Papers

This is an abridged
version; the full
version is on
bmj.com

Department of
Cardiology,
Southampton
General Hospital,
Southampton
SO16 6YD

David S Wald
specialist registrar in
cardiology

‘Wolfson Institute of
Preventive
Medicine, Barts and
the London School
of Medicine and
Dentistry, London
ECIM 6BQ
Malcolm Law
professor

Joan K Morris
senior lecturer

Correspondence to
D S Wald
davidwald@
hotmail.com

BMJ 2002;325:1202-6

1202

Homocysteine and cardiovascular disease: evidence on

causality from a meta-analysis

David S Wald, Malcolm Law, Joan K Morris

Abstract

Objective To assess whether the association of serum
homocysteine concentration with ischaemic heart
disease, deep vein thrombosis and pulmonary
embolism, and stroke is causal and, if so, to quantify
the effect of homocysteine reduction in preventing
them.

Design Meta-analyses of the above three diseases
using (a) 72 studies in which the prevalence of a
mutation in the MTHFR gene (which increases
homocysteine) was determined in cases (n=16 849)
and controls, and (b) 20 prospective studies (3820
participants) of serum homocysteine and disease risk.
Main outcome measures Odds ratios of the three
diseases for a 5 umol/1 increase in serum
homocysteine concentration.

Results There were significant associations between
homocysteine and the three diseases. The odds ratios
for a 5 pmol/1 increase in serum homocysteine were,
for ischaemic heart disease, 1.42 (95% confidence
interval 1.11 to 1.84) in the genetic studies and 1.32
(1.19 to 1.45) in the prospective studies; for deep vein
thrombosis with or without pulmonary embolism,
1.60 (1.15 to 2.22) in the genetic studies (there were
no prospective studies); and, for stroke, 1.65 (0.66 to
4.13) in the genetic studies and 1.59 (1.29 to 1.96) in
the prospective studies.

Conclusions The genetic studies and the prospective
studies do not share the same potential sources of
error, but both yield similar highly significant
results—strong evidence that the association between
homocysteine and cardiovascular disease is causal. On
this basis, lowering homocysteine concentrations by 3
pmol/1 from current levels (achievable by increasing
folic acid intake) would reduce the risk of ischaemic
heart disease by 16% (11% to 20%), deep vein
thrombosis by 25% (8% to 38%), and stroke by 24%
(15% to 33%).

Introduction

The serum concentration of the amino acid homo-
cysteine is positively associated with the risk of ischae-
mic heart disease, deep vein thrombosis and pulmo-
nary embolism, and stroke.' * There is uncertainty over
whether these associations are causal.”* Resolving the
question of causality is important because serum
homocysteine can be lowered by the B vitamin folic
acid,” ° raising the prospect of a simple and safe means
of prevention.

Large increases in serum homocysteine occur in
homocystinuria, a rare autosomal recessive disorder
that is associated with a high risk of premature cardio-
vascular disease” Moderate increases in serum
homocysteine occur as a result of a mutation in the
gene coding for the enzyme methylenetetrahydro-
folate reductase (MTHFR) in which cytosine is
replaced by thymidine (C - T). However, because the

increase in homocysteine is relatively small, studies
comparing the risk of cardiovascular disease in people
with and without the TT mutation need large numbers
to be able to show any effect. Previous meta-analyses
have had too few studies available to do this.

We present a new meta-analysis of the MTHFR
studies (including data from an additional 34 studies
since the previous meta-analyses),” " which has the sta-
tistical power to show an effect. We compare these
results with those of a meta-analysis of prospective
studies of serum homocysteine and disease events.

Methods

Identification of studies

We sought two types of study on the association
between serum homocysteine and ischaemic heart dis-
ease, deep vein thrombosis with or without pulmonary
embolism, or stroke:

e Studies reporting the prevalence of the genetic vari-
ant of the MTHFR enzyme (homozygous (TT) and
heterozygous (CT) compared with “wild type” (CC)) in
cardiovascular disease cases and controls

® Prospective (cohort) studies of serum homocysteine
and disease events.

