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Introduction
Stroke is the third most common cause of death in more
developed countries.1 About 80% of strokes are
thromboembolic (ischaemic) in origin and the
remainder are haemorrhagic.1–3 In the UK, stroke is the
largest single cause of severe disability with more than
125 000 incident strokes  and about 60 000 deaths due to
stroke each year.2 Because treatments for stroke are
limited, the best approach to reduce mortality and
morbidity is primary prevention through modification of
acquired risk factors (eg, high blood pressure, smoking,
diabetes, and atrial fibrillation).3

Data from cohort and case-control studies suggest that
a raised circulating concentration of homocysteine is
associated with a higher risk of stroke.4–6 However,
homocysteine concentration is also related to smoking
status, blood pressure, and social class and is higher in
people with existing atherosclerosis than in those
without.7,8 Therefore, this relation could be subject to
residual confounding, reverse-causality bias, or both.7,8

A common functional polymorphism, C677T, in the
gene encoding methylenetetrahydrofolate reductase
(MTHFR), an enzyme involved in homocysteine
metabolism, has been associated with differences in
homocysteine concentration.4,9,10 Since carriage of this
variant is subject to the random assortment of maternal
and paternal alleles at the time of gamete formation,

according to Mendel’s second law11 associations between
MTHFR genotype and homocysteine concentration or
stroke should not be subject to reverse-causality bias and
should also be largely free from confounding by other
determinants of homocysteine concentration or risk
factors for stroke.9 Moreover, genotype is a fixed
characteristic, so there is unlikely to be regression-
dilution bias, which results from measurement error
and biological variability of the exposure under
assessment and leads to underestimation of the associa-
tion between a risk factor and disease.12,13 Therefore, if
homocysteine increases the risk of stroke, carriage of the
MTHFR polymorphism that exposes individuals to an
increased homocysteine concentration should confer an
increased risk of stroke proportional to the difference in
homocysteine concentration attributable to variant and
to the relative risk observed in non-genetic observational
studies.

The investigation of consistency between risk esti-
mates obtained from genotype–disease studies and
those from phenotype–disease studies, to provide
insight into the nature of the observed associations, has
been referred to as “mendelian randomisation”.12,13 This
approach has been used to test the nature of the
association between homocysteine concentration and
coronary heart disease, venous thromboembolism, and
stroke.4,9 However, in the previous genetic analyses of
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Summary
Background Individuals homozygous for the T allele of the MTHFR C677T polymorphism have higher plasma

homocysteine concentrations (the phenotype) than those with the CC genotype, which, if pathogenetic, should put

them at increased risk of stroke. Since this polymorphism is distributed randomly during gamete formation, its

association with stroke should not be biased or confounded. We investigated consistency between the expected odds

ratio for stroke among TT homozygotes, extrapolated from genotype–phenotype and phenotype–disease studies, and

the observed odds ratio from a meta-analysis of genotype–disease association studies.

Methods We searched MEDLINE and EMBASE up to June, 2003, for all relevant studies on the association between

homocysteine concentration and the MTHFR polymorphism, and until December, 2003, for those on the association

between the polymorphism and the risk of stroke. Pooled odds ratios and 95% CI were calculated by random-effects

and fixed-effects models. Consistency between expected and observed odds ratios was assessed by interaction test.

Findings 111 studies met the selection criteria. Among 15 635 people without cardiovascular disease, the weighted

mean difference in homocysteine concentration between TT and CC homozygotes was 1·93 µmol/L (95% CI 1·38 to

2·47). The expected odds ratio for stroke corresponding to this difference based on previous observational studies

was 1·20 (1·10 to 1·31). In our genetic meta-analysis (n=13 928) the odds ratio for stroke was 1·26 (1·14 to 1·40) for

TT versus CC homozygotes, similar to the expected odds ratio (p=0·29). Consistency between the odds ratios was

preserved in analyses by age-group, ethnic background, and geographical location.

Interpretation The observed increase in risk of stroke among individuals homozygous for the MTHFR T allele is

close to that predicted from the differences in homocysteine concentration conferred by this variant. This

concordance is consistent with a causal relation between homocysteine concentration and stroke.
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the MTHFR polymorphism and stroke, the number of
available studies was small. Also, information on the
relative effect of the MTHFR polymorphism on
homocysteine concentration in different geographical
locations, ethnic groups, and age-groups was limited.4

Demonstration that homocysteine concentration is
causally related to the development of stroke would have
important implications in primary prevention, because
administration of folic acid is known to lower
homocysteine concentrations,14 and a policy of
fortification of cereal with folic acid to lower the
incidence of neural-tube defects has already been
undertaken in North America.

