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Action Project: Homocysteine and Vascular Disease

ABSTRACT
Background: Homozygotes for the thermolabile mutation (TT
genotype) of the methylenetetrahydrofolate reductase (MTHFR;
EC 1.5.1.20) enzyme have elevated plasma concentrations of the
cardiovascular disease risk factor homocysteine, particularly if
folate depleted.
Objective: We examined the relations between thermolabile MTHFR,
plasma homocysteine, plasma folate, and vascular disease risk.
Design: This was a case-control comparison in 711 vascular
disease cases and 747 controls from 9 European countries.
Results: The TT genotype was associated with higher homocys-
teine and lower plasma folate than the CC and CT genotypes in
both cases and controls and a nonsignificant increase in vascular
disease risk (1.26; 95% CI: 0.88, 1.81; P = 0.20). The frequency
of the TT genotype in cases was not significantly different from
that in controls (12.8% compared with 10.8%). After adjustment
for traditional risk factors, the TT genotype was associated with
an odds ratio of 1.48 (1.0, 2.20) for risk of vascular disease. This
risk was attenuated after further adjustment for homocysteine. In
subgroups with homocysteine concentrations ≥ 9 �mol/L, risk
tended to be higher in CC than in TT subjects. However, CC sub-
jects were characterized by a higher prevalence of the conven-
tional risk factors associated with both elevated plasma homo-
cysteine and serum creatinine. After adjustment, the risk of
vascular disease associated with each genotype was not signifi-
cantly different.
Conclusions: There was a strong graded association between homo-
cysteine and vascular risk in all genotypes. MTHFR genotype is a key
determinant of plasma total homocysteine concentrations. The ini-
tially nonsignificant risk estimate associated with the TT genotype
was strengthened after adjustment for conventional cardiovascular dis-
ease risk factors but was attenuated after adjustment for plasma folate
and total homocysteine. The modest risk increase conferred by the TT
genotype is mediated mainly by increased total homocysteine and low
plasma folate concentrations. Am J Clin Nutr 2003;77:63–70.

KEY WORDS Homocysteine, methylenetetrahydrofolate
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INTRODUCTION

Plasma concentrations of the cardiovascular disease risk factor
total homocysteine (tHcy) (1–3) are modulated by several factors
(4), including the activity of methylenetetrahydrofolate reductase
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(MTHFR; EC 1.5.1.20). This enzyme catalyzes the formation of
5-methyltetrahydrofolate, the methyl donor in the remethylation of
homocysteine to methionine (5). A variant of MTHFR, character-
ized by reduced activity and thermolability (6) and attributed to a
C-to-T nucleotide transition at position 677 (677C→T; 7, 8), has
been associated with raised plasma tHcy concentrations and with
risk of ischemic heart disease (9). Many further studies have
examined thermolabile MTHFR as a risk factor in vascular dis-
ease, but with few exceptions (10–14), the results of most of these
studies (14–32) do not support such an association.

These inconsistencies in the association between thermolabile
MTHFR and cardiovascular disease risk may relate to differences in
the folate status of the various study populations (16, 22, 23). The
thermolabile homozygous (TT ) MTHFR genotype may be associ-
ated with elevated tHcy only in the presence of low serum folate
(16, 22, 23, 33–35), and the same genotype could be associated with
variable risk depending on folate status. In addition, the effect of
genotype on risk may not be similar for all categories of vascular
disease, as indicated by a recent meta-analysis (25). Finally, the eth-
nic origin of the population under study may be important, because
hyperhomocysteinemia and the thermolabile MTHFR genotype may
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TABLE 1
Methylenetetrahydrofolate reductase genotype distribution and concentrations of total homocysteine (tHcy) and plasma folate in 747 controls and 711 cases

Genotype P for main effect
All subjects CC CT TT of genotype1

No. of subjects [n (%)]
Controls 747 (100) 352 (47.1) 314 (42.1) 81 (10.8)
Cases 711 (100) 313 (44.0) 307 (43.2) 91 (12.8)
P2 0.36

tHcy (�mol/L)3

Controls 9.8 ± 0.12 9.3 ± 0.11 9.7 ± 0.12 12.2 ± 0.17
Cases 11.3 ± 0.16 10.7 ± 0.14 10.9 ± 0.15 14.5 ± 0.23 <0.001
P4 <0.001

