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Abstract
Background—Fibrin fragment D-dimer is one of several peptides produced when cross-linked
fibrin is degraded by plasmin, and is the most widely-used clinical marker of activated blood
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coagulation. To identity genetic loci influencing D-dimer levels, we performed the first large-
scale, genome-wide association search.

Methods and Results—A genome-wide investigation of the genomic correlates of plasma D-
dimer levels was conducted among 21,052 European-ancestry adults. Plasma levels of D-dimer
were measured independently in each of 13 cohorts. Each study analyzed the association between
~2.6 million genotyped and imputed variants across the 22 autosomal chromosomes and natural-
log transformed D-dimer levels using linear regression in additive genetic models adjusted for age
and sex. Among all variants, 74 exceeded the genome-wide significance threshold and marked 3
regions. At 1p22, rs12029080 (p-value 6.4×10−52) was 46.0 kb upstream from F3, coagulation
factor III (tissue factor). At 1q24, rs6687813 (p-value 2.4×10−14) was 79.7 kb downstream of F5,
coagulation factor V. At 4q32, rs13109457 (p-value 2.9×10−18) was located between 2 fibrinogen
genes: 10.4 kb downstream from FGG and 3.0 kb upstream from FGA. Variants were associated
with a 0.099, 0.096, and 0.061 unit difference, respectively, in natural-log transformed D-dimer
and together accounted for 1.8% of the total variance. When adjusted for non-synonymous
substitutions in F5 and FGA loci known to be associated with D-dimer levels, there was no
evidence of an additional association at either locus.

Conclusions—Three genes were associated with fibrin D-dimer levels, of which the F3
association was the strongest and has not been previously reported.

Keywords
genome-wide variation; D-dimer; epidemiology; meta-analysis; thrombosis; hemostasis

Fibrin fragment D-dimer is one of several peptides produced when cross-linked fibrin is
degraded by plasmin. The amount of D-dimer in plasma is of scientific interest. Several
assays of D-dimer have demonstrated their clinical usefulness in determining non-invasively
the likelihood of clinically-suspected venous thrombosis and pulmonary embolism.1, 2 D-
dimer levels have also been associated with the risks of subsequent arterial and venous
thrombotic events in middle-aged and older adults.3-10

Estimates of the heritability of plasma D-dimer levels range from 23% to 65% in Northern
Europeans.11-13 Several genetic predictors of D-dimer levels have been previously reported.
A 2008 publication clearly identified the association of variation within the fibrinogen gene
cluster, particularly FGA and FGG, with D-dimer levels.14 There was also evidence of an
association with genetic variation in 2 other fibrinolysis-related genes, urokinase
plasminogen activator (PLAU) and plasminogen activator inhibitor 1 (SERPINE1). In other
studies, the factor V Leiden variant (rs6025, 1691 G>A) and the factor II 20210A variant
(rs1799963, G>A) have both been associated with D-dimer levels.8 While genetic influences
beyond genes in the clotting cascade have been proposed, none has been identified.15

The aim of this study was to identify areas of the genome that are statistically associated
with plasma levels of fibrin D-dimer. To date, no large-scale genome-wide investigation of
the genomic correlates of D-dimer plasma levels has been published. Using data from
21,052 European-ancestry adults, we investigated genome-wide associations between
common genetic variation and plasma levels of D-dimer.