We have carried out two updated and comprehensive
meta-analyses. In the first, we investigated the extent to
which homocysteine concentrations are determined by
the MTHFR C677T polymorphism. We also assessed the
effect of pre-existing cardiovascular disease, geograph-
ical location, ethnic background, and age on this
association. In the second meta-analysis, we estimated
the odds ratio of stroke conferred by the TT genotype.
Our meta-analysis of MTHFR C677T polymorphism and
homocysteine concentration includes data from 48 more
studies than a previous meta-analysis4 and extends the
observations to people without cardiovascular disease.
Our meta-analysis of the MTHFR C677T polymorphism
and stroke includes data from 23 more studies than the
previous meta-analysis4 and assessed the robustness of
the results by sensitivity analysis.

Methods
Two electronic databases (MEDLINE and EMBASE) were
searched up to June, 2003, for all studies on the
association between the MTHFR C677T polymorphism
and homocysteine concentrations and up to December,
2003, for studies on the association between the MTHFR
C677T polymorphism and stroke. For the first search, we
used the text words, which were also MeSH terms,
“polymorphism”, “mutation”, “genes”, and “cardiovas-
cular disease” in combination with “homocysteine”. For
the second search, the terms used were “stroke”, “brain
infarction”, “cerebral isch(a)emia”, “h(a)emorrhagic
stroke” and “silent brain infarction” in combination with
“genetic”, “polymorphism”, “mutation”, or “genes”. Both
literature searches were limited to “human” and “English
Language”. We searched for any additional studies in the
references of all identified publications, including
previous relevant meta-analyses.4,15,16

Selection criteria
For inclusion in the meta-analysis on homocysteine
concentrations and the MTHFR polymorphism, studies
had to have an analytical design (case-control, cohort, or
cross-sectional) and had to examine the association
between homocysteine concentrations and the polymor-
phism. Studies were included only if they were
published as full-length articles or letters in peer-

reviewed journals. For duplicate publications the smaller
dataset was excluded.

For inclusion in the meta-analysis on MTHFR and
stroke, studies had to involve unrelated individuals and
to examine the associations between ischaemic or
haemorrhagic stroke and the presence of the polymor-
phism. For the main comparison, only studies published
as full-length articles or letters in peer-reviewed journals
in English were included. However, to assess the
robustness of the association, we did a sensitivity
analysis that included silent brain infarction as an
outcome, non-full-text papers, and papers published in
languages other than English. In all searches, when
relevant information was not reported or there was
doubt about duplicate publications, we contacted the
authors to obtain the required information.

Data extraction
Data for analysis (country of origin, study design, mean
age of participants, frequency of genotypes and alleles,
homocysteine and folate concentrations, ethnic back-
ground, and frequency of cardiovascular risk factors)
were extracted and entered into databases by two of us
(JPC and PS). The results were compared and disagree-
ments resolved by consensus.

Statistical analysis
We obtained a summary estimate of the effect of raised
plasma homocysteine concentrations on risk of stroke
from a recently published meta-analysis by Wald and
others of eight prospective studies, which included
676 stroke cases, mainly ischaemic in aetiology, in
white people, carried out in European and North
American countries.4 In that analysis, a difference of
5 �mol/L in plasma homocysteine was associated with
an odds ratio for stroke of 1·59 (95% CI 1·29 to 1·96)
adjusted for confounding variables and for regression-
dilution bias.4 We did a meta-analysis to obtain the
weighted mean difference in plasma homocysteine
concentrations between individuals homozygous for
the T allele and those homozygous for the C allele. The
weighted mean difference was obtained separately for
people with and without known cardiovascular disease
(ischaemic heart disease, stroke, or venous thrombosis)
and for both groups combined. For these analyses, a
random-effects model17 was used to allow for any
heterogeneity across studies. Estimates of the weighted
mean difference were obtained for different age-
groups, by geographical location, and by ethnic
background. We then did a second meta-analysis of all
published studies to obtain a summary odds ratio for
all strokes for individuals homozygous for the T allele
compared with those homozygous for the C allele.
Fixed-effects summary odds ratios and 95% CI were
calculated by the Mantel-Haenszel method,18,19 and
DerSimonian and Laird’s method17 was used to
calculate random-effects summary odds ratios and
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their 95% CI. Also, to test the robustness of our
findings, we calculated different odds ratios according
to outcome (ischaemic stroke confirmed by MRI or CT,
haemorrhagic stroke, or silent brain infarction), ethnic
background (white and non-white), publication
language (English and other), and type of publication
(full text or abstract).