Plasma folate (nmol/L)3

Controls 9.7 ± 0.22 9.8 ± 0.21 10.0 ± 0.22 8.6 ± 0.23 0.02
Cases 8.3 ± 0.25 8.4 ± 0.23 8.3 ± 0.26 7.7 ± 0.27
P4 <0.001

1 Main effect comparison between genotypes (ANOVA for the interaction term was nonsignificant and omitted).
2 Comparison of genotype distribution between cases and controls (chi-square).
3 Geometric x– ± SD on log 10 scale.
4 Comparison between cases and controls (ANOVA for the interaction term was nonsignificant and omitted).

interact with other genetic traits that are associated with throm-
bophilia (14, 36, 37). The present case-control study from the Euro-
pean Concerted Action Project (3) examines the relations between
the thermolabile MTHFR polymorphism, folate status, tHcy con-
centrations, and cardiovascular disease risk.

SUBJECTS AND METHODS

Between 1990 and 1992, the European Concerted Action Pro-
ject “Homocysteine and Vascular Disease” recruited 750 cases
with established coronary, cerebral, or peripheral vascular dis-
ease and 800 age and sex-matched controls from 19 centers in
9 European countries. The selection criteria for the cases and
controls were reported previously (3). Briefly, subjects with
coronary artery, cerebrovascular, and peripheral vascular dis-
ease were included. More than one-half of the frequency-
matched control subjects were selected from free-living com-
munities, one-third came from medical insurance screening
programs, and one-sixth were selected from hospital staff mem-
bers. All subjects were < 60 y old. For inclusion, cases had to
have clinical and objective evidence of new onset vascular dis-
ease and controls had to be free of overt vascular disease. Sub-
jects with diabetes, thyroid disease, exposure to nitrous oxide
within 3 mo of the index vascular event, severe renal impair-
ment, or evidence of nonatherosclerotic vascular disease were
excluded. The consent of the local ethics committee was sought
and obtained.

All blood samples, collected ≥ 3 mo after the index vascular
event, were drawn and placed on ice, protected from light, and
stored at �70 �C within 1 h of appropriate sample preparation.
Fasting plasma tHcy concentrations were measured by HPLC and
fluorescence detection (38). Plasma folate was measured by using
a microbiological assay (39).

Genotype analysis

Genotyping was carried out in diluted blood samples (1:20 in
1% ascorbic acid) originally prepared for the determination of red
blood cell folate. In �70% of the samples, genotyping was suc-
cessful with the conventional technique developed by Frosst et al
(8), in which �500 �L diluted blood is used. Samples were also

genotyped in 10 �L diluted blood with the use of a multiinjection
capillary-electrophoresis technique (40); �92% of the samples
were assayed by this method. In 86 subjects, insufficient blood
was available and genotyping was performed by using DNA rem-
nants in plasma as the template, as previously described (40).

There was good agreement (> 90% concordance) between the
results obtained by use of the conventional technique and those
obtained by use of capillary electrophoresis and laser-induced flu-
orescence detection of DNA fragments. Discrepancies were
resolved by performing additional analysis with the capillary elec-
trophoresis–laser-induced fluorescence readout, because experi-
ence to date suggests that this method is more sensitive.

Statistical analysis

Geometric mean values of fasting tHcy and plasma folate concen-
trations were derived because of the positively skewed distributions of
these variables. Linear regression on the log-transformed variables was
also used. Two-way analysis of variance with interaction terms was
used to examine the relations between fasting tHcy (as a continuous
variable) and concentrations of plasma folate and genotype. Condi-
tional logistic regression analysis was carried out to obtain odds ratios
of vascular disease, allowing for stratification by age, sex, and center,
and to adjust for other variables. Analyses were performed with SAS
(versions 6.12 and 8.2 for WINDOWS; SAS Institute Inc, Cary, NC).

RESULTS

Blood indexes and genotypes in cases and controls

Of a total of 1550 subjects (cases and controls), the MTHFR
677C→T polymorphism was determined for 1458. The frequen-
cies of the CC, CT, and TT genotypes among cases (n = 711) and
controls (n = 747) are shown in Table 1. The frequency of the TT
genotype was not significantly different between cases (12.8%)
and controls (10.8%; P = 0.36).

