, the mean memory test score was lower
than in those whose tHcy did not change; in contrast,
in those whose tHcy had decreased by up to 6 pumol/L
over the 6-year period, the mean memory test score
was higher [35].

Clinical trials

The question whether lowering tHcy slows cog-
nitive decline or prevents cognitive impairment in
humans has been the subject of several clinical trials
in which B vitamins have been administered either to
normal elderly, to elderly with mild cognitive impair-
ment (MCI), or to patients with dementia. Critical
reviews of these homocysteine-lowering trials and of
the meta-analyses based upon them have been pub-
lished [7, 8]. Both these reviews commented upon
the futility of carrying out trials in which the placebo
group showed no cognitive decline over the period of
the trial; as one review stated “. .. you cannot prevent
something that is not occurring” [7]. It is therefore
unfortunate that 76% of 20,431 of the participants in
the trials included in the largest meta-analysis did not
have baseline measures of cognitive function, and so
it was not possible to assess cognitive decline in the
placebo group [36]. In two of the trials in the lat-
ter meta-analysis (on 2,825 participants), cognitive
decline was shown in the placebo group and signif-
icant beneficial cognitive effects of treatment were
observed in the B vitamin treated group who had
high tHcy or poor B vitamins status at baseline. The
authors of the meta-analysis considered that these lat-
ter findings were “due to chance” [36], despite the fact
that these two trials were the only trials that could
actually answer the question whether homocysteine-
lowering with B vitamins slows cognitive decline.

We suggest that a meaningful clinical trial in this
field should satisfy a set of criteria, listed in Table 2,
in order to give a valid outcome.

Currently, there are three published trials in the
elderly that fully satisfy the conditions listed in
Table 2 and in which the active treatment was one or
more of the B vitamins (folic acid, vitamins B6 and
B12). We will briefly summarize the main findings
from these trials.

FACIT trial [37]

This trial, the Folic Acid and Carotid Intima-media
Thickness trial, recruited 818 normal elderly in The
Netherlands whose baseline tHcy was in the range
13-26 pmol/L. Active treatment was daily 0.8 mg
folic acid for 3 years, which led to a fall of 26%
in tHcy compared with the placebo group. Three
cognitive domains relating to speed (information
processing, sensorimotor, complex) showed declin-
ing scores in the placebo group, whereas memory
score improved in the placebo group (probably due
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Essential criteria for showing that lowering raised tHcy can influence the outcome

Risk factor:
baseline tHcy or
B-vitamins*

Outcome
measurement

Absence of
dementia at
baseline

Duration

The exposure (risk factor) to be treated, elevated tHcy or sub-optimal B vitamin status, should
be present at baseline so that treatment benefit may occur

Sensitive tests must be used for measuring the outcome of the trial such as individual

cognitive domains, brain volumes by MRI
Participants should not be demented, but should be at risk of cognitive decline or dementia

Should be sufficient to measure a clinically relevant change in the placebo group, e.g.,

cognitive decline, loss of brain volume; probably at least 12—24 months, or longer if
conversion to dementia is the endpoint

Vitamin dose and

combinations
participants
Sensitivity
analysis of B vitamins

Subgroup analyses

Simple dietary modification is inadequate; a combination of pharmacological doses
(especially of B12) of B vitamins is needed, sufficient to lower tHcy in the majority of

The protocol should pre-specify analysis according to baseline concentrations of tHcy and/or

The protocol should pre-specify data analysis according to factors that may interact with the

effect of B vitamin treatment, e.g., omega-3 fatty acids, other dementia risk factors and

anti-platelet drug use

*In this table, the term ‘B vitamins’ means those that are directly required for homocysteine metabolism, i.e., folate,
vitamin By, vitamin Bg. Vitamin B, may also influence homocysteine indirectly via its role as cofactor for MTHFR.

to learning effect). Folic acid treatment slowed the
decline in information processing and the effect was
greater in those participants with baseline tHcy above
the median. The folic acid group showed a larger
improvement in memory scores than the placebo
group and also showed an improvement in a com-
posite global cognitive function score. The authors
estimated that folic acid treatment gave an individ-
ual a performance of someone 4.7 years younger for
memory, 1.7 years younger for sensorimotor speed,
2.1 years younger for information processing speed,
and 1.5 years younger for global cognitive function.
These results show that lowering tHcy can slow some
of the cognitive changes that occur in natural aging.