We used the DerSimonian and Laird Q test20 to assess
the degree of heterogeneity between studies, and funnel
plots and Egger’s regression asymmetry test to assess
small-study bias, of which publication bias is one
potential cause.21 In addition, the influence of individual
studies on the summary odds ratio was investigated by
re-estimation and plotting of the summary odds ratio in
the absence of each study. Meta-regression was used to
assess the extent to which different variables explained
heterogeneity in the weighted mean difference and in
the summary odds ratios.22 Finally, we used the weighted
mean difference in homocysteine concentration by
MTHFR C677T polymorphism to estimate an expected
increase in the risk of stroke assuming that an increase
of 5 �mol/L in plasma homocysteine would be associ-
ated with an odds ratio for stroke of 1·59 (1·26–1·96)
and that this association follows a log-linear relation.4

The uncertainty surrounding the expected odds ratio is a
function of the variability of the weighted mean
difference in homocysteine by genotype and the
variability of the summary odds ratio from Wald’s meta-
analysis4 and cannot be directly calculated. Therefore, to
obtain a 95% CI for this odds ratio, we generated a
million values from a normal distribution with mean
and SD equal to the weighted mean difference and its
SE, and a million values from a normal distribution with
mean and SD equal to the natural logarithm of the
summary odds ratio from Wald’s meta-analysis4 and its
SE (calculated from its 95% CI). We used the simulated
values to calculate a million estimates of this odds ratio
and took the 2·5% and 97·5% centile values of the
created empirical distribution as 95% confidence limits.
Then the expected odds ratio was compared with the
summary odds ratio obtained from the meta-analysis of
genetic studies by means of an interaction test.23

Consistency between the two odds ratios would indicate
that the association between plasma homocysteine
concentration and stroke seen in non-genetic
epidemiological studies is unlikely to be severely
affected by residual or reverse-causality bias. Data were
analysed by use of the Review Manager software (version
4.2) from the Cochrane Collaboration 2003 and Stata
(version 8.0).

Role of the funding source
No funding source had any role in study design;
collection, analysis, or interpretation of data; or the
writing of the report. All authors had full access to all the
data in the study, and all took full responsibility for the
decision to submit the paper for publication.

Results
The primary search for studies on homocysteine and the
MTHFR C677T polymorphism generated 104
potentially relevant studies (see webreferences, num-
bered w1–w145, at http://image.thelancet.com/extras/
03art11437webreferences.pdf) of which 81 met the
selection criteria (w1–w81). Of the 23 articles excluded, 16
(w82–w97) did not provide sufficient data for us to
calculate the weighted mean difference between the
genotypes, and the relevant information could not be
obtained from the authors. Two (w98, w99) were
discarded as probable duplication, and five (w100–w104)
reported only the homocysteine concentrations for TT
homozygotes and C-allele carriers but not for the CC
genotype alone.

Of the 81 studies included (31 355 individuals),
information for the main comparison (TT vs CC
genotype) was available for 15 635 people without
known cardiovascular disease, 6312 with cardio-
vascular disease, and for 9408 reported only as the
combination of individuals with and without cardio-
vascular disease.

Among individuals without cardiovascular disease
(webreferences w1–w41), the weighted mean difference
in plasma homocysteine between those homozygous for
the T allele and those homozygous for the C allele was
1·93 �mol/L (95% CI 1·38 to 2·47; p<0·0001, figure 1).
There was significant inter-study heterogeneity (p for
heterogeneity <0·0001). From the variables examined
in a meta-regression analysis, the only major source of
heterogeneity detected was the mean concentration of
serum folate. The weighted mean difference in plasma
homocysteine concentrations comparing the TT and CC
genotypes was 0·048 �mol/L less for each 1 nmol/L
increase in mean serum folate (p=0·035). The weighted
mean difference in homocysteine concentration was
lower in studies done in North America than in those
done in Europe or other continents (table 1).
Conversely, the weighted mean serum folate concentra-
tion was higher in North American (25·3 nmol/L [7·3
to 43·3]) than in European studies (13·6 nmol/L [11·4
to 15·6]) and those conducted in other continents (15·3
nmol/L [9·0 to 21·6]). No other sources of hetero-
geneity by age (p=0·94), ethnic background (white vs
other; p=0·62), smoking status (p=0·41), or sex
(p=0·57) were observed in a meta-regression analysis of
studies in which these variables were reported.

