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Abstract

Background—The non-O alleles of the ABO genotype have been associated with an increased
risk of thrombosis. Risk associated with the specific A1, A2, or B alleles is not well defined.

Objectives—To examine the association of ABO genotype with myocardial infarction (Ml),
ischemic stroke, hemorrhagic stroke, and venous thrombosis (VT).

Patients/Methods—We used data from 2 ongoing population-based case-control studies of Ml,
stroke, and VT. Cases included hypertensive adults and post-menopausal women with incident
non-fatal MI (n=1063), ischemic stroke (n=469), and hemorrhagic stroke (n=91), and
postmenopausal women with incident non-fatal VT (n=504). Controls were frequency matched to
cases on age, sex, hypertension status, and year of identification. ABO genotypes were determined
using single nucleotide polymorphisms and subjects were grouped by diplotype according to the
presence of O1, 02, A1l A2 and B alleles. Logistic regression was used to test the association of
diplotypes with risk of each outcome.

Results—Compared with the 0101 group, the Al allele was associated with an increased risk of
VT (odds ratio [OR] 1.79, 95% confidence interval: 1.41-2.26) and MI (OR 1.23 [1.05-1.44]).
The B allele was associated with an increased risk of VT (OR 1.82 [1.29-2.57]) and ischemic
stroke (OR 1.59 [1.17-2.17]). The AB diplotype category was associated with a 2.7-fold risk of
VT (OR 2.70 [1.73-4.21]). No other associations reached significance.

Conclusions—The VT and Ml findings are confirmatory and the ischemic stroke finding with
the B allele is a novel and needs replication.
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The presence of the A and B blood group antigens, expressed on red blood cells and other
cells and molecules within the body, has been associated with risk of both arterial and
venous thrombosis. Most studies indicate an increased risk of thrombosis associated with the
non-O blood group.[1-7] Early investigations relied on blood-group classifications, but with
the discovery of the ABO gene and recent advances in genotyping techniques, the effect of
blood group genotype on the risk of thrombosis can be more finely investigated.

The ABO gene codes for several glycosyl transferases that add sugar residues to the H(O)
antigen thus forming the A and B antigens. These antigens reside on the surface of VWF, a
carrier protein for coagulation factor VIII (FVI111).[8,9] The clearance of VWF is associated
with the ABO antigen type, and in particular the presence of the A or B antigens.[8,10,11]
Risk of thrombosis has been shown to be increased with higher levels of vVWF and FVIII,
[12-17] and it is through the effect of ABO antigens on VWF clearance that ABO genotypes
are hypothesized to affect thrombotic risk.[8,10,18-21] Although most studies of ABO
genotype and risk of arterial and venous thrombosis have reported an increased risk of
thrombosis with the non-O alleles,[15,22-28] results vary among studies examining risks
associated with the specific Al, A2 or B alleles. Investigations of ABO alleles and the risk
of hemorrhagic stroke have not been reported.

We hypothesized that the Al and B alleles would be associated with an increased risk of
arterial and venous thrombosis compared with the O allele. We also explored the association
of ABO alleles and hemorrhagic stroke. Our analytic approach involved genotype,
haplotype, and diplotype associations with risks of thrombotic events and hemorrhagic
stroke.

Setting and study design

Population

The setting for this study was Group Health (GH), a large integrated health care system in
western Washington State. Data were utilized from 2 ongoing population-based, case-
control studies: 1 including incident myocardial infarction (MI) and stroke cases and a
second including incident venous thrombaosis (VT) cases. The 2 studies shared a common
control group. Methods for the 2 studies have been described previously and are briefly
summarized below.[29,30] Both studies were approved by the human subjects committee at
GH, and written informed consent was provided by all study participants.