To identify studies, we searched databases (Medline,
CINAHL, Embase, the Cochrane Library, PsycINFO,
and ClinPSYC) in any language up to October 2001
(see bmj.com). We included 120 studies in total(*"’
on bmj.com).

Statistical methods

For each MTHFR study we determined the odds ratio
of being homozygous (T'T), and in a separate analysis
heterozygous (CT), for the mutant allele compared
with being homozygous for the wild type allele (CC) in
cases and controls.

In the prospective studies we estimated odds ratios
for a 5 pmol/l increase in serum homocysteine (a
standard reference increment).

We used a random effects model to derive
summary odds ratios from combinations of studies to
allow for any heterogeneity across studies. In the
prospective studies we adjusted the summary odds
ratios for regression dilution bias''; these arose because
the serum homocysteine values in each person were
from single measurements, which are unrepresentative
of a person’s long term average value over the period
of follow up.

Results
Ischaemic heart disease

Studies of MTHFR mutation

The odds ratios of homozygotes for the mutant allele
(TT) compared with wild type homozygotes (CC) are
shown with the studies ranked in order of increasing
effect in fig 1. There was a wide range of estimates, but
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First author Genotype frequency
(No of subjects)

Cases Controls 0dds ratio (95% Cl) 0Odds ratio

T CT c¢C TT CT CC (TT vCC) (TT vCC)
Zheng" 2 29 4 15 45 62 020
Chambers (Asian)W2 3 61 160 12 90 279 0.44
Fernandez-Arcas (women)"3 8 24 20 16 50 21 . 0.53
Chao™ 9 47 60 10 25 41 0.62
Brulhartvs 23 84 86 73 195 188 —_— 0.69
Tsaiws 40 177 159 12 35 35 j 073
Girelli"7 40 148 90 25 70 42 —_ 0.75
Brugada"8 10 69 76 12 73 70 0.77
Adams*? 32 145 133 29 97 96 - 0.80
Schmitz10 29 66 9% 27 90 71 _— 080
Ardissino®!! 35 97 68 38 102 60 ——T 0.81
Meisel"12 81 442 458 96 442 443 — = 0.82
Verhoef13 61 209 230 72 200 228 — -l 0.84
Mav14 33 124 136 39 116 135 — 0.84
Dilleyw!5 2 17 9 4 28 153 . 0.84
Schwartz16 7 34 28 43 141 154 0.90
Hsu"17 13 85 120 15 78 125 0.90
Van Bockxmeer"18 56 234 265 15 58 70 S 0.99
Abbate"19 24 4 19 32 48 26 1.03
Wilcken"20 53 217 186 24 113 88 S 1.04
PintoV2! 11 84 31 13 43 39 j 1.06
Kimv22 16 41 30 28 68 56 107
Anderson®23 23 87 90 59 238 257 —_— 1.1
Kluijtmans"24 70 328 337 106 527 617 [ A — 1.21
Fowkes"25 1266 59 21 147 132 128
Christensen®26 22 68 62 13 61 47 : 1.28
Gardemann"27 197 805 891 15 82 88 —_— 1.30
Chambers (European)*2 31 91 108 41 195 188 —_...— 1.32
Todescov28 11 34 30 28 93 103 1.35
Reinhardtv29 23 66 91 9 46 49 ; 1.38
Verhoef#30 13 59 59 7 48 45 1.42
Kiharaws! 13 58 29 12 49 39 1.46
Araujo"32 22 103 74 2 8 10 ; 1.49
Tokgozoglu33 1 71 69 5 39 47 1.50
Malikv34 26 134 107 17 110 106 —t . 152
Thorgersen"35 5 3% 3% 7 5 7 ; 1.58
Izumivo 50 110 90 25 102 74 | S 164
Fernandez-Arcas (men)"3 53 83 84 23 44 60 4 . 1.65
Nakai37 42 95 93 21 9% 81 i/ 1.74
Morita38 57 188 117 79 361 338 | — 2.08
Szezeklik"39 17 39 105 15 94 201 e — 217
oo 6 84 69 42 158 110 — 232
Malinow"*1 17 83 40 8 45 49 260
Kawashiri"42 15 51 33 7 45 48 3.12
Gallagher43 19 48 44 7 45 53 3 3.27
Mager'44 19 32 16 44 139 130 351
Ferrer-Antunes"4s 14 59 54 5 51 71 3.68
Gulec46 15 39 42 5 35 60 | 4.29