The distribution of the weighted mean difference in
relation to its SD in the funnel plot was symmetrical,
and the result of Egger’s test was not significant
(p=0·72) providing no positive evidence for small-study
bias. Visual assessment of a graph of the individual
weighted mean difference for each study showed that
none of the studies had an undue influence on the
overall weighted mean difference.

Among people with cardiovascular disease (w2, w4, w7,
w11, w16, w21, w26, w27, w29, w32, w37, w39– w55), the
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mean homocysteine concentration was 4·35 �mol/L
(3·22 to 5·49; p<0·0001) higher for those homozygous for
the T allele than for those homozygous for the C allele. A
meta-regression analysis indicated that the greater
difference in homocysteine by genotype among people
with cardiovascular disease was explained partly by lower
serum folate concentrations (the crude � coefficient for
disease status was 3·04; after adjustment for serum folate
it was 2·73).

When the data from all studies, including those that
investigated individuals with and without cardiovascular
disease without distinction, were combined (w1–w81),
the weighted mean difference for homozygotes for the
T allele against homozygotes for the C allele was
3·10 �mol/L (2·54 to 3·65; p<0·0001).

According to a previous meta-analysis of prospective
studies,4 a plasma homocysteine concentration higher by
5 �mol/L corresponds to an odds ratio for stroke of 1·59

w1
w2
w3
w4 (Asian)
w5
w6
w7
w8
w9 (women)
w10
w11
w12
w13
w14
w15
w16
w17
w18
w4 (European)
w19
w20
w21
w22
w23
w9 (men)
w24
w25
w26
w27
w28
w29
w30
w31
w32
w33
w34
w35
w36
w37
w38
w39
w40
w41

Weighted mean (95% CI)

Test for overall effect p<0·0001

9
7

14
12
21
17
96
69
36
11
10
30

149
5

23
6

49
64
41
12
12
39
55

246
36

119
43

8
81
37
16
20
42
76
20

206
27
12
39

6
39

5
22

1887

75
71
67

279
64
14

120
212
161
100

27
96

149
19

100
57

117
916
188

51
29

135
150

1361
184
249
154

31
352
204

42
28
42

135
20

983
39
25
45
26
65
21
49

7252

4·20 (1·00)
11·60 (2·60)

9·10 (2·30)
10·40 (4·10)

8·47 (3·52)
5·40 (0·60)
9·80 (3·59)
9·80 (7·10)

11·10 (3·20)
11·90 (3·04)

9·00 (4·40)
11·00 (2·73)
10·40 (3·73)

9·10 (2·60)
7·50 (1·90)

14·10 (5·08)
11·20 (5·30)
11·43 (3·59)
11·60 (5·50)

9·80 (4·59)
10·70 (5·30)
12·00 (4·12)
11·67 (6·66)

9·80 (3·59)
14·10 (4·10)
12·50 (2·20)
13·48 (7·00)
12·90 (5·30)
12·20 (2·07)
11·50 (6·20)
12·30 (1·40)
12·70 (2·70)
12·50 (5·70)
13·40 (5·23)
16·20 (5·80)
17·10 (3·59)
15·10 (6·00)

16·61 (11·63)
18·10 (14·10)
19·90 (10·00)
15·60 (12·70)

  19·70 (35·41)

5·50 (1·80)
12·50 (6·00)

9·90 (2·70)
11·00 (4·10)

8·51 (1·86)
5·30 (0·90)
9·30 (3·98)
9·00 (4·90)

10·20 (2·90)
10·90 (2·15)

8·00 (2·20)
10·00 (2·93)

9·40 (3·11)
8·00 (1·60)
6·40 (1·11)

12·97 (2·44)
9·80 (2·70)

10·02 (3·98)
10·10 (2·90)

8·30 (3·27)
9·00 (2·70)

10·13 (5·00)
9·76 (3·89)
7·80 (3·98)

12·00 (3·50)
10·30 (3·90)
10·85 (3·79)
10·20 (5·20)

9·30 (1·02)
8·60 (2·91)
9·10 (1·00)
9·30 (1·60)
8·80 (2·40)
9·70 (5·80)

12·10 (2·50)
12·90 (3·98)
10·50 (3·30)

9·33 (2·55)
10·10 (2·70)
11·40 (2·90)