Fasting tHcy concentrations were significantly higher in cases
than in controls, and for both groups combined, fasting tHcy con-
centrations were significantly higher in TT homozygotes than in
CC homozygotes or CT heterozygotes (Table 1). Plasma folate
concentrations were significantly lower in cases than in controls
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FIGURE 1. Plasma total homocysteine and plasma folate concentra-
tions according to methylenetetrahydrofolate reductase genotype and vas-
cular disease status. CC, nonthermolabile homozygotes, n = 352 controls,
313 cases; CT, thermolabile heterozygotes, n = 314 controls, 307 cases;
TT, thermolabile homozygotes, n = 81 controls, 91 cases.

TABLE 2
Odds ratios (95% CIs) for risk of all vascular disease and of ischemic
heart disease according to methylenetetrahydrofolate reductase genotype

All vascular disease Ischemic heart disease
(n = 711) (n = 356)

Model 11

CC 1.0 1.0
CT 1.0 (0.77, 1.29) 1.14 (0.83, 1.59)
TT 1.48 (1.0, 2.20) 1.87 (1.13, 3.11)

Model 22

CC 1.0 1.0
CT 0.98 (0.75, 1.26) 1.13 (0.81, 1.57)
TT 1.14 (0.75, 1.73) 1.49 (0.97, 2.53)

Model 33

CC 1.0 1.0
CT 0.97 (0.75, 1.26) 1.14 (0.82, 1.59)
TT 1.16 (0.77, 1.76) 1.54 (0.90, 2.63)

1 Adjusted for age, center, and sex and also adjusted for smoking,
hypertension (systolic blood pressure >160 mm Hg, diastolic blood pres-
sure >95 mm Hg, or receiving treatment) and hyperlipidemia (total choles-
terol ≥6.5 mmol/L or receiving treatment).

2 As model 1 but also adjusted for total homocysteine.
3 As model 2 but also adjusted for plasma folate.

(Table 1), and plasma tHcy increased as a function of decreasing
folate concentrations for all genotypes (Figure 1). Although not
statistically significantly different, this inverse relation tended to
be more pronounced in TT than in CT and CC subjects and in
cases than in controls.

MTHFR genotype, folate, and tHcy as independent risk
factors

Compared with the CC genotype, the odds ratio for risk of vas-
cular disease, adjusted for age, sex, and center, associated with the
TT genotype was statistically nonsignificant: 1.26 (95% CI:
0.88,1.81; P = 0.20). However, after adjustment for the conven-
tional risk factors, the association was strengthened (odds ratio:
1.48; 95% CI: 1.00, 2.20; Table 2). Further adjustment for tHcy
weakened this association, indicating that the relation between
MTHFR and risk was mediated largely by an elevated tHcy con-
centration. Adjustment for plasma folate had no further effect on
the relation (Table 2), and additional adjustment for creatinine in
any of the 3 models used had no effect on the significance of the
relation (data not shown).

The adjusted risk conferred by the TT genotype was investi-
gated separately in patients with ischemic heart disease (n = 356),
peripheral vascular disease (n = 205), and cerebrovascular disease
(n = 150). This analysis showed that the increased risk was con-
fined to patients with ischemic heart disease (odds ratio, adjusted
for conventional risk factors: 1.87; 95% CI: 1.13, 3.11; Table 2);
the effect was nonsignificant in the other vascular disease groups
(data not shown). Once again, adjustment for creatinine had no
significant effect on the strength of the relation (data not shown).

Considering the relation between vascular disease risk and
plasma folate concentration irrespective of genotype, decreasing
plasma folate concentrations significantly increased the risk of
vascular disease. With the use of a plasma folate concentration
> 10.76 nmol/L as a reference (top two-fifths of the controls), the
odds ratio for disease associated with a concentration ≤ 6.6 nmol/
L (bottom one-fifth of the controls) was 1.84 (95% CI: 1.32, 2.57)
after adjustment for conventional cardiovascular disease risk

factors (P for trend across folate quintiles = 0.004). This relation
lost significance when additionally adjusted for tHcy (odds ratio:
1.41; 95% CI: 0.98, 2.03; P for trend across folate quintiles = 0.15
after adjustment for tHcy).

The effect of plasma folate on the genotype-risk relation was
also examined. Within each stratum of plasma folate, the TT
genotype was associated with a nonsignificantly increased risk
of all vascular disease and particularly ischemic heart disease
(data not shown). This effect was more marked, but still non-
significant, when adjustment was made for conventional risk
factors.