All study participants were GH members. MI and stroke cases and controls were aged 30-79
years and included men pharmaceutically treated for hypertension and women who were
either pharmaceutically treated for hypertension or were peri- or postmenopausal. VT cases
and controls were peri- or postmenopausal women aged 30-89 years. Case subjects
experienced a non-fatal incident event occurring between January 1, 1995 and December 31,
2004, and were identified from several sources. Myocardial infarction and stroke cases were
hospitalized and identified from computerized hospital discharge abstracts and billing
records.[29,30] VT cases, incident deep vein thrombosis and pulmonary embolism, were
identified from both inpatient and outpatient computerized sources.[31] Controls were a
random sample of GH members frequency matched to MI cases on age, sex, treated
hypertension, and calendar year of identification.[29,30] The index date for controls was a
computer-generated random date within the calendar year for which they had been selected.
For MI and stroke cases, the index date was the date of admission for the first acute Ml or
stroke, and for VT cases, the index date was the date of VT diagnosis.
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Data collection

Eligibility and risk factor information were collected by trained medical record abstractors
from a review of the GH medical record using only data available prior to the index date.
Data on race were obtained from a telephone interview, and a venous blood sample was
collected from all consenting subjects. DNA was extracted from white blood cells using
standard procedures.

Genotyping—ABO single-nucleotide polymorphisms (SNPs) were selected for
genotyping to allow discrimination among the common ABO alleles: O (including subtypes
01 and 012), 02, Al (including subtypes Al and Al2), A2 and B.[32] Subtypes 012 and
01 contain the same G deletion at nucleotide 261 that renders the transferase enzyme
inactive, but O12 differs from O1 by an additional 9 nucleotide mutations.[9] Subtype A2
differs from A1l by a C467T mutation that causes an amino acid substitution but does not
appear to affect enzyme activity. [32] Genotyping of the ABO SNPs was performed using a
GoldenGate custom panel using BeadArray® technology. Of the 14 SNPs selected, 11 were
successfully genotyped on the Illumina platform, and 99.8% of the nucleotide pairs from the
genotyped SNPs were successfully called. Four of the 11 SNPs were in high linkage
disequilibrium with other SNPs and were dropped from further analyses. A total of 7 SNPs
were included in the analyses.

Haplotype and Diplotype Construction—Haplotype data were inferred from SNPs
using PHASE 2.1 software (University of Washington, Seattle;
http://www.stat.washington.edu/stephens/software.html), which computes probabilities for
each haplotype pair consistent with the observed data.[33,34] When uncertainty in the
haplotype estimation occurred, subjects were assigned multiple haplotype pairs, each with a
probability. Six haplotypes with a frequency of 2% or greater were inferred from PHASE.
These haplotypes from PHASE were the same as the ABO haplotypes that code for the
specific ABO alleles previously described[32], and the frequencies were consistent with
those reported for Caucasians.[35] Haplotypes with a frequency less than 2% in the study
population were combined into a single “other” haplotype. Due to genotyping failures, we
were not able to distinguish haplotype A2 from A2. Since the AZ allele is believed to be
more common in Caucasians than the A12 allele, [9,36] we refer to the allele coded by the
haplotype for A12/AZ as A2 throughout this paper.

Using the haplotype pairs inferred by PHASE, diplotypes were constructed for each
individual as indicator variables and probability weights applied in regression analyses for
subjects with multiple possible haplotype pairs.

Data analysis

For the MI and stroke analyses, MI cases with a prior history of stroke, stroke cases with a
prior history of MI, and controls with a prior history of either MI or stroke were excluded
from the study. Controls with a prior VT were excluded for the VT analyses.

Odds ratios (ORs) and 95% confidence intervals (Cls) were assessed for the associations
between each SNP and each of the outcomes using separate logistic regression models and
adjusting for race and the matching criteria of age, sex, hypertensive status, and index year.
In all analyses, an additive model was assumed with each SNP modeled as 0, 1, or 2 copies
of the minor allele.

For haplotype analyses, OR and CI estimates were obtained using weighted logistic
regression with sandwich variance estimators and haplotype probability weights. The
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number of haplotypes (0, 1, or 2) was used as the predictor, and the most common haplotype
was used as the reference group in adjusted analyses.

Haplotypes produced 27 observed diplotypes. Because many of the diplotypes were rare, we
grouped diplotypes into 6 hierarchical and mutually exclusive diplotype categories
according to allelic presence: both A and B, any B, any AL, any A2, and two O alleles, with
diplotypes containing one O? allele and one OZ allele (diplotype category O102) separated
from diplotypes containing two O? alleles (diplotype category O10%). Using the 010!
diplotype category as reference, weighted logistic regression with sandwich variance
estimators was employed to estimate OR and CI for each of the diplotype categories. To
investigate the possibility that the association between ABO genotype and thrombosis is due
to H antigen expression, we grouped the diplotypes by the amount of H antigen expressed.
We also report on the comparison of O vs non-O genotypes.