Alzheimer disease cooperative study trial [38]

This trial in the USA included 340 participants
with a diagnosis of probable AD. Active treatment
was daily 5 mg folic acid, 1 mg B12, and 25 mg B6
for 18 months, which lowered tHcy by 26% (from
9.2 to 6.78 wmol/L). There was no significant dif-
ference between the placebo and active treatment
groups in several cognitive and clinical measures in
the whole cohort, but a subgroup analysis showed
an interaction between baseline Mini-Mental State
Examination (MMSE) score and B vitamin treatment
effect so that patients with a higher MMSE at base-
line showed significant benefit from B vitamins. A
similar effect was seen when patients with a base-
line Clinical Dementia Rating (CDR) score of 0.5
were studied: B vitamin treatment slowed the rate of

decline in MMSE over the 18 month period of the
trial (see Fig. 7 in the review by Smith & Refsum
[8]). These results suggest that B vitamin treatment
may be effective in patients with mild AD but not
in those in whom the disease has progressed to the
moderate stage.

VITACOG Trial (reviewed [8, 9])

The ‘Homocysteine and B Vitamins in Cognitive
Impairment’ trial was designed to see whether low-
ering tHcy by daily treatment with B vitamins (0.8 mg
folic acid, 0.5 mg B12, 20 mg B6) for 2 years would
slow the accelerated rate of whole brain atrophy in
people with MCI. Secondary outcomes were cogni-
tive and clinical changes. In the 168 participants who
underwent MRI scans, B vitamin treatment lowered
tHcy by 30.2% and slowed the rate of brain atrophy by
29.6% compared with the placebo group. The effect
of B vitamin treatment on brain atrophy was markedly
influenced by the baseline tHcy concentration: Partic-
ipants in the top quartile (>13 wmol/L tHcy) showed
a 53% slowing of brain atrophy rate. A strong effect
of baseline tHcy was also found for cognitive and
clinical assessments: Only those with tHcy above the
median (11.3 wmol/L) showed significant cognitive
decline in the placebo group. B vitamin treatment
slowed, or prevented, cognitive decline in those with
tHcy above the median for episodic memory, seman-
tic memory and global cognition (MMSE). B vitamin
treatment also had a beneficial effect on two clinical
measures (CDR and IQCODE) but only in partici-
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pants with tHcy > 13 wmol/L. Further voxel-based
analysis of the scan data from VITACOG showed that
B vitamin treatment markedly slowed, by 88.5%, the
rate of atrophy of those brain regions that are most
severely affected in AD. Bayesian directed acyclic
graph analysis demonstrated the following causal
pathway:

B vitamins (mainly B12) — lower tHcy —>
slow brain atrophy —> slow cognitive decline

These results are consistent with the view that low-
ering tHcey in those with MCI who have raised tHcy
slows down progression of the disease [9].

It should be noted that a post-hoc analysis of
blood samples from participants in the VITACOG
trial showed that it was only those with a good omega-
3 fatty acid status at baseline who benefitted from B
vitamin treatment with a slowing of brain atrophy
and of cognitive and clinical decline [39, 40]. This
result suggests that in future trials of B vitamins, it
will be important to maintain a good omega-3 fatty
acid status in the participants, or to administer a com-
bination of B vitamins and omega-3 fatty acids. The
VITACOG trial also confirmed findings from the car-
diovascular trials, i.e., that use of antiplatelet drugs
may interact with the B vitamin treatment, with ben-
eficial effects limited to those not taking the drugs.
Interesting, in VITACOG, use of NSAIDs did not
have the same effect as aspirin.

Overall, we conclude from this summary of the last
of Hill’s criteria that there is a great deal of ‘exper-
imental evidence’ consistent with a causal role of
raised tHcy in cognitive impairment. The many trials
that have reported no effect of B vitamins have all suf-
fered from flawed design, i.e., that the subjects were
unlikely to respond, or that cognitive decline was not
demonstrated in the placebo group.

CONCLUSIONS AND FUTURE
DIRECTIONS

We conclude, from the analysis of published find-
ings according to the principals proposed by Bradford
Hill, that raised tHcy is a strong and modifiable risk
factor for cognitive impairment and dementia.