MTHFR genotype, tHcy, and risk

The relations between genotype, tHcy, and risk are examined
in Table 3. Increasing fasting tHcy concentrations were associ-
ated with a significantly increased risk of vascular disease in all
subjects. The strength of this relation was weakened but still signi-
ficant after adjustment for the conventional risk factors (Table 3)
and plasma folate concentration (data not shown).

Although not an a priori hypothesis, we explored the possibil-
ity that the vascular disease risk associated with any given con-
centration of tHcy might differ according to genotype. We used
conditional logistic regression to obtain odds ratios for vascular
disease at increasing tHcy concentrations for each genotype. With
the use of a tHcy concentration < 9 �mol/L in CC subjects as a
reference, an approximate 5-fold increase in risk at tHcy con-
centrations > 15 �mol/L in CC subjects after adjustment for age,
sex, and center was noted (1.0 compared with 4.98). In TT sub-
jects after adjustment for age, sex, and center, a 3-fold increase
in risk was observed only at tHcy concentrations > 30 �mol/L
(1.82 compared with 6.03). Hence, at intermediate tHcy concen-
trations (15–30 �mol/L), the risk of disease tended to be higher
in CC than in TT subjects. After adjustment for serum creatinine,
smoking, hypercholesterolemia, and hypertension, the odds ratio
for vascular disease risk in each genotype was not significantly
different: [3.38 (95% CI: 1.49, 7.67) compared with 3.43 (95%
CI: 1.62, 7.28)].

 by guest on D
ecem

ber 26, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


66 MELEADY ET AL

T
A

B
L

E
 3

C
as

e 
an

d 
co

nt
ro

l d
is

tr
ib

ut
io

ns
 a

cc
or

di
ng

 to
 m

et
hy

le
ne

te
tr

ah
yd

ro
fo

la
te

 r
ed

uc
ta

se
 g

en
ot

yp
e 

an
d 

to
ta

l h
om

oc
ys

te
in

e 
(t

H
cy

) 
co

nc
en

tr
at

io
n 

an
d 

od
ds

 r
at

io
 (

O
R

) 
fo

r 
va

sc
ul

ar
 d

is
ea

se
1

tH
cy

N
o.

 o
f 

su
bj

ec
ts

 (
co

nt
ro

ls
/c

as
es

)
R

is
k 

of
 v

as
cu

la
r 

di
se

as
e 

O
R

(9
5%

 C
I)

2
R

is
k 

of
 v

as
cu

la
r 

di
se

as
e 

O
R

 (
95

%
 C

I)
 a

dj
us

te
d3

(�
m

ol
/L

)
C

C
C

T
T

T
A

ll
C

C
C

T
T

T
A

ll
C

C
C

T
T

T

<
9

16
4/

92
13

3/
87

16
/1

7
1.

0
1.

0
1.

05
 (

0.
71

,1
.5

5)
1.

82
 (

0.
85

,3
.8

8)
1.

0
1.

0
1.

10
 (

0.
72

,1
.7

0)
1.

90
 (

0.
84

,4
.3

2)
9–

14
.9

9
17

7/
18

0
16

4/
18

2
47

/3
9

1.
47

 (
1.

14
,1

.8
9)

1.
59

 (
1.

17
,2

.2
6)

1.
6 

(1
.1

2,
2.

29
)

1.
36

 (
0.

81
,2

.3
0)

1.
48

 (
1.

12
,1

.9
6)

1.
67

 (
1.

13
,2

.4
6)

1.
54

 (
1.

03
,2

.2
9)

1.
70

 (
0.

95
,3

.0
2)

≥
15

11
/4

1
17

/3
8

18
/3

5
3.

26
 (

2.
14

,4
.9

8)
4.

98
 (

2.
36

,1
0.

51
)

2.
92

 (
1.

49
,5

.7
3)

2.
99

 (
1.

52
,5

.8
9)

2.
90

 (
1.

81
,4

.6
5)

3.
38

 (
1.

49
,7

.6
7)

2.
74

 (
1.

31
,5

.7
3)

3.
43

 (
1.

62
,7

.2
8)

15
–2

0
11

/2
9

15
/2

3
9/

12
2.

42
 (

1.
48

,3
.9

5)
4.

96
 (

2.
35

,1
0.

46
)

2.
24

 (
1.

06
,4

.7
5)

2.
13

 (
0.

8,
5.

66
)

2.
02

 (
1.