Combined 12193 11945 - o ) "
i 0 1.
0.1 0.2 05 1 2 5 10

Fig 1 Results of published studies of association between MTHFR mutation and ischaemic heart disease: values are odds ratios (95%
confidence intervals) for homozygotes for mutant allele (TT) v wild type (CC)

the summary odds ratio was 1.21 (95% confidence
interval 1.06 to 1.39; P=0.006), indicating that risk was
on average 21% higher in TT homozygotes than in CC
homozygotes. The summary odds ratio for the hetero-
zygous state (CT v CC) was 1.06 (0.99 to 1.13; P=0.09).

From the 33 studies that provided relevant data, the
mean difference in serum homocysteine concentration
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between the TT and CC genotypes was 2.7 pmol/1 (2.1
to 3.4 umol/1) and that between the CT and CC geno-
types was 0.29 pmol/1 (0.20 to 0.39 umol/1). The sum-
mary odds ratio of 1.21 for TT v CC is equivalent to an
odds ratio of 1.42 (1.11 to 1.84) for the standard 5
umol/1 increase in serum homocysteine (calculated by
raising 1.21 to the power of 5/2.7).
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First author

Cohort
size

Ischaemic heart disease

Follow up No of

(years) events

0dds ratio (95% Cl)
for 5 umol/l increase

0Odds ratio
for 5 pmol/l increase

Evans™® 12866 9 240 —=f | 089
Knekt (no disease)"*"" 5309 13 347 —— 0.97
Alfthan"® 7424 9 191 —— 1.00
Fallon*® 1 290 10 312 det 113
Whincup™™®' 7735 13 386 e 1.15
Stehouwer"'® 878 10 98 — 1.19
Folsom"'* 15792 3 232 — = 1.21
Ridker"™ 28263 3 85 —— 124
Wald"'®® 21520 9 229 —— 1.26
Stampfer"'® 14 916 5 271 —P— 1.29
Kark"” 1788 10 135 —— 133
Bots"'® 7983 3 104 e 1.34
Arnesen*'® 10963 4 122 —_ 142
Voliset""* 4766 4 88 —— 151
Nygard""" 802 5 64 -— 1.55
Knekt (disease)®"” 1641 13 240 — 173
Combined 144 936 3144 -+ 1.23
‘ (1.14101.32)

Stroke

Fallon"'"2 2254 10 107 B 115
Stehouwer"'™ 878 10 58 - 119
Alfthan"®® 7424 9 74 e 1.21
Bostom"'"® 1947 10 165 == 1.36
Bots"'"® 7983 3 120 — 1.39
Vollset"™ 4766 4 16 — 176
Petri*'™ 337 5 29 - 1.86
Perry"''s 5661 12 107 352
Combined 31250 676 + 1.42

(1.21 10 1.66)
05 1 2 5 10

Fig 2 Results of prospective studies of serum homocysteine concentration and ischaemic
heart disease and stroke: values are odds ratios (95% confidence intervals) for a 5 umol/l
increase in serum homocysteine, adjusted for age, sex, smoking, cholesterol concentration,
and blood pressure (except in one study, adjusted for age and sex alone"'®) but not for

regression dilution bias
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Combining the results from 12 of the MTHFR
studies in which other cardiovascular risk factors were
measured showed that TT and CC homozygotes had
similar serum cholesterol concentration, blood pres-
sure, smoking prevalence, and body mass index, with
no significant differences. The upper confidence inter-
vals of these risk factors’ associations with TT
homozygotes were 0.02 mmol/], 3 mm Hg, 6%, and
0.9 kg/m* higher respectively; applying these to the
quantitative association of each risk factor with ischae-
mic heart disease,'” showed that even if there were
confounding by another risk factor it could at most
account for half the 22% excess risk seen in TT
homozygotes.