Methods
Setting

The meta-analysis was conducted in the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium, which includes data from several prospective,
population-based cohorts of adults in the US and Europe.16 D-dimer measures were
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available from 3 of the cohorts: the Cardiovascular Health Study (CHS), the Framingham
Heart Study (FHS), and the Rotterdam Study (RS). The meta-analysis also included data
from 10 other studies with D-dimer measures and genome-wide markers: the British 1958
Birth Cohort (B58C) from which non-overlapping subsets were used as controls for the
Wellcome Trust Case-Control Consortium (WTCCC), the Type 1 Diabetes Genetics
Consortium (T1DGC), and a European asthma genetics consortium (GABRIEL);
Cooperative Research in the Region of Augsburg (KORA) F3 study; the Lothian Birth
Cohorts of 1921 and 1936 (LBC1921 and LBC1936); the Orkney Complex Disease Study
(ORCADES); the Prospective Study of Pravastatin in the Elderly at Risk (PROSPER);
Twins UK; and the CROATIA-Vis study. These studies have been described elsewhere.17-33

Subjects
Eligible participants for these analyses had a D-dimer measure, high-quality data from the
genome-wide scans (see below), and were not using a coumarin-based anticoagulant at the
time of the phenotype measurement. Participants were of European ancestry by self report.
Each study received institutional review board or ethics approval and all participants
provided written informed consent for the use of their DNA in research.

Measures
D-Dimer—Plasma measures of D-dimer were obtained at the time of cohort entry for CHS,
CROATIA-Vis, KORA-F3, ORCADES, PROSPER, RS, and Twins UK, and at a follow-up
visit for B58C (examination 2002 and 2003), FHS (examination cycle 5, 1991-1995),
LBC1921 (wave 3 in 2007-2008), and LBC1936 (wave 2 from 2007-2010). The D-dimer
phenotype was measured by enzyme-linked immunosorbent assay (ELISA) using
monoclonal antibodies in kit or prepared in the lab: ELISA assay (Hyphen, Paris, France) in
B58C, CROATIA-Vis, and ORCADES;17 VIDAS D-Dimer (bioMérieux, Marcy Etoile,
France) in LBC1921 and LBC1936 (n=391);18 ELISA HemosIL™ D-Dimer
(Instrumentation Laboratory, Italy) in LBC1936 (n=162);19 (Biopool AB) in PROSPER;20

Enzygnost D-Dimer micro (Behringwerke Diagnostica, Marburg, Germany) in RS;21

Biopool TintElize ELISA D-dimer (Trinity Biotech, Bary, Ireland) in UK Twins;22 and
using 2 monoclonal antibodies directed against nonoverlapping antigenic determinants to
detect D-dimer from cross-linked fibrin but not D-monomer in CHS, FHS, and KORA-F3.4,
23, 24

Baseline measures of clinical and demographic characteristics were obtained at the time of
cohort entry for CHS, CROATIA-Vis, KORA-F3, ORCADES, PROSPER, RS, and Twins
UK, and at the time of phenotype measurement for B58C, FHS, LBC1921, and LBC1936.
Measures, taken using standardized methods as specified by each study, included in-person
measures of height and weight, and self-reported treatment of diabetes, and prevalent
cardiovascular disease (history of myocardial infarction, angina, coronary revascularization,
stroke, transient ischemic attack) or venous thrombotic disease (history of deep vein
thrombosis or pulmonary embolism).

Genotyping and Imputation—Genotyping was performed using DNA collected from
phlebotomy from all cohorts except B58C, which used cell lines. Genome-wide assays of
single nucleotide polymorphisms (SNPs) were conducted independently in each cohort
using various Affymetrix and Illumina panels (Supplemental Table S1). Genotype quality
control and data cleaning that included assessing Hardy-Weinberg equilibrium and variant
call rates, were conducted independently by each study; details have been published
elsewhere and are also provided in Supplemental Table S1.16, 25, 26
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We investigated genetic variation in the 22 autosomal chromosomes. Genotypes were coded
as 0, 1, and 2 representing the number of copies of the coded alleles. Each study
independently applied quality-control criteria (Supplemental S2) and imputed their genotype
data to the ~2.6 million SNPs derived from the HapMap Caucasian (CEU) sample from the
Centre d’Etude du Polymorphisme Humain using imputation software that included MACH,
BIMBAM or IMPUTE.27-29 Imputation results were summarized as an “allele dosage”
defined as the expected number of copies of the minor allele at that SNP (a continuous value
between 0 and 2) for each genotype. Each cohort calculated a ratio of observed to expected
variance (OEV) of the dosage statistic for each SNP. This value, which generally ranges
from 0 to 1 (poor to excellent), reflects imputation quality.