16
,3

.5
1)

3.
37

 (
1.

49
,7

.6
6)

1.
87

 (
0.

81
,4

.2
9)

2.
99

 (
1.

03
,8

.7
1)

20
–3

0
0/

12
2/

11
7/

14
5.

44
 (

2.
47

,1
1.

99
)

—
7.

15
 (

1.
5,

32
.9

)
3.

19
 (

1.
16

,8
.7

7)
5.

60
 (

2.
38

,1
3.

19
)

—
8.

90
 (

1.
80

,4
4.

12
)

3.
56

 (
1.

17
,1

0.
88

)
>

30
0/

0
0/

4
2/

9
7.

73
 (

1.
66

,3
6.

04
)

—
—

6.
03

 (
1.

22
,2

9.
77

)
6.

49
 (

1.
26

,3
3.

32
)

—
—

4.
78

 (
0.

81
,2

8.
03

)
1
R

is
k 

of
 v

as
cu

la
r 

di
se

as
e 

fo
r 

al
l g

en
ot

yp
es

 to
ge

th
er

 is
 b

as
ed

 o
n 

a 
co

m
pa

ri
so

n 
w

ith
 th

e 
re

fe
re

nc
e 

gr
ou

p 
w

ith
 a

 tH
cy

 c
on

ce
nt

ra
tio

n 
<

9 
�

m
ol

/L
. R

is
k 

of
 v

as
cu

la
r 

di
se

as
e 

fo
r 

in
di

vi
du

al
 g

en
ot

yp
es

 is
 b

as
ed

 o
n

a 
co

m
pa

ri
so

n 
w

ith
 th

e 
re

fe
re

nc
e 

C
C

gr
ou

p 
w

ith
 a

 tH
cy

 c
on

ce
nt

ra
tio

n 
<

9 
�

m
ol

/L
. T

he
 la

st
 3

 li
ne

s 
of

 th
e 

ta
bl

e 
re

fe
r 

to
 th

e 
tH

cy
 d

is
tr

ib
ut

io
n 

>
15

 �
m

ol
/L

.
2
In

 m
od

el
 1

,a
dj

us
tm

en
t w

as
 m

ad
e 

fo
r 

ag
e,

se
x,

an
d 

ce
nt

er
. R

is
k 

of
 v

as
cu

la
r 

di
se

as
e 

is
 c

on
si

de
re

d 
fir

st
 in

 a
ll 

ge
no

ty
pe

s 
to

ge
th

er
 a

s 
w

el
l a

s 
in

di
vi

du
al

ly
.

3
A

s 
m

od
el

 1
,b

ut
 a

ls
o 

ad
ju

st
ed

 f
or

 c
re

at
in

in
e,

sm
ok

in
g,

hy
pe

rt
en

si
on

 (
sy

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
>

16
0 

m
m

 H
g,

di
as

to
lic

 b
lo

od
 p

re
ss

ur
e 

>
95

 m
m

 H
g,

or
 r

ec
ei

vi
ng

 t
re

at
m

en
t)

 a
nd

 h
yp

er
lip

id
em

ia
 (

to
ta

l 
ch

o-
le

st
er

ol
 ≥

6.
5 

m
m

ol
/L

 o
r 

re
ce

iv
in

g 
tr

ea
tm

en
t)

 by guest on D
ecem

ber 26, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


THERMOLABILE MTHFR, HOMOCYSTEINE, AND VASCULAR RISK 67

TABLE 4
Prevalence of selected characteristics among controls and cases according to plasma total homocysteine (tHcy) concentration and thermolabile
methylenetetrahydrofolate reductase genotype

Total tHcy < 9�mol/L tHcy 9–15 �mol/L tHcy > 15 �mol/L

Variable population CC CT TT CC CT TT CC CT TT

No. of subjects
Controls 747 164 133 16 177 164 47 11 17 18
Cases 711 92 88 17 180 181 39 41 38 35

Mean age (y)
Controls 43.9 40.1 41.6 42.8 46.6 45.9 41.4 47.5 48.9 37.8
Cases 47.2 45.8 43.4 46.7 48.0 47.9 49.4 51.2 47.4 45.1

Male (%)
Controls 72.0 62.8 55.6 75.0 80.2 82.9 72.3 90.9 82.4 72.2
Cases 73.0 55.4 60.2 47.1 84.4 76.8 66.7 80.5 71.1 85.7