6·60 (1·90)
11·50 (4·26)

 �1·30 (�2·07 to �0·53)
 �0·90 (�3·28 to 1·48)
 �0·80 (�2·17 to 0·57)
 �0·60 (�2·97 to 1·77)
 �0·04 (�1·61 to 1·53)
      0·10 (�0·45 to 0·65)
      0·50 (�0·51 to 1·51)
      0·80 (�1·00 to 2·60)
      0·90 (�0·24 to 2·04)
      1·00 (�0·85 to 2·85)
      1·00 (�1·85 to 3·85)
      1·00 (�0·14 to 2·14)
      1·00 (0·22 to 1·78)
      1·10 (�1·29 to 3·49)
      1·10 (0·29 to 1·91)
      1·13 (�2·98 to 5·24)
      1·40 (�0·16 to 2·96)
      1·41 (0·49 to 2·33)
      1·50 (�0·23 to 3·23)
      1·50 (�1·25 to 4·25)
      1·70 (�1·46 to 4·86)
      1·87 (0·33 to 3·41)
      1·91 (0·04 to 3·78)
      2·00 (1·50 to 2·50)
      2·10 (0·67 to 3·53)
      2·20 (1·57 to 2·83)
      2·63 (0·45 to 4·81)
      2·70 (�1·40 to 6·80)
      2·90 (2·44 to 3·36)
      2·90 (0·86 to 4·94)
      3·20 (2·45 to 3·95)
      3·40 (2·08 to 4·72)
      3·70 (1·83 to 5·57)
      3·70 (2·17 to 5·23)
      4·10 (1·33 to 6·87)
      4·20 (3·65 to 4·75)
      4·60 (2·11 to 7·09)
      7·28 (0·62 to 13·94)
      8·00 (3·51 to 12·49)
      8·50 (0·42 to 16·58)
      9·00 (4·99 to 13·01)
   10·14 (4·42 to 15·86)
   11·30 (�3·80 to 26·40)

1·93 (1·38 to 2·47)

Lower Higher
Concentration

�10 �5 0 5 10

Weighted mean
difference, �mol/L 
(95% CI)

N

TT

NMean (SD) 
homocysteine
concentration,
�mol/L 

Mean (SD)
homocysteine
concentration,
�mol/L

CC

  8·40 (10·71)
21·64 (6·19)

Study webreference

Figure 1: Weighted mean differences in plasma homocysteine concentration according to the MTHFR C677T genotype (TT vs CC) among people without
known cardiovascular disease
For webreferences see http://image.thelancet.com/extras/03art11437webreferences.pdf. The total number of people without known cardiovascular disease included
in the meta-analysis was 15 635 (TT 1887, CT 6496, CC 7252).
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(1·29 to 1·96). A difference in homocysteine
concentration of 1·93 �mol/L (1·38 to 2·47) in healthy
individuals with the TT genotype would therefore result in
an expected odds ratio for stroke of 1·20 (1·10 to 1·31)
compared with individuals homozygous for the C allele, if
the association between homocysteine and risk of stroke
follows a log-linear relation (table 2), and is free from
confounding and reverse-causality bias. Expected odds
ratios for stroke derived from differences in homocysteine
by genotype in all individuals without cardiovascular
disease, and also separately by ethnic background,
geographical location, and mean age are summarised in
table 2.

Of the 49 potentially relevant studies identified in the
primary search for the meta-analysis on the MTHFR
C677T polymorphism and stroke, 30 met the selection
criteria (w40, w47, w53, w59, w71, w105–w128). Of the
19 articles excluded for the purpose of the main
comparison, three (w129–w131) were published in non-

English journals, two (w132, w133) reported the
outcome silent brain infarction, and five (w134–w138)
were published only as abstracts. Though excluded from
the main comparison, these studies were used in a
sensitivity analysis. Of the remaining nine publications
excluded, five studies (w62, w139–w142) encompassed
some duplication. Four (w103, w143–w145) did not
report the genotype frequency, and the relevant
information could not be obtained from the authors. Of
the 30 studies (a total of 6324 cases and 7604 controls)
included, 19 were in white people, ten involved Asian
participants, and one included both white individuals
and people of Afro-Caribbean origin.