Statistical Analyses
Investigators from all cohorts developed the pre-specified analytic plan described below.
Each study independently analyzed their genotype-phenotype data. All studies used linear
regression to conduct association analyses between measured and imputed SNPs and
natural-log transformed D-dimer measures except for CROATIA-Vis, FHS, and
ORCADES, which used a linear mixed effects model to account for family relationships,
and for Twins UK, which used a score test and variance components method as
implemented in Merlin.30-33 An additive genetic model with 1 degree of freedom was
adjusted for age and sex. In addition, CHS and PROSPER adjusted for field site or center;
CROATIA-Vis, FHS, and ORCADES adjusted for generation and ancestry using principal
components; and B58C adjusted for nuisance blood-draw variables.17, 34 For each analysis a
genomic control coefficient, that estimated the extent of underlying population structure
based on test-statistic inflation, was used to adjust standard errors.35

Within-study findings were combined across studies to produce summary results using
standard meta-analytic approaches. A fixed-effects, inverse-variance weighted meta-analysis
was performed, and summary p-values and β-coefficients were calculated. Parameter
coefficient represents natural-log transformed plasma D-dimer differences associated with 1-
unit change in allele dosage. All meta-analyses were conducted using MetABEL (http://
mga.bionet.nsc.ru/~yurii/ABEL). For loci containing genes already known to be associated
with D-dimer, we conducted secondary analyses, adjusting for 1 or more SNPs within the
gene in addition to the variant whose association with D-dimer has already been established.
This allowed us to assess possible novel associations independent of previously-known
strong signals.

The a priori threshold of genome-wide significance was set at a p-value of 5.0×10−8. When
more than 1 SNP clustered at a locus, we chose the SNP with the smallest p-value to
represent the locus. The amount of variation explained by the top SNPs was the difference in
the r2 value when comparing a model containing only the adjustment variables, age, sex, and
study-design variables, to a model that also included top genome-wide significant SNPs.
Each study calculated the amount of variation explained and these estimates were combined
across cohorts using sample-size weighted averages. We also identified sub-threshold loci,
those marked by variants with a p-value less than 1.0×10−5 but greater than level of genome-
wide significance. We limited our report to those sub-threshold loci at a distance of 200kb or
more from other reported loci.

Results
A total of 21,052 participants of European ancestry were eligible from the 13 studies.
Counts of participants and their characteristics are provided in Table 1. The average age in
each cohort ranged from 44.9 to 86.6 years, and 43% of the participants were men.
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Summary statistics for the untransformed and natural-log transformed D-dimer phenotype
are also listed in Table 1.

Within the 13 cohorts, the genomic control coefficients were small (<1.036), suggesting
negligible test statistic inflation. The Figure presents all 2,522,393 meta-analysis p-values
organized by chromosome and genomic position. Among these variants, 74 exceeded the
genome-wide significance threshold and marked 3 regions on 2 chromosomes: 1p22, 1q24,
and 4q32. Table 2 lists the top variant for each chromosomal region. The amount of variance
in the natural-log transformed D-dimer phenotype explained by the top 3 genetic variants
was 1.8% across the 13 cohorts (range 0% to 4.2%).

We identified genome-wide significant signals at chromosomal position 1p22 (Supplemental
Figure S1). Rs12029080 was associated with the smallest p-value in this region (6.4×10−52,
minor allele frequency [MAF] = 0.305) and was 46.0 kb upstream from F3, coagulation
factor III, also known as tissue factor. Each copy of the G allele was associated with a 0.099
unit (genome-wide significance confidence interval [CI]: 0.064-0.134) increase in the
natural-log transformed of D-dimer (ng/dl), or a 10.4% (6.6-14.3%) increase in median D-
dimer level. A forest plot of the meta-analyzed studies is depicted in Supplemental Figure
S2.