Smokers (%)
Controls 33.2 33.5 33.1 37.5 39.6 25.0 36.2 36.4 35.3 27.8
Cases 55.0 50.0 40.9 52.9 58.3 55.3 51.3 73.2 71.1 51.4

Hypertension (%)1

Controls 11.9 10.4 11.3 0.0 10.7 16.5 8.5 9.1 23.5 11.1
Cases 38.1 35.9 31.8 35.3 38.3 39.8 33.3 61.0 42.1 25.7

Hyperlipidemia (%)2

Controls 36.8 34.2 22.6 25.0 42.9 45.7 27.8 36.4 58.8 33.3
Cases 52.9 45.7 52.3 47.1 55.6 57.5 48.7 61.0 50.0 37.1

Creatinine > 100 �mol/L (%)
Controls 1.5 0.0 0.8 0.0 1.7 3.1 2.1 9.1 0.0 0.0
Cases 4.2 1.1 0.0 0.0 3.3 4.4 0.0 19.5 13.2 5.7

Plasma folate < 6.6 nmol/L (%)
Controls 18.83 9.8 2.3 12.5 24.44 20.7 29.8 72.7 70.6 44.4
Cases 30.85 14.36 9.26 0.0 31.86 29.46 28.2 53.7 73.06 71.4

Plasma cobalamin < 120 pmol/L (%)
Controls 5.2 1.8 1.5 0.0 8.5 6.1 2.1 9.1 11.8 27.8
Cases 6.5 5.4 1.1 0.0 3.3 7.2 7.7 14.6 21.1 14.3

1 Systolic blood pressure > 160 mm Hg, diastolic blood pressure > 95 mm Hg, or receiving treatment.
2 Serum total cholesterol ≥ 6.5 mmol/L or receiving treatment.
3 One control missing: based on 746 controls.
4 One control missing.
5 Five cases missing: based on 706 cases.
6 One case missing.

At higher tHcy concentrations (20–30 �mol/L), TT subjects
were still at increased risk compared with those with lower tHcy
concentrations. However, the CIs widened, reflecting the small
numbers of subjects with these higher tHcy concentrations.

Determinants of elevated tHcy and vascular disease
according to genotype

In total, 89 of 747 controls and 271 of 711 cases were hyper-
tensive (systolic blood pressure > 160 mm Hg, diastolic blood
pressure > 95 mm Hg, or receiving treatment), whereas 275 of
747 controls and 376 of 711 cases were hyperlipidemic (total
cholesterol ≥ 6.5 mmol/L or receiving treatment). Because the
effect of adjustment for conventional risk factors differed in CC
and TT subjects at higher tHcy concentrations (> 15 �mol/L), we
examined the frequencies of determinants of both plasma tHcy
concentration and cardiovascular disease risk (4) in each geno-
type (Table 4).

The frequency of the TT genotype was significantly higher in
those with plasma tHcy concentrations > 15 �mol/L (39% of
controls, 31% of cases) than in those with concentrations
between 9 and 15 �mol/L (12.1% of controls, 10% of cases) or
< 9 �mol/L (5.0% of controls, 8.6% of cases) (P < 0.01; Table 4).
Low concentrations of plasma folate (< 6.6 nmol/L) and cobalamin

(< 120 pmol/L) were found significantly more often among those
with tHcy > 15 �mol/L than in those with lower tHcy or in the
study group as a whole (P < 0.01), but case-control differences in
plasma vitamin concentrations were not seen in this group.

Cases with tHcy concentrations > 15 �mol/L had significantly
higher frequencies of conventional cardiovascular disease risk fac-
tors than did cases with concentrations < 15 �mol/L (P < 0.01). As
expected, cases overall had a more adverse risk factor profile than
did controls, but this relation was more evident in cases with the
CC and CT genotypes than in those with the TT genotype. There-
fore, among cases with plasma tHcy concentrations > 15 �mol/L,
individuals with the TT genotype had a lower prevalence and indi-
viduals with the CC genotype had a higher prevalence of conven-
tional risk factors than did the remainder of the study population.