Prospective studies of homocysteine and cardiovascular
disease

The odds ratios are adjusted for age, sex, smoking,
blood pressure, and serum cholesterol concentration
in all the studies except one, which is adjusted for age
and sex only. The summary odds ratio of 16
prospective studies on ischaemic heart disease was
1.23 (1.14 to 1.32) for a 5 umol/I increase in serum
homocysteine concentration (fig 2), or 1.32 (1.19 to
1.45) adjusted for regression dilution bias. There was a
suggestion of a trend across the prospective studies for
a decreasing odds ratio with increasing age at the time

of the event (P=0.07), as has been observed for other
cardiovascular risk factors (smoking, serum choles-
terol, and blood pressure).

Deep vein thrombosis

Fig 3 shows the results of the 26 MTHFR studies of
deep vein thrombosis (3439 cases, mean age at event
44 years). The summary odds ratio for homozygotes
for the mutant allele (TT) compared with wild type
homozygotes (CC) was 1.29 (1.08 to 1.54; P=0.007),
equivalent to an odds ratio of 1.60 (1.15 to 2.22) for a
5 umol/1 increase in serum homocysteine concentra-
tion. The summary odds ratio associated with the
heterozygous state (CT v CC) was 1.05 (0.94 to 1.19;
P=0.41).

There were no published prospective studies.

Stroke

The seven MTHFR studies of stroke (1217 cases, mean
age at event 63 years) yielded relatively few data, so the
confidence interval for the summary result was wide:
the odds ratio for homozygotes for the mutation (TT)
compared with wild type homozygotes was 1.31 (0.80
to 2.15), equivalent to an odds ratio of 1.65 (0.66 to
4.13) for a 5 umol/1 increase in serum homocysteine.
The summary odds ratio associated with the hetero-
zygous state (CT v CC) was 1.15 (0.93 to 1.42).

The summary odds ratio of the eight prospective
studies for a serum homocysteine increase of 5 umol/1
was 1.42 (1.21 to 1.66) (fig 2), or 1.59 (1.29 to 1.96)
adjusted for regression dilution bias. The results are
adjusted for age, sex, smoking, blood pressure, and
serum cholesterol in all the studies.

Discussion

The MTHEFR studies show highly significant associa-
tions between serum homocysteine concentration and
ischaemic heart disease and deep vein thrombosis. Pre-
vious meta-analyses of the MTHFR studies failed to
show an effect because they lacked statistical power, but
their confidence intervals were consistent with the sig-
nificant estimates we present here.*" " Our analyses
combine data from an extra 23 studies on ischaemic
heart disease and an extra 11 studies on deep vein
thrombosis since the largest previous meta-analyses.” "’

Interpretation of evidence for causality

The results of the MTHFR and the prospective studies
can be explained in one of two ways—a direct (or
causal) explanation or an indirect (non-causal)
explanation. An indirect explanation would depend on
the MTHFR and prospective studies both showing
associations with homocysteine through confounding.
In the MTHFR studies the difference in homocysteine
concentration arises from a single gene mutation
effectively allocated at random. There is therefore no
basis for expecting that people with the mutant gene
would systematically differ from those without it in
other cardiovascular risk factors (smoking, blood pres-
sure, serum cholesterol concentration), and the data
show that they do not. Genetic confounding is
theoretically possible, whereby a gene linked to the
MTHFR gene controls some unknown risk factor
and coincidentally increases serum homocysteine
concentration.
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First author Genotype frequency