The summary odds ratio, under a fixed-effects model,
indicated that individuals with the TT genotype
compared with those homozygous for the C allele had an
odds ratio for stroke of 1·26 (1·14 to 1·40; p<0·0001;
figure 2). There was significant heterogeneity among the
results of individual studies (p for heterogeneity=0·034).
A sensitivity analysis showed that the study by Morita
and colleagues (w47) was the main cause of the
heterogeneity. After exclusion of this study, the
heterogeneity was no longer significant (p=0·32) but the
estimate of the overall effect changed very little and
remained significant (odds ratio 1·20 [1·08 to 1·34];
p=0·0006). Similarly, a random-effects model that took
into account the variability within and between studies
resulted in a similar overall estimate (1·26 [1·07 to
1·47]; p=0·004). A meta-regression analysis showed that
ethnic background (white vs other, p=0·23) and the
presence of risk factors such as age (p=0·38), sex
(p=0·46), hypertension (p=0·15), smoking (p=0·43),
and diabetes (p=0·10) were not significant sources of
heterogeneity in a group of 20 studies (w47, w53, w59,
w105, w108, w109, w111, w116–w127) with information
on all these variables.

The distribution of the odds ratio in relation to its SD
in the funnel plot was symmetrical, and the result of
Egger’s test was not significant (p=0·32) providing no
positive evidence of small-study bias. No individual
study had an undue influence on the summary odds
ratio. A sensitivity analysis showed a robust association
between the MTHFR C677T polymorphism and stroke
(figure 3). No significant changes in the summary odds
ratio were detected after addition of studies published in
languages other than English (w129–w131) or in abstract
form (w134–w138), or those that used the outcome silent
brain infarction (w132, w133). Similarly, no differences
in the summary odds ratio were observed when the
analysis was restricted according to ethnic background
or to studies in which the outcome was solely ischaemic
stroke (figure 3). Data from five studies (w106, w110,
w111, w118, w129; 611 cases and 2405 controls) for
which information was available on the association of
the MTHFR C677T polymorphism and haemorrhagic
stroke (TT vs CC) gave a summary odds ratio of 1·16
(0·90 to 1·50; p=0·25), under a fixed-effects model.

Number of Number Weighted mean p
participants of studies difference, �mol/L

(95% CI)

All studies 9139 43 1·93 (1·38 to 2·47) <0·0001
Ethnic background
White 6948 32 1·96 (1·41 to 2·51) <0·0001
Other 2191 11 1·83 (0·58 to 3·09) 0·004
Mean age
40 years or older 8575 36 1·96 (1·46 to 2·47) <0·0001
Less than 40 years 564 7 1·66 (0 to 3·31) 0·05
Geographical location
Europe 7031 26 2·04 (1·45 to 2·64) <0·0001
North America 1027 8 0·57 (–0·28 to 1·42) 0·19
Other continents 1081 9 2·97 (1·72 to 4·22) <0·0001

European and 7742 29 1·84 (1·29 to 2·39) <0·0001
North-American, 
mean age 40 years
or older 
White people 6747 29 1·95 (1·39 to 2·51) <0·0001
mean age 40 
years or older

Table 1: Weighted mean difference in plasma homocysteine
concentrations according to the MTHFR C677T genotype (TT vs CC)
among people without cardiovascular disease

Expected odds ratio for stroke Observed genetic odds ratio p‡
(95% CI)* (95% CI)†

Main comparison
All studies 1·20 (1·10 to 1·31) 1·26 (1·14 to 1·40) 0·29
Secondary comparisons
Studies with mean age 40 years or older 1·20 (1·10 to 1·30) 1·26 (1·14 to 1·40)§ 0·30
Europe and North America only 1·17 (1·09 to 1·27) 1·21 (1·02 to 1·43) 0·37
White people only 1·20 (1·10 to 1·31) 1·19 (1·02 to 1·39) 0·39

All odds ratios are based on comparisons of TT vs CC genotypes. *Odds ratios were calculated only for individuals without
cardiovascular disease. Mean expected odds ratios were calculated with the formula: expected odds ratio=1·59 raised to the
power of d/5, where d=weighted mean difference in homocysteine by genotype, on the assumption that a 5 �mol/L increase in
homocysteine is associated with an odds ratio for stroke of 1·59.4 †Odds ratios obtained from the meta-analysis of
genotype–disease association studies of MTHFR C677T and stroke. ‡For the comparison by use of an interaction test. §The
weighted mean age was 58 years for cases and 53 years for controls.