A second genome-wide significant locus on chromosome 1 was found at 1q24
(Supplemental Figure S3). Rs6687813 was associated with the smallest p-value at this locus
(2.4×10−14, MAF = 0.059). Each copy of the A allele was associated with a 0.096 unit (CI:
0.027-0.165) increase in the natural log of D-dimer, or a 10.1% (CI: 2.7-17.9%) increase in
median D-dimer level. A forest plot of the meta-analyzed studies is depicted in
Supplemental Figure S4. This SNP was located 79.7 kb downstream of F5, coagulation
factor V. The rs6687813 variant is one of several weak proxies for the F5 Leiden R506Q
(rs6025) variant (r2 = 0.12, D’ = 1.0). In a subset of 5 cohorts where the F5 Leiden variant
was genotyped (B58C-WTCCC, CHS, CROATIA-Vis, ORCADES, and RS), we re-
analyzed the data from chromosome 1 and adjusted for rs6687813 and rs6025 in order to
estimate the amount of variation explained independently by each SNP. The p-value for
rs6687813 decreased from 2.5×10−5 to 4.4×10−2 when additionally adjusting for rs6025 and
was no longer significantly associated with the phenotype. In the subset of cohorts, the F5
R506Q (rs6025) variant was associated with a 0.22 unit (CI: 0.013-0.419) increase in
natural-log transformed D-dimer (p-value = 6.4×10−9), or a 24% (CI 1.3-52.0%) increase in
median D-dimer level. A forest plot of rs6025 is provided in Supplemental Figure S5.

A third genome-wide significant locus was identified at chromosomal position 4q32
(Supplemental Figure S6). Rs13109457 had the smallest p-value (2.9×10−18, MAF = 0.250)
and was located between 2 fibrinogen genes: 10.4 kb downstream from FGG, fibrinogen
gamma chain, and 3.0 kb upstream from FGA, fibrinogen alpha chain. Each copy of the A
allele was associated with a 0.061 unit (CI: 0.023-0.099) increase in the natural log of D-
dimer, or a 6.3% (CI: 2.3-10.4%) increase in median D-dimer level. A forest plot of the
meta-analyzed studies is depicted in Supplemental Figure S7. The rs13109457 variant is in
strong LD with rs6050 (r2 = 0.96, D’ = 1.0), which codes a missense substitution at amino
acid site 331 (Thr to Ala) in FGA. The rs6050 SNP was associated with a p-value of
1.8×10−17 and each additional risk allele of rs6050 was associated with a 0.06 unit (CI:
0.022-0.098) increase in natural-log transformed plasma D-dimer, or a 6.3% (2.3-10.4%)
increase in median D-dimer level. When we adjusted for age, sex, and the Thr331Ala
variant, D-dimer levels were no longer associated with rs13109457 (8.1×10−1).

An additional 13 loci across 8 chromosomes had 1 or more variants with a p-value that did
not exceed the threshold of genome-wide significance, 5.0×10−8, but was smaller than
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1.0×10−5. Details about these 13 loci including closest reference gene are presented in
Supplemental Table S2.

Discussion
A genome-wide investigation of the plasma fibrin D-dimer phenotype in over 20,000 adults
of European-ancestry yielded 3 loci that exceeded the threshold of significance. All 3 loci
were associated with genes previously known to be involved in the coagulation cascade: F3,
F5, and FGA. The association of genetic variation in F3 with D-dimer is novel and has not
been previously reported. The associations with F5 and FGA replicate previous findings.