Some potential public health implications fol-
low from this conclusion. Screening for raised tHcy
should be carried out in memory clinics and those
with raised tHcy should be offered supplementary B
vitamins. Such a procedure already occurs in Swe-
den [41]. Furthermore, a modelling study suggests
that this policy would be highly cost-effective in the

UK [42]. It will be important to identify a thresh-
old tHcy concentration above which clinical actions
are taken. In the latter modelling study, a value of >
13 wmol/L was used. This is the same cut-off value
used for recruitment into the FACIT trial and the
concentration at which B vitamin treatment in the
VITACOG trial had clinical benefits; it thus has a
sound basis. On the other hand, cognitive benefits
were demonstrated in VITACOG at levels in the
range 11-13 pmol/L and > 11 pmol/L was the cut-off
at which significant atrophy of the medial tempo-
ral lobe was detected in the original OPTIMA study.
Furthermore, a concentration of 11 wmol/L was the
threshold for the association of tHcy with impaired
spatial copying in the Normative Aging Study [22]
and in an epidemiological study from Scotland, the
incidence of dementia already increased at a tHcy
level of 10.8 pmol/L [43]. Should these latter find-
ings be confirmed, then a threshold of between 10 and
11 pwmol/L may be more appropriate. Threshold con-
centrations of 10 to 13 pmol/L would be well within
the normal range for tHcy found in the elderly [3].

There is clearly an urgent need for a large inter-
vention trial in accordance with the criteria shown
in Table 2 to see whether further cognitive decline
or conversion to dementia is slowed or prevented in
those with MCI who are given supplementary B vita-
mins (ideally together with omega-3 fatty acids). The
results we have summarized suggest to us that such
a trial would probably succeed if, but only if, the tar-
get group is likely to respond, i.e., have initial high
tHey and/or poor status of B vitamins involved in
homocysteine metabolism, and if the trial has suffi-
cient duration for those in the placebo group to show
further cognitive decline or dementia. If further large,
well-designed trials confirm that lowering tHcy slows
the development of dementia, then screening of tHcy
should be expanded to include all people over 65
years, i.e., the age that the rate of cognitive decline in
the population starts to accelerate.

DISCLOSURE STATEMENT

Authors’ disclosures available online (https://
www.j-alz.com/manuscript-disclosures/17-1042r2).

REFERENCES

[1] McCaddon A, Davies G, Hudson P, Tandy S, Cattell H
(1998) Total serum homocysteine in senile dementia of
Alzheimer type. Int J Geriatr Psychiatry 13, 235-239.


https://www.j-alz.com/manuscript-disclosures/17-1042r2
https://www.j-alz.com/manuscript-disclosures/17-1042r2

(2]

[4]
[3]
(6]

(71

(8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

A.D. Smith et al. / Homocysteine and Dementia 569

Clarke R, Smith AD, Jobst KA, Refsum H, Sutton L, Ueland
PM (1998) Folate, vitamin B12, and serum total homocys-
teine levels in confirmed Alzheimer disease. Arch Neurol
55, 1449-1455.

Refsum H, Smith AD, Ueland PM, Nexo E, Clarke R,
McPartlin J, Johnston C, Engbaek F, Schneede J, McPartlin
C, Scott JM (2004) Facts and recommendations about
total homocysteine determinations: An expert opinion. Clin
Chem 50, 3-32.

Diaz-Arrastia R (1998) Hyperhomocysteinemia: A new risk
factor for Alzheimer disease? Arch Neurol 55, 1407-1408.
McCaddon A (2006) Homocysteine and cognition—a histor-
ical perspective. J Alzheimers Dis 9, 361-380.

Smith AD (2008) The worldwide challenge of the demen-
tias: A role for B vitamins and homocysteine? Food Nutr
Bull 29, S143-172.

McCaddon A, Miller JW (2015) Assessing the associa-
tion between homocysteine and cognition: Reflections on
Bradford Hill, meta-analyses and causality. Nutr Rev 73,
723-735.

Smith AD, Refsum H (2016) Homocysteine, B vitamins,
and cognitive impairment. Annu Rev Nutr 36, 211-239.
Smith AD, Refsum H (2017) Dementia prevention by
disease-modification through nutrition. J Prev Alzheimers
Dis 4, 138-139.

Rothman KJ (1976) Causes. Am J Epidemiol 104, 587-
592.

Refsum H, Nurk E, Smith AD, Ueland PM, Gjesdal CG,
Bjelland I, Tverdal A, Tell GS, Nygard O, Vollset SE (2006)
The Hordaland Homocysteine Study: A community-based
study of homocysteine, its determinants, and associations
with disease. J Nutr 136, 1731S-1740S.

Douaud G, Refsum H, de Jager CA, Jacoby R, Nichols
TE, Smith SM, Smith AD (2013) Preventing Alzheimer’s
disease-related gray matter atrophy by B-vitamin treatment.
Proc Natl Acad Sci U S A 110, 9523-9528.