Table 2: Assessment of consistency between odds ratios derived by extrapolation from
phenotype–disease studies and those derived from meta-analysis of genetic studies
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Estimates of odds ratios for TT homozygous
individuals in comparison with those who had the CC
genotype, extrapolated from the genotype effect on
homocysteine and the homocysteine–stroke association,
were mathematically very similar to those from our
genotype–disease meta-analysis (table 2). The p value for
interaction for the main comparison of the study, the
non-genetic and genetic odds ratios for stroke in TT
versus CC individuals, derived from all the data, was
0·29. Therefore, there was no evidence of a significant
difference between the expected odds ratio estimated
from the increment in the homocysteine concentrations
by genotype (MTHFR C677T) and that observed from
the genotype–disease meta-analysis. Moreover, no sig-
nificant differences between estimated odds ratios were
observed when similar comparisons were done among
more homogeneous groups defined by geographical
location, ethnic background, or mean age (table 2). In all
the comparisons, the expected odds ratios were within
the 95% CI of the corresponding observed odds ratio
obtained from the genetic association studies.

Discussion
The main finding of these meta-analyses was that the
odds ratio for stroke conferred by the MTHFR TT
genotype was similar to that estimated by use of the
homocysteine difference by genotype and homocysteine–
stroke odds ratio from phenotype–disease studies.
Indeed, after exclusion of the study of Morita and
colleagues (w47) which was the cause of much of the
heterogeneity in the genotype–stroke analysis, the
summary odds ratio for the MTHFR TT genotype was
1·20 (95% CI 1·08 to 1·34), identical to the predicted
effect of the polymorphism estimated from the studies of
genotype–homocysteine differences and homocysteine–
stroke risk. Because of the random allocation of genotype
in advance of disease development, these results imply
that the relation between homocysteine concentration
and stroke seen in phenoype–disease studies is not
subject to substantial residual confounding or reverse-
causality bias. Thus our study provides evidence for a
role for homocysteine in stroke pathogenesis.

Our first meta-analysis of studies examining the
association between homocysteine concentration and
MTHFR genotype, involving more than 31 000 people,
allowed us to refine the size estimate of the effect of the
MTHFR C677T polymorphism on plasma homocysteine
concentration and to explore potential sources of
heterogeneity. The absolute difference in homocysteine
concentration conferred by the genotype, though
consistent in direction, was greater in people with
established atherosclerosis than in individuals who were
healthy at the time of measurement. A meta-analysis of
individual patients’ data had similar findings.9 In that
study, among individuals with coronary heart disease,
there was a difference in homocysteine concentration
between TT and CC individuals of 2·2 �mol/L; the

difference among healthy individuals was smaller, but
still significant (1·5 �mol/L).9 Therefore, our data
suggest the presence of an additional effect of disease
status on the association between homocysteine
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Figure 2: Odds ratio for stroke in individuals with the TT genotype compared with those homozygous for the
C allele of the MTHFR C677T polymorphism
For webreferences see http://image.thelancet.com/extras/03art11437webreferences.pdf. The total number of
stroke cases was 6324 (TT 1041, CT 2852, CC 2431) and the total number of controls was 7604 (TT 1140, CT
3393, CC 3071).

Figure 3: Sensitivity analysis of the MTHFR C677T polymorphism and stroke association
Summary odds ratio of stroke for TT INDIVIDUALS compared WITH CC INDIVIDUALS by publication type, stroke
classification or type, and ethnic group.
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concentration and MTHFR genotype, partly explained by
lower serum folate concentrations in people with
atherosclerotic disease. We therefore used estimates
from healthy individuals only when calculating the
predicted odds ratio for stroke among TT homozygotes.
In estimation of an association between genotype and
intermediate phenotype, the potential modifier effect of
disease status should be examined.24,25

The second genetic meta-analysis (MTHFR C677T and
stroke), which included about 14 000 individuals, allowed
us to obtain a precise estimate of the effect of MTHFR
genotype on stroke risk. Individuals homozygous for the
T allele had an odds ratio for stroke of 1·26 (1·14 to 1·40)
compared with those homozygous for the C allele. This
difference in risk is similar to that expected from the
difference in homocysteine concentrations by genotype
in healthy individuals (1·20 [1·10 to 1·31]). Moreover,
when the comparison was restricted to white individuals
or to studies done in Europe or North America, within a
similar age range to the population included in the meta-
analysis of prospective studies of homocysteine and
stroke risk,4 similar results were obtained.