Genome-wide Significant Associations
The F3 locus, also known as tissue factor or thromboplastin, was associated with the
smallest p-values and was located in the presumed regulatory region of F3, approximately
46.0 kb upstream from the start of transcription. The variant with the smallest p-value,
rs12029080, was common and was among 29 SNPs that reached genome-wide significance
within a region that spanned 48 kb. Although very highly significant, its association with an
increase in plasma levels of D-dimer was modest. The activated serine protease, factor VIIa,
bound to its cofactor, tissue factor produced by F3, initiates the activation of the extrinsic
coagulation pathway. There has been no prior report of genetic variation in or upstream from
F3 affecting levels of D-dimer and there are no known direct roles of tissue factor, the
protein product of F3, on fibrin degradation. It is presumed that F3 modulates D-dimer
through the initiation of the extrinsic pathway which leads to changes in coagulation and a
subsequent modification of fibrinolysis and a change in the amount D-dimer fragments shed.
There is increasing interest in the roles of tissue factor in initiation of hemostasis and arterial
and venous thrombosis, inflammation, and tumor growth and metastasis.36

The variants with the smallest p-values tagging the F5 and FGA loci were immediately
downstream and upstream, respectively, from the start sites of transcription. When adjusted
for 2 non-synonymous variants known to be associated with D-dimer levels, the F5 R506Q
variant (rs6025) and the FGA Thr331Ala variant (rs6050), there was no longer strong
evidence of an association of D-dimer levels with tops SNPs at either locus; it was
concluded that the rs6025 and rs6050 variants, which produce a prothrombotic environment
by increasing resistance to activated protein C and by producing stiffer, more intensively
cross-linked clots, respectively, likely accounted for the observed genetic signal.37-39

Relevance for Cardiovascular Disease and Cardiovascular Outcomes
Activation of blood coagulation plays a key role in hemostasis, and in arterial and venous
thrombosis (see Supplemental Figure S4). Fibrin D-dimer is the most widely-used clinical
marker of activated blood coagulation. Epidemiological and clinical studies over the last 20
years have established its associations with risks of arterial and venous thromboembolic
events as well as with other pathologies including disseminated intravascular coagulation,
cancer progression, and cognitive decline.1-10, 20, 40 The current study confirms a previous
report from a smaller study that D-dimer levels are associated with the factor V Leiden F5
R506Q variant (rs6025), which is associated with risks of arterial and venous thrombosis.8,
41 Also confirmed is a previous report that D-dimer levels are also associated with the FGA
Thr331Ala variant (rs6050) variant, which is also associated with risks of arterial and
venous thrombosis.14, 42, 43

However, the most important finding in this report is the novel association of D-dimer levels
with variation upstream from F3, which produces tissue factor. While there is considerable
experimental evidence that tissue factor plays an important role in initiation of hemostasis
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and arterial thrombosis, to date there has been very limited epidemiological evidence that
tissue factor initiates activation of blood coagulation in generally healthy individuals.36 Our
demonstration that a genetic variant upstream from F3 is associated with variation in D-
dimer levels in generally healthy populations supports the concept that F3 might be a
potential therapeutic target to reduce thrombotic risk.36 The measurement of plasma D-
dimer has clinical utility when ruling-out a pulmonary embolism diagnosis in the acute
phase for symptomatic patients but is otherwise a weak predictor of the risk of arterial and
venous thrombotic events in healthy persons.1-10 The overall genetic contribution of the 3
loci to D-dimer variation identified in this report was modest, less than 2% of variation in
the phenotype, and is unlikely to have immediate applications to clinical prediction models
for arterial or venous thrombosis in the general population.

Sub-Threshold Associations
Among the 13 sub-threshold loci identified, 7 had high-signal markers in genes and another
3 had markers within 50kb of genes. Among the 7 were 2 related to coagulation phenotypes,
the ABO blood group (ABO) and the endothelial protein C receptor (PROCR). Larger
sample sizes will be necessary to identify whether there are genome-wide significant
associations with these 13 loci.