Hill AB (1965) The environment and disease: Association
or causation? Proc Roy Soc Med 58, 295-300.

Rothman KJ, Greenland S (2005) Causation and causal
inference in epidemiology. Am J Public Health 95(Suppl 1),
S144-150.

Xu W, Tan L, Wang HF, Jiang T, Tan MS, Tan L, Zhao QF,
Li JQ, Wang J, Yu JT (2015) Meta-analysis of modifiable
risk factors for Alzheimer’s disease. J Neurol Neurosurg
Psychiatry 86, 1299-1306.

Hu Q, Teng W, Li J, Hao F, Wang N (2016) Homo-
cysteine and Alzheimer’s Disease: Evidence for a causal
link from Mendelian Randomization. J Alzheimers Dis 52,
747-756.

Beydoun MA, Beydoun HA, Gamaldo AA, Teel A, Zon-
derman AB, Wang Y (2014) Epidemiologic studies of
modifiable factors associated with cognition and dementia:
Systematic review and meta-analysis. BMC Public Health
14, 643.

Seshadri S, Beiser A, Selhub J, Jacques PF, Rosenberg
IH, D’Agostino RB, Wilson PW, Wolf PA (2002) Plasma
homocysteine as a risk factor for dementia and Alzheimer’s
disease. N Engl J Med 346, 476-483.

Zylberstein DE, Lissner L, Bjorkelund C, Mehlig K, Thelle
DS, Gustafson D, Ostling S, Waern M, Guo X, Skoog
I (2011) Midlife homocysteine and late-life dementia in
women. A prospective population study. Neurobiol Aging
32, 380-386.

Ravaglia G, Forti P, Maioli F, Martelli M, Servadei L,
Brunetti N, Porcellini E, Licastro F (2005) Homocysteine

[21]

[22]

(23]

[24]

[25]

(26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

(35]

[36]

and folate as risk factors for dementia and Alzheimer dis-
ease. Am J Clin Nutr 82, 636-643.

Oulhaj A, Refsum H, Beaumont H, Williams J, King E,
Jacoby R, Smith AD (2010) Homocysteine as a predictor
of cognitive decline in Alzheimer’s disease. Int J Geriatr
Psychiatry 25, 82-90.

Tucker KL, Qiao N, Scott T, Rosenberg I, Spiro A, 3rd
(2005) High homocysteine and low B vitamins predict cog-
nitive decline in aging men: The Veterans Affairs Normative
Aging Study. Am J Clin Nutr 82, 627-635.

Obeid R, Herrmann W (2006) Mechanisms of homocysteine
neurotoxicity in neurodegenerative diseases with special
reference to dementia. FEBS Lett 580, 2994-3005.
McCaddon A, Hudson PR (2007) Alzheimer’s disease,
oxidative stress and B-vitamin depletion. Future Neurol 2,
537-547.

Zhuo JM, Wang H, Pratico D (2011) Is hyperhomocysteine-
mia an Alzheimer’s disease (AD) risk factor, an AD marker,
or neither? Trends Pharmacol Sci 32, 562-571.

Liu SL, Wang C, Jiang T, Tan L, Xing A, Yu JT (2016)
The role of Cdk5 in Alzheimer’s disease. Mol Neurobiol
53, 4328-4342.

Li JG, Barrero C, Merali S, Pratico D (2017) Five lipoxy-
genase hypomethylation mediates the homocysteine effect
on Alzheimer’s phenotype. Sci Rep 7, 46002.

Obeid R, Kasoha M, Knapp JP, Kostopoulos P, Becker G,
Fassbender K, Herrmann W (2007) Folate and methylation
status in relation to phosphorylated Tau protein(181P) and
beta-amyloid(1-42) in cerebrospinal fluid. Clin Chem 53,
1129-1136.

Hooshmand B, Polvikoski T, Kivipelto M, Tanskanen M,
Myllykangas L, Erkinjuntti T, Makela M, Oinas M, Pae-
tau A, Scheltens P, van Straaten EC, Sulkava R, Solomon
A (2013) Plasma homocysteine, Alzheimer and cerebrovas-
cular pathology: A population-based autopsy study. Brain
136, 2707-2716.

Li JG, Chu J, Barrero C, Merali S, Pratico D (2014)
Homocysteine exacerbates beta-amyloid, tau pathology and
cognitive deficit in a mouse model of Alzheimer disease with
plaques and tangles. Ann Neurol 75, 851-863.