Clinical studies have shown that supplementation with
folic acid and vitamin B12 lowers homocysteine
concentrations by about 3 �mol/L.14,26 If homocysteine is
causally associated with an increased risk of stroke,
nutritional interventions to lower concentrations might
be expected to produce a relative-risk reduction in the
incidence of stroke of about 23%.5 Several randomised
clinical trials are currently investigating the effects on
cardiovascular outcomes of lowering homocysteine
concentration by administration of B vitamins.27,28 One
clinical trial in North America29 did not detect a beneficial
effect of high versus low folate doses in secondary
prevention of stroke. However, as suggested by the trial
investigators and the results of our study, a larger sample
size, longer periods of intervention, and targeting of the
intervention to populations with low folate
concentrations might all be required to show any
potential benefit of this intervention. Such randomised
intervention trials of the effect of lowering homocysteine
concentrations are important for several reasons: the
type of study we have done has several potential
limitations; intervention trials are necessary to assess
reversibility and could establish precisely the magnitude
of any treatment effect; and they could ascertain whether
there are any unexpected adverse effects of such
therapies.

Despite the association found between the MTHFR
C677T polymorphism, homocysteine concentration, and
stroke risk, the size of the effect is modest compared with
those of classic cardiovascular risk factors and does not
necessarily provide a rational basis for screening for the
polymorphism or for the measurement of homocysteine
concentration in isolation, in the prediction of stroke.
Whether either of these measurements would add useful
predictive information to more established risk prediction

tools (eg, Framingham risk equation) will require further
investigation.

Our analyses must be interpreted in the context of
the limitations of the available data. In the meta-
analysis of the MTHFR variant and homocysteine
concentrations, we found significant heterogeneity.
This finding is perhaps not surprising, because
expression of the mutation is likely to depend on
environmental factors such as folate concentrations, as
detected in our meta-regression analysis. This idea is
supported by the smaller effect of the MTHFR C677T
polymorphism on the homocysteine concentration in
studies in North America, in which the mean
concentrations of serum folate were higher. However,
an overview of data from individual patients will be
required for more precise quantification of this
potential gene–environment interaction.9,10 For this
reason, only the estimates of weighted mean difference
derived from a random-effects model were used in this
report. 

Publication bias or small-study bias was considered as
an explanation for the observed associations between
the MTHFR polymorphism, homocysteine concentra-
tion, and stroke risk, but the results obtained from the
funnel-plot analysis and Egger’s tests did not provide
positive evidence for such bias. Although confounding
is less likely in analyses of an association of a genotype
with disease, some imbalance in the distribution of
cardiovascular risk factors by MTHFR genotype cannot
be totally excluded. However, previous studies that have
investigated the effect of the MTHFR variant on
coronary heart disease have suggested that there was no
major systematic confounding from other cardiovas-
cular risk factors (eg, age, sex, hypertension, diabetes,
obesity, or alcohol intake).9,30

The mendelian randomisation approach used here is
a potentially useful tool to assess the nature of the
observed associations between putative risk factors and
disease. This approach overcomes some potential
limitations of observational studies, such as con-
founding, reverse-causality bias, and regression-
dilution bias.12,13,31,32 However, it also has theoretical
limitations, such as the potential for confounding of
the association between genotype and intermediate
phenotype by linkage disequilibrium with other genes.
Similarly, associations of the genotype with environ-
mental exposures that regulate the concentrations of
the intermediate phenotype could lead to spurious
genotype–disease association. Finally, population
stratification (confounding of gene–disease association
by ethnicity), multiple disparate (pleiotropic) effects of
gene polymorphisms on more than one biological
system, or compensatory biological adaptation to its
effects on disease risk (canalisation) could distort the
observed genotype–disease associations in one or other
direction.12,13,33 There are other practical limitations.
Since the estimated relative risk arising from genotype
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(eg, MTHFR variant) on the intermediate phenotype
(eg, homocysteine concentration) will in many cases be
small, very large genetic association studies or meta-
analysis of smaller studies will be needed to assess the
nature of such associations. Unless careful
consideration is given to the inclusion or exclusion of
studies used in any meta-analyses, and to the potential
for publication bias, the comparison of genetic and
non-genetic odds ratio estimates could become
distorted.

Adequately powered randomised controlled trials of
supplementation with folic acid (with or without
B vitamins) will be necessary to validate the therapeutic
approach of lowering homocysteine concentrations to
prevent stroke and other cardiovascular events.34 The
findings of this study and previous analyses of the
same type emphasise the potential importance of such
trials. The mendelian randomisation approach we and
others have used for homocysteine might also be
useful in assessment of whether other “novel” risk
factors for cardiovascular disease could have
aetiological roles.
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