DISCUSSION

The relation between elevated plasma tHcy and vascular dis-
ease risk is independent of traditional risk factors (1, 41).
Although the association is stronger in case-control studies (41)
and in subjects with established vascular disease (42–44) than in
prospective studies (29, 45–48), a recent meta-analysis of prospec-
tive studies indicates a robust relation (49). Two further studies
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suggest that the plasma tHcy concentration is a strong predictor
of cardiovascular events in the early follow-up period and that this
risk relation may become attenuated over time (50, 51). Because
the TT MTHFR genotype is associated with increased plasma tHcy
concentrations, this mutation could be associated with increased
risk of vascular disease (8). In contrast with 4 studies (10–13), a
meta-analysis of 23 studies failed to support such a hypothesis
(52). However, Kluijtmans et al (25) suggested that risk due to the
TT genotype may be confined to those with coronary disease.

The large size of the present study facilitated an examination
of the thermolabile MTHFR genotype as an independent risk fac-
tor for vascular disease and of the relations between genotype,
tHcy, plasma folate, and risk. However, the inclusion criterion of
age < 60 y at the time of diagnosis may have resulted in the selec-
tion of cases with a heavy burden of cardiovascular disease risk
factors. Testing the strength of these relations would be best
undertaken prospectively. A case-control study can include only
surviving cases, and if the TT genotype were associated with an
adverse prognosis, subjects with this trait would be underrepre-
sented among cases. So far, the evidence seems inconsistent
(53–56). Another potential limitation of the present study is the
population variation in allele frequencies (10, 25, 34, 37, 57).
Because the estimated risk is based on a summary odds ratio, the
role of MTHFR within any one group may be masked. However,
because the plasma tHcy–MTHFR relation is folate dependent
(34), although the TT genotype may predict disease in a popula-
tion with low plasma folate concentrations (58), a multinational
study provides an opportunity to examine a wider range of folate
concentrations. In addition, although not measured in the present
study, recent evidence suggests that the plasma riboflavin con-
centration should also be considered in any analysis of the rela-
tion between MTHFR genotype, tHcy concentration, and vascular
disease risk (59). Finally, impaired renal function is associated
with raised plasma tHcy concentrations, and the glomerular fil-
tration rate surpasses serum creatinine as a predictor of plasma
tHcy concentrations (60, 61). Because it was not practicable to
estimate the glomerular filtration rate in so large a study, we con-
trolled for serum creatinine. Therefore, it remains possible that the
higher tHcy concentrations found in cases was a consequence of
vascular disease–mediated impairment of renal function not
reflected in circulating creatinine concentrations.

In both cases and controls we found higher tHcy concentrations
in TT subjects with low folate concentrations, a relation consistently
shown by others (14, 22, 28, 34, 35, 52). Plasma tHcy concentra-
tions in TT subjects may be more sensitive to folate (Figure 1). Uni-
variate analysis showed a nonsignificant association between TT
genotype and vascular risk, but after adjustment for risk factors that
are associated with elevated plasma tHcy concentrations (4, 41), the
TT genotype (compared with CC) was independently associated with
an �50% increase in risk. In contrast with earlier work indicating
that risk is confined to those with low plasma folate concentrations
(22, 33, 35), a nonsignificant increase in risk was found across the
spectrum of the plasma folate distribution. The sample size does not
allow a definitive conclusion to be drawn but, as in the meta-analysis
by Kluijtmans et al (25), when patients with ischemic heart disease
were analyzed separately, the increase in risk was higher. In the total
case population and in the ischemic heart disease patients, the odds
ratio for risk of disease was markedly reduced by further adjustment
for tHcy. On this basis but without implying causality, it is reason-
able to suggest that the effect of the TT genotype on vascular risk
may be mediated through high plasma tHcy and low plasma folate

concentrations. Others have taken the weakness of the relation
between the TT genotype and risk as evidence that the relation
between elevated tHcy and vascular risk is itself not significant (52,
62), but the present analysis does not support this view.

The increase in risk associated with the TT genotype may seem
small considering that the tHcy concentration is usually 2–4-�mol/L
higher in TT than in CC subjects (52) (Table 1). Some prospective
(63, 64) and case-control (1, 41) studies suggest a 20–40%
increase in vascular risk caused by such an increase in tHcy.
Therefore, our finding that the TT genotype is associated with a
50% increase in risk is slightly higher than expected.