(No of subjects)

Cases Controls 0dds ratio (95% CI) 0dds ratio

T T cC T CT cC (T vCC) (T vCC)
Dilley™” 1 15 77 4 29 152 0.49
Brown"*® 55 242 261 67 209 224 —— | 0.70
Angchaisuksii® 0 6 34 7 128 365 : 0.77
Toydemir™® 3 12 15 10 51 39 0.78
Cattango"" 16 36 25 B 7445 082
Alhenc-Gelas"* 26 88 91 49 193 156 —'——— 0.91
Tosetto"* 8 36 21 17 71 42 ; 0.94
Akar"* 5 33 30 719 40 095
Legnani*® 1319 19 7 23 10 I 0.98
Kluijtmans"® 47 213 211 47 203 224 —I—— 1.06
Salden*”’ 26 102 88 17 72 63 —— 1.09
Rintelen"*® 10 40 31 10 32 35 1.13
Isotalo"®* 12 28 25 8 3 2 ; 1.26
Ordonez"® 138 47 47 20 88 92 | 127
Philipp"®" 4 13 13 5 27 22 1.35
Quere"® 21 60 39 19 53 48 ; 1.36
Franco"® 37 82 71 31 78 81 — 136
Vargas"™ 7 2 24 20 8 94 : 1.37
Hsu"®® 7 28 48 6 41 57 139
Margaglione"® 60 107 55 78 223 130 ——— 182
Fujimura"®’ 9 28 27 6 43 36 : 2.00
Balta"™ 1233 49 6 40 49 2.00
Gemmati*® 62 107 51 39 116 65 -~ 2.3
Akar'™ 7 2 2 6 37 63 I 2.94
Arruda"™" 14 52 61 12 114 170 3.25
Zheng"' 10 3 12 15 45 62 3.44
Combined 3439 5063 — 1.29

(1.08 0 1.54)

0.1 02 05 1 2 5 10

Fig 3 Results of published studies of association between the MTHFR mutation and deep vein thrombosis: values are odds ratios (95%
confidence intervals) for homozygotes for mutant allele (TT) v wild type (CC)

In the prospective studies confounding from
smoking, blood pressure, and serum cholesterol was
allowed for; if there were any remaining confounding it
would also be from an unknown factor associated with
both serum homocysteine and cardiovascular disease.
Importantly, the genetic linkage that one would have to
postulate to explain the association with cardiovascular
disease in the MTHFR studies could not account for
the association in the prospective studies—because the
increase in risk of about a quarter with the MTHFR
variant is so much smaller than the twofold difference
in risk (10th to 90th centile) in the prospective studies.
The indirect explanation relies on a complex and

improbable series of different associations that coinci-
dentally yield similar cardiovascular disease risks for a
given difference in serum homocysteine concentration.
The direct (causal) explanation is plausible and much
simpler.

Substantial publication bias is unlikely because
many of the individual study results were not
statistically significant, and many of these were
interpreted by their authors as being negative. A stand-
ard statistical assessment of publication bias (the
regression asymmetry test'') showed no basis for
concern in either the ischaemic heart disease studies
(P=0.55) or the deep vein thrombosis studies (P=0.43).

Summary results from the MTHFR studies and the prospective studies on risk of ischaemic heart disease, deep vein thrombosis with
or without pulmonary embolism, and stroke associated with serum homocysteine concentration