Strengths and Limitations
This is the first genome-wide association study to attempt to discover novel genetic
associations with plasma fibrin D-dimer levels. The meta-analysis included over 20,000
individuals of European ancestry and examined over 2.5 million markers spread throughout
the genome. The novel association identified was for a variant whose p-value was over 40
orders of magnitude smaller than the significance threshold of 5.0×10−8 set as significant.
Genetic associations of such strength have consistently replicated in other settings, and for
this reason, we did not seek replication.44-46 With a sample-size of ~21,000, we had 80%
power (2-sided alpha = 5.0×10−8) to detect a 0.067 unit difference in log D-dimer (mean =
5, standard deviation = 1) for a variant with an MAF of 0.3. Most of the sub-threshold
findings had smaller differences in log D-dimer levels than the 0.067 difference. The D-
dimer phenotype was measured in a standardized fashion within each cohort but
measurement methods differed between cohorts and likely introduced between-group
variability.40 This variability may decrease statistical power to find associations of smaller
magnitudes. Not all SNPs tested were directly genotyped and the imputation quality varied
across SNPs and cohorts. For poorly imputed SNPs, there was reduced statistical power to
detect an association. For each identified locus, we chose the SNP with the smallest p-value
but the causal variant—if one exists—need not be the one with the smallest p-value or may
not have been measured or imputed. There was variability in the cohort-specific point
estimates around the meta-analytic estimated mean effect of each SNP. This is type of
variation is expected and most likely attributable to random variation in the genotype-
phenotype association but may also be influenced by other unmeasured factors.

Summary
Using data from 13 cohorts that included 21,052 participants, we identified 3 genes
associated with fibrin D-dimer levels (F3, F5, and FGA), of which the F3 association has not
been previously reported. The proportion of variation in D-dimer explained by these variants
was modest and although unlikely to be useful for clinical prediction should provide further
insights into the molecular pathways underlying activation of blood coagulation and,
possibly, subsequent fibrinolysis.
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Clinical Commentary

Activation of blood coagulation plays a key role in hemostasis, and in arterial and venous
thrombosis. Fibrin D-dimer is the most widely-used clinical marker of activated blood
coagulation. Epidemiological and clinical studies over the last 20 years have established
its associations with risk of arterial and venous thromboembolic events as well as with
other pathologies. This manuscript reports a novel association of plasma D-dimer levels
with variation upstream from F3, the gene for tissue factor. The manuscript also confirms
a previous report that D-dimer levels are associated with the factor V Leiden F5 R506Q
variant (rs6025) and the FGA Ala331Thr variant (rs6050) variant, which are also
associated with risk of arterial and venous thrombosis. Our demonstration that a genetic
variant upstream from F3 is associated with variation in D-dimer levels in generally
healthy populations supports the concept that F3 might be a potential therapeutic target to
reduce thrombotic risk.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
The authors acknowledge the essential role of the CHARGE (Cohorts for Heart and Aging Research in Genome
Epidemiology) Consortium in development and support of this manuscript. CHARGE members include National
Heart, Lung, and Blood Institute’s (NHLBI) Atherosclerosis Risk in Communities (ARIC) Study, NIA’s Iceland
Age, Gene/Environment Susceptibility (AGES) Study, NHLBI’s Cardiovascular Health Study and Framingham
Heart Study, and the Netherland’s Rotterdam Study. The authors also acknowledge the thousands of study
participants who volunteered their time to help advance science and the scores of research staff and scientists who
have made this research possible.

Further, Twins UK would to acknowledge essential contribution of Peter Grant and Angela Carter from the Leeds
Institute of Genetics, Health and Therapeutics, University of Leeds, UK for measurements of clotting factors
phenotypes.

The CROATIA-Vis study would like to acknowledge the invaluable contributions of the recruitment team
(including those from the Institute of Anthropological Research in Zagreb) in Vis, the administrative teams in
Croatia and Edinburgh and the people of Vis. Genotyping was performed at the Wellcome Trust Clinical Research
Facility in Edinburgh.