There were 1063 M, 469 ischemic stroke, and 91 hemorrhagic stroke cases and 3462
frequency-matched controls included in the MI and stroke analyses. For VT analyses, 504
VT cases and 2172 controls were included. A summary of the subject characteristics is
presented in Table 1. Mean ages of cases and controls ranged between 65 and 68 years, and
most subjects were Caucasian. As would be expected, event-associated risk factors were
more common in case subjects than in their controls.

SNPs and Haplotypes

Diplotypes

The associations of ABO SNPs and haplotypes with risk of MI, ischemic stroke,
hemorrhagic stroke, and VT are summarized in Table 2. Table columns show 7 SNPs used
in the analyses with OR, 95% CIl, and p-values for the association of each SNP with each of
the outcomes of interest. Minor alleles for the SNPs are given in bold. Rows in the table
present the 6 common haplotypes and the combined group of rare haplotypes, the frequency
of the haplotypes among controls, and the alleles defining the haplotypes along with OR,
95% ClI, and p-values for the association of each haplotype with each of the 4 outcomes.

We found 2 haplotypes associated with an increased risk of VT compared with the reference
haplotype O, and these same haplotypes were either associated with an increased risk of
M1 or an increased risk of ischemic stroke. Compared with the O1 allele, risk of VT
increased by 56% with the A1l allele (OR 1.56 [1.29-1.88]), and risk of MI increased by
18% with the A1l allele (OR 1.18 [1.04-1.35]). Presence of the B allele was associated with
a 63% increased risk of VT (OR 1.63 [1.25-2.14]), and a 47% increased risk of ischemic
stroke (OR 1.47 [1.14-1.90]). No associations were noted between haplotypes or SNPs and
risk of hemorrhagic stroke.

Results from the SNP analyses correspond to the haplotype results. SNPs ABO-003551 and
ABO-013786 distinguish the A1 haplotype from the reference haplotype, and both are
associated with an increased risk of VT. Risk of ischemic stroke is increased with SNPs
ABO0-020182 and AB0O-021867, which both distinguish the B haplotype from the other
haplotypes. ABO-021867 also shows an association with VT, and risk of VT is decreased
with the SNP that distinguishes 012 from A1l (ABO-020976).

Table 3 presents the primary diplotype analyses. As with the haplotypes, the associations
observed between diplotype category and Ml and ischemic stroke outcomes were also
observed with the outcome of VT. The Al diplotype category was associated with a 79%
increased risk of VT (OR 1.79 [1.41-2.26]) and a 23% increased risk of M1 compared with
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the 010! diplotype category (OR 1.23 [1.05-1.44]). The B diplotype category was
associated with an 82% increase in risk of VT (OR 1.82 [1.29-2.57]) and a 59% increase in
risk of ischemic stroke compared with the 0101 diplotype category (OR 1.59 [1.17-2.17]).
Additionally, the AB diplotype category was associated with a 2.7-fold risk of VT (OR 2.70
[1.73-4.21]). This association was not observed among MI or ischemic stroke cases. No
significant associations between diplotype categories and risk of hemorrhagic stroke were
noted in our analyses. We attempted to analyze diplotypes grouped to reflect H antigen
expression and to report explicitly on the effect of ALIALl ALB and BB diplotypes alone,
however this categorization of diplotypes created groupings with too few subjects in several
categories and risk estimates were not reliable. In our comparison of O vs non-O genotypes,
the non-O category was not associated with risk of MI, ischemic stroke, or hemorrhagic
stroke but was associated with a 77% increased risk of VT (OR 1.77, 95% CI 1.43-2.18).

Discussion

In this population-based case-control study, we found that risk of arterial and venous
thrombosis increased with the presence of the Al and B alleles. Haplotype results were
consistent with the diplotype results for M, ischemic stroke, and VT. No association
between risk of hemorrhagic stroke and ABO haplotype or diplotype categories was
detected.

This study has several limitations. The case-control design of the study did not allow us to
collect DNA information on fatal events or from those who did not survive until study
contact. Findings may be biased if a genotype is associated with increased mortality.
Because of population characteristics, MI and stroke findings may not apply to
nonhypertensive men and VT findings may not apply to men. We were unable to investigate
the association of the A2 or 0102 diplotype categories due to the small number of subjects
within each category. The method of genotyping employed did not allow for distinction
between the A2 allele and the rare A2 allele and it was not be possible to explore
independent associations. Finally, the number of cases of hemorrhagic stroke was small,
limiting our statistical power for this outcome.