In contrast with earlier studies of the MTHFR genotype and
despite assuming, perhaps incorrectly (65), that genotype should not
affect the distribution of risk factors, we adjusted for those factors
that influence plasma tHcy concentrations (4, 41). This adjustment
led to different effects on the risk associated with each genotype. In
an exploratory analysis, we examined the prevalence of smoking,
hypertension, hypercholesterolemia, and elevated creatinine in the
separate genotypes at various concentrations of tHcy. Notably, TT
cases with tHcy concentrations > 15 �mol/L had significantly lower
frequencies of these risk factors than did the remainder of the pop-
ulation. By inference, the elevated tHcy concentration was attributed
to poor B vitamin status associated with the TT genotype itself. In
contrast, in hyperhomocysteinemic CC and CT subjects (especially
cases), the frequencies of these traditional risk factors were higher.
Because a markedly high mortality rate among TT subjects seems
unlikely (55), an explanation for this unexpected observation is that
the etiology of hyperhomocysteinemia differs between the geno-
types. In CC subjects, the risk factor profile that “qualifies” them for
entry to a case-control study is mediated by conventional risk fac-
tors and hyperhomocysteinemia, whereas in TT subjects, the risk is
largely attributed to isolated hyperhomocysteinemia due to folate
deficiency. Interaction effects between tHcy and conventional risk
factors (3) may explain why the relation between tHcy and vascular
disease risk or mortality seems to be consistently stronger in patients
with preexisting disease and in the early follow-up period. Risk rela-
tions are stronger in case-control studies (1, 41) and in prospective
studies of patients with coronary artery disease (44), renal failure
(43), or systemic lupus erythematosus (42) than in prospective stud-
ies of subjects who are initially healthy (45, 46, 63, 64).

In conclusion, elevated tHcy is an independent cardiovascular
disease risk factor in the 3 MTHFR genotypes. In TT subjects, the
increased risk is associated with elevated tHcy largely attributa-
ble to low folate status, whereas in CC and CT subjects, additional
determinants of tHcy and risk such as smoking and hypertension
may enhance vascular risk. These interaction effects may explain
why CC and CT subjects tend to have higher risk than do TT sub-
jects at a similar tHcy concentration. Multivariate analysis sug-
gests that the TT genotype, mostly through its effect on the tHcy
concentration, is associated with a modest but significant risk, par-
ticularly in patients with ischemic heart disease.

Participants in the European Concerted Action Project on Homocysteine and
Vascular Disease are as follows: Ian M Graham (project leader; Department of
Cardiology, Adelaide-Meath Hospital, incorporating the National Children’s
Hospital, and Trinity College Dublin, and the Department of Epidemiology and
Preventive Medicine, Royal College of Surgeons in Ireland), Leslie E Daly
(Department of Public Health Medicine and Epidemiology, University College
Dublin), Helga M Refsum, (Locus for Homocysteine and Related Vitamins,
Armauer Hansens Hus, University of Bergen, Bergen, Norway) Killian Robinson
(Department of Cardiology, Cleveland Clinic Foundation), Lars E Brattström
(Department of Medicine, County Hospital, Kalmar, Sweden), Per M Ueland
(Locus for Homocysteine and Related Vitamins, Armauer Hansens Hus,
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University of Bergen, Bergen, Norway), Roberto J Palma-Reis (Servico de
Medicina, Hospital de S Francisco Xavier, Lisbon), Godfried HJ Boers (Depart-
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University Hospital, Malmö, Sweden), Cuno S Uiterwaal (Department of Epi-
demiology and Biostatistics, Erasmus University Medical School, Rotterdam,
Netherlands), Raymond Meleady (Department of Cardiology, Adelaide-Meath
Hospital, incorporating the National Children’s Hospital, and Trinity College,
Dublin), Dorothy McMaster (Department of Epidemiology and Public Health,
The Queen’s University of Belfast, Northern Ireland), Petra Verhoef (Depart-
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Hélène Bellet (Laboratoire de Medicine Experimentale, Institut de Biologie,
Montpellier, France), Jan C Wautrecht (Service de Pathologie Vasculaire, Clin-
ique Médicale, University Libre de Bruxelles, Belgium), Harold W de Valk
(Department of Internal Medicine, University Hospital, Utrecht, Netherlands),
Armando C Sales Lúis (Servico de Medicina, Hospital de S Francisco Xavier, Lisbon),
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Biochimie, Hôpital Pasteur, Nice, France), Alun E Evans (Department of Epi-
demiology and Public Health, The Queen’s University of Belfast, Northern
Ireland), and Generoso Andria (Facolta di Medicina e Chirurgia, Universita
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