The Lothian Birth Cohort studies also thank Janie Corley, Caroline Brett, Caroline Cameron, Michelle Taylor, Ross
Henderson, Catherine Murray and Alison Pattie for data collection and data entry; the study secretary Paula Davies;
the nurses and staff at the Wellcome Trust Clinical Research Facility, where subjects were tested and the
genotyping was performed; Paul Redmond for technical assistance; the staff at the Department of Haematology,
Western General Hospital for the D-Dimer measurements; and the staff at the Lothian Health Board and at the
SCRE Centre, University of Glasgow.

The MONICA/KORA Augsburg studies thank all members of the Institute of Epidemiology at the Helmholtz
Zentrum München and the field staff in Augsburg who were involved in the planning and conduct of the MONICA/
KORA Augsburg studies. Furthermore, we thank Gerlinde Trischler (University of Ulm) for excellent technical
assistance.

ORCADES acknowledges the invaluable contributions of Lorraine Anderson, the research nurses in Orkney, and
the administrative team in Edinburgh; DNA extractions were performed at the Wellcome Trust Clinical Research
Facility in Edinburgh.

The Rotterdam study thanks Pascal Arp, Mila Jhamai, Dr Michael Moorhouse, Marijn Verkerk, and Sander
Bervoets for their help in creating the GWAS database.

Funding Sources

Smith et al. Page 9

Circulation. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



We acknowledge use of phenotype and genotype data from the British 1958 Birth Cohort DNA collection, funded
by the Medical Research Council grant G0000934 and the Wellcome Trust grant 068545/Z/02. (http://
www.b58cgene.sgul.ac.uk/). Genotyping for the B58C-WTCCC subset was funded by the Wellcome Trust grant
076113/B/04/Z. The B58C-T1DGC genotyping utilized resources provided by the Type 1 Diabetes Genetics
Consortium, a collaborative clinical study sponsored by the National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK), National Institute of Allergy and Infectious Diseases (NIAID), National Human Genome
Research Institute (NHGRI), National Institute of Child Health and Human Development (NICHD), and Juvenile
Diabetes Research Foundation International (JDRF) and supported by U01 DK062418. B58C-T1DGC GWAS data
were deposited by the Diabetes and Inflammation Laboratory, Cambridge Institute for Medical Research (CIMR),
University of Cambridge, which is funded by Juvenile Diabetes Research Foundation International, the Wellcome
Trust and the National Institute for Health Research Cambridge Biomedical Research Centre; the CIMR is in
receipt of a Wellcome Trust Strategic Award (079895). The B58C-GABRIEL genotyping was supported by a
contract from the European Commission Framework Programme 6 (018996) and grants from the French Ministry
of Research.

The Cardiovascular Health Study (CHS) is supported by contract numbers N01-HC-85079 through N01-HC-85086,
N01-HC-35129, N01 HC-15103, N01 HC-55222, N01-HC-75150, N01-HC-45133, grant numbers U01 HL080295
and R01 HL 087652 from NHLBI, with additional contribution from the National Institute of Neurological
Disorders and Stroke. A full list of principal CHS investigators and institutions can be found at http://www.chs-
nhlbi.org/pi.htm. Support was also provided by NHLBI grants HL073410 and HL095080 and the Leducq
Foundation, Paris, France for the development of Transatlantic Networks of Excellence in Cardiovascular Research.
DNA handling and genotyping was supported in part by National Center for Research Resources grant M01-
RR00425 to the Cedars-Sinai General Clinical Research Center Genotyping core and National Institute of Diabetes
and Digestive and Kidney Diseases grant DK063491 to the Southern California Diabetes Endocrinology Research
Center.

The CROATIA-Vis study in the Croatian island of Vis was supported through the grants from the Medical
Research Council UK and Ministry of Science, Education and Sport of the Republic of Croatia (number
108-1080315-0302) and the European Union framework program 6 EUROSPAN project (contract no. LSHG-
CT-2006-018947).