The increased risk of ischemic stroke with the B haplotype or B diplotype is a new finding.
This finding is consistent with intermediate phenotype findings which have shown that
plasma levels of VWF and FVI111 are positively associated with the number of Al or B alleles
present.[10,11,21,26,27,37] Only a few studies have examined the association between ABO
blood group or genotype and risk of ischemic stroke, with most results non-significant.[38—
40] In contrast to our results, an analysis of ABO genotype and cerebral ischemia of arterial
origin showed a doubling of risk in those carrying at least one A allele (either Al or A2)
compared with all other genotypes.[22] No associations were present for the AL, A2, or B
alleles individually.[22]

Our findings of an increased risk of M1 with the presence of the Al allele or Al diplotype
category are consistent with past studies of blood group phenotype and Ml and also with the
relationship between ABO genotype and levels of VWF and FVII1.[1,2,4,41] Difficulty
arises when comparing our results with those from studies examining the association
between ABO genotype and risk of MI, however. Each study differed in its approach and in
the reference groups utilized, and none examined the risk associated with the Al allele
independently. A case-control study of individuals examined with coronary angiography
found a 39% decreased risk of MI with the presence of at least one O? allele compared to no
O alleles,[28] and a second smaller case-control study showed a three-fold risk of MI with
the presence of the B allele compared to no B allele.[24] A prospective cohort study of
postmenopausal women combined diplotypes for blood groups A and B in analyses and
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found that those with the A or B blood group genotype had almost a two-fold incidence of
acute ischemic heart disease compared with those who were homozygous for the O allele.
[25]

Studies of the association of ABO genotype and risk of VT have been more consistent than
those for arterial risk. Analyses from a case-control study showed that those with the Al
allele had a three-fold risk of VT compared to those homozygous for the O allele.[27] In a
second case-control study conducted in the Netherlands, the AlAl, AlQ, B, and AB
diplotype categories each were associated with a doubling of VT risk compared with the
01010102 diplotype category.[23] Results similar to those observed with ABO genotypes
also have been reported by studies investigating the relationship between ABO blood group
phenotype and risk of VT.[3,5,7,41] In addition, the findings of increased VWF and FVIII
plasma levels in those with the Al and B alleles support our results of increased risk of VT
with the A1, B, and AB diplotype categories.[10,11,26,27]

We found no association between ABO genotype and hemorrhagic stroke, possibly due in
part to the limited power for this analysis. One study has reported results from an
investigation of ABO blood groups and risk of hemorrhagic stroke, finding a excess of O
and B blood groups among hemorrhagic stroke cases compared with controls.[39]

The relationship of ABO genotype with arterial and venous thrombosis appears to be
mediated in part through vVWF, which carries FVIII and protects it from degradation.[8]
Current evidence suggests that the effect of ABO genotype on vVWF and FVIII is due to the
presence of the antigens A, B, and H(O) on vVWF.[8,10,20,21,42] These antigens are
believed to have an effect on the clearance of vVWF, but the mechanism behind this effect is
still unknown.[8,10,18-21] Circulating levels of vVWF or FVIII were not measured in this
study, so we could not explore the relationship between these levels and ABO genotype.

This study examined the association of ABO genotype and the risk of arterial and venous
thrombosis. Our results showed an increased risk of Ml and VT with the A1l allele, an
increased risk of ischemic stroke and VT with the B allele, and an increased risk of VT with
the AB diplotype. The ischemic stroke and B allele finding is novel and needs replication.
Other findings are consistent with the findings from several other studies of arterial and
venous thrombosis. We were unable to detect significant associations between the Al allele
and ischemic stroke and the B allele and M, but the upper limits of the confidence intervals
do not rule out possible risk. The exact mechanism through which ABO antigens affect VWF
clearance has not been elucidated, and further research in this area might provide insight into
ways in which ABO genotype affects both arterial and venous thrombosis and aide in better
predicting thrombotic risk.
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Refer to Web version on PubMed Central for supplementary material.
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Table 2
SNPs and Haplotypes

*
Adjusted for age, sex, treated hypertension, index year, and race
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