Kruman, II, Kumaravel TS, Lohani A, Pedersen WA, Cutler
RG, Kruman Y, Haughey N, Lee J, Evans M, Mattson MP
(2002) Folic acid deficiency and homocysteine impair DNA
repair in hippocampal neurons and sensitize them to amy-
loid toxicity in experimental models of Alzheimer’s disease.
J Neurosci 22, 1752-1762.

Langmeier M, Folbergrova J, Haugvicova R, Pokorny J,
Mares P (2003) Neuronal cell death in hippocampus induced
by homocysteic acid in immature rats. Epilepsia 44, 299-
304.

Jakubowski H, Glowacki R (2011) Chemical biology of
homocysteine thiolactone and related metabolites. Adv Clin
Chem 55, 81-103.

Sharma GS, Kumar T, Dar TA, Singh LR (2015) Protein
N-homocysteinylation: From cellular toxicity to neurode-
generation. Biochim Biophys Acta 1850, 2239-2245.

Nurk E, Refsum H, Tell GS, Engedal K, Vollset SE,
Ueland PM, Nygaard HA, Smith AD (2005) Plasma total
homocysteine and memory in the elderly: The Hordaland
Homocysteine study. Ann Neurol 58, 847-857.

Clarke R, Bennett D, Parish S, Lewington S, Skeaff M,
Eussen SJ, Lewerin C, Stott DJ, Armitage J, Hankey GJ,
Lonn E, Spence JD, Galan P, de Groot LC, Halsey J, Dan-
gour AD, Collins R, Grodstein F; B-Vitamin Treatment
Trialists’ Collaboration (2014) Effects of homocysteine



570

[37]

[38]

[39]

[40]

[41]

A.D. Smith et al. / Homocysteine and Dementia

lowering with B vitamins on cognitive aging: Meta-analysis
of 11 trials with cognitive data on 22,000 individuals. Am J
Clin Nutr 100, 657-666.

Durga J, van Boxtel MP, Schouten EG, Kok FJ, Jolles J,
Katan MB, Verhoef P (2007) Effect of 3-year folic acid
supplementation on cognitive function in older adults in the
FACIT trial: A randomised, double blind, controlled trial.
Lancet 369, 208-216.

Aisen PS, Schneider LS, Sano M, Diaz-ArrastiaR, van Dyck
CH, Weiner MF, Bottiglieri T, Jin S, Stokes KT, Thomas
RG, Thal LJ (2008) High-dose B vitamin supplementation
and cognitive decline in Alzheimer disease: A randomized
controlled trial. JAMA 300, 1774-1783.

Jernerén F, Elshorbagy AK, Oulhaj A, Smith SM, Refsum
H, Smith AD (2015) Brain atrophy in cognitively impaired
elderly: The importance of long-chain omega-3 fatty acids
and B vitamin status in a randomized controlled trial. Am J
Clin Nutr 102, 215-221.

Oulhaj A, Jernerén F, Refsum H, Smith AD, de Jager CA
(2016) Omega-3 fatty acid status enhances the prevention
of cognitive decline by B vitamins in mild cognitive impair-
ment. J Alzheimers Dis 50, 547-557.

Lokk J (2013) B-vitaminer kan provas vid kognitiv svikt.
Lakartidningen 110, 1528.

[42]

[43]

[44]

[45]

[46]

[47]

Tsiachristas A, Smith AD (2016) B-vitamins are poten-
tially a cost-effective population health strategy to tackle
dementia: Too good to be true? Alzheimers Dement (NY) 2,
156-161.

Whalley LJ, Duthie SJ, Collins AR, Starr JM, Deary 1J,
Lemmon H, Duthie AC, Murray AD, Staff RT (2014)
Homocysteine, antioxidant micronutrients and late onset
dementia. Eur J Nutr 53, 277-285.

Van Dam F, Van Gool WA (2009) Hyperhomocysteinemia
and Alzheimer’s disease: A systematic review. Arch Geron-
tol Geriatr 48, 425-430.

Wald DS, Kasturiratne A, Simmonds M (2011) Serum
homocysteine and dementia: Meta-analysis of eight cohort
studies including 8669 participants. Alzheimers Dement 7,
412-417.

Nie T, Lu T, Xie L, Huang P, Lu Y, Jiang M (2014)
Hyperhomocysteinemia and risk of cognitive decline: A
meta-analysis of prospective cohort studies. Eur Neurol 72,
241-248.

Shen L, Ji HF (2015) Associations between homocysteine,
folic acid, vitamin B12 and Alzheimer’s disease: Insights
from meta-analyses. J Alzheimers Dis 46, 777-790.