5 umol/l increase in homocysteine

3 umol/l decrease in homocysteine

No of No of Summary odds ratio Combined odds ratio 0Odds ratio Risk reduction
Study type studies cases (95% CI) (95% Cl) (95% CI) (95% Cl)
Ischaemic heart disease:
MTHFR 46 12193 1.43 (1.1 to 1.84)
- 1.33 (1.22 to 1.46) 0.84 (0.80 to 0.89) 16% (11% to 20%)
Prospective* 16 3144 1.32 (1.19 to 1.45)
Deep vein thrombosis:
MTHFR 26 3439 1.60 (1.15 to 2.22) 0.75 (0.62 t0 0.92)  25% (8% to 38%)
Stroke:
MTHFR 7 1217 1.65 (0.66 to 4.13)
1.59 (1.30 to 1.95 0.76 (0.67 to 0.85) 24% (15% to 33%
Prospective” 8 676 159 (1.29 to 1.96) (1:30 10 1.95) (067 10 0.85) (15% to 33%)

*Prospective studies adjusted for regression dilution bias and for age, sex, blood pressure, and serum cholesterol concentration in all studies except one"'®

(adjusted for only age and sex).
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What is already known on this topic

There is an association between serum
homocysteine concentration and cardiovascular
disease, but it is not known whether the
association is causal

A common single gene mutation that reduces the
activity of an enzyme involved in folate
metabolism (MTHFR) is associated with a
moderate (20%) increase in serum homocysteine

What this study adds

A meta-analysis of MTHFR studies shows a
significantly higher risk of both ischaemic heart
disease and deep vein thrombosis (with or without
pulmonary embolism) in people with the MTHFR
mutation

A meta-analysis of prospective studies shows a
significant association between homocysteine
concentration and ischaemic heart disease similar
in size to that expected from the results of the
MTHER studies and a significant association with
stroke

The MTHEFR studies and the prospective studies
do not share the same potential sources of error
but both yield similar results—strong evidence that
the association between homocysteine and
cardiovascular disease is causal

On this basis a decrease in serum homocysteine of
3 pmol/1 (achievable by daily intake of about 0.8
mg folic acid) should reduce the risk of ischaemic
heart disease by 16%, deep vein thrombosis by
25%, and stroke by 24%

Evidence of risk reduction
A placebo controlled randomised trial of treatment
with B vitamins (folic acid, B-6, and B-12) to lower
serum homocysteine concentration in patients with
ischaemic heart disease has shown a rapid reduction of
risk."” Studies of patients with homocystinuria treated
with B vitamins have also shown reduction in risk.”
The table summarises the odds ratios of ischaemic
heart disease, deep vein thrombosis, and stroke for
the standard 5 pmol/l increase in homocysteine
concentration and shows combined odds ratios
from the two types of study. For ischaemic heart
disease this was 1.33 (95% confidence interval 1.22 to
1.46), and for stroke it was 1.59 (1.30 to 1.95). The
table also converts the odds ratios for a 5 pmol/1
increase in homocysteine concentration into odds
ratios for a 3 pmol/l decrease in homocysteine (the
maximal effect of folic acid, achieved with a daily
dose of about 0.8 mg).”® On the basis that the associ-
ation is causal and reversible, we estimate that folic
acid could reduce the risk of ischaemic heart disease
by 16%, deep vein thrombosis by 25%, and stroke by
24%. The folic acid could be taken as tablets by high
risk patients, and possibly supplied to the general
public through food fortification or a combination of
both.

Conclusion
Our results strengthen the evidence that a raised
serum homocysteine concentration is a cause of
cardiovascular disease. Our conclusion rests on the fol-
lowing observations. (1) The genetic (MTHFR) studies
show a moderate increase in risk for a moderate
increase in serum homocysteine; genetic linkage to
some unknown risk factor might be the explanation,
although no such linkage is known. (2) The prospective
studies show an association between serum homo-
cysteine and cardiovascular disease after allowance for
confounding. (3) These two types of study are suscepti-
ble to different sources of error but show quantitatively
similar associations, a result that is unlikely to have
occurred through different potential sources of
confounding acting independently. (4) The homo-
cystinurias cause high serum homocysteine levels and
high risks of premature cardiovascular disease. (5)
Lowering serum homocysteine reduced risk, both in a
randomised trial in patients with heart disease and in
patients with homocystinuria.

In the light of these five observations we could not
have concluded otherwise.
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