This research was conducted in part using data and resources from the Framingham Heart Study of the NHLBI of
the NIH and Boston University School of Medicine. The analyses reflect intellectual input and resource
development from the Framingham Heart Study investigators participating in the SNP Health Association Resource
(SHARe) project. Partial investigator support was provided by National Institute of Diabetes and Digestive and
Kidney Diseases K24 DK080140 (JB Meigs). This work was partially supported by NHLBI’s Framingham Heart
Study (Contract No. N01-HC-25195) and its contract with Affymetrix, Inc., for genotyping services (Contract No.
N02-HL-6-4278). A portion of this research utilized the Linux Cluster for Genetic Analysis (LinGA-II) funded by
the Robert Dawson Evans Endowment of the Department of Medicine at Boston University School of Medicine and
Boston Medical Center.

The MONICA/KORA Augsburg studies were financed by the Helmholtz Zentrum München, German Research
Center for Environmental Health, Neuherberg, Germany and supported by grants from the German Federal
Ministry of Education and Research (BMBF). Part of this work was financed by the German National Genome
Research Network (NGFNPlus, project number 01GS0834) and through additional funds from the University of
Ulm. Furthermore, the research was supported within the Munich Center of Health Sciences (MC Health) as part of
the Ludwig Maximilians University (LMU) innovative.

The Lothian Birth Cohorts whole genome association study was funded by the Biotechnology and Biological
Sciences Research Council (BBSRC) (Ref. BB/F019394/1). The LBC1936 research was supported by a programme
grant from Research Into Ageing (Ref. 251) and continues with programme grants from Help the Aged/Research
Into Ageing (Disconnected Mind). The LBC1921 data collection was funded by the Chief Scientists Office of the
Scottish Executive (CZB/4/505). The study was conducted within the University of Edinburgh Centre for Cognitive
Ageing and Cognitive Epidemiology, supported by the BBSRC, Engineering and Physical Sciences Research
Council (EPSRC), Economic and Social Research Council (ESRC), and Medical Research Council (MRC), as part
of the cross-council Lifelong Health and Wellbeing Initiative (G0700704/84698). ML is a Royal Society of
Edinburgh/Lloyds TSB Foundation for Scotland Personal Research Fellow. PMV acknowledges support from the
Australian National Health and Medical Research Council.

ORCADES was supported by the Chief Scientist Office of the Scottish Government, the Royal Society and the
European Union framework program 6 EUROSPAN project (contract no. LSHG-CT-2006-018947).

The PROSPER study was supported by an investigator initiated grant obtained from Bristol-Myers Squibb. Prof.
Dr. J. W. Jukema is an Established Clinical Investigator of the Netherlands Heart Foundation (grant 2001 D 032).
Support for genotyping was provided by the seventh framework program of the European commission (grant

Smith et al. Page 10

Circulation. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.b58cgene.sgul.ac.uk/
http://www.b58cgene.sgul.ac.uk/
http://www.chs-nhlbi.org/pi.htm
http://www.chs-nhlbi.org/pi.htm


223004) and by the Netherlands Genomics Initiative (Netherlands Consortium for Healthy Aging grant
050-060-810).

The Rotterdam Study is supported by the Erasmus Medical Center and Erasmus University Rotterdam; the
Netherlands Organization for Scientific Research (NWO); the Netherlands Organization for Health Research and
Development (ZonMw); the Research Institute for Diseases in the Elderly (RIDE); the Netherlands Heart
Foundation; the Ministry of Education, Culture and Science; the Ministry of Health Welfare and Sports; the
European Commission; and the Municipality of Rotterdam. Abbas Dehghan is supported by the Netherlands
Organization for Scientific Research (NWO, VICI no. 918-76-619). Support for genotyping was provided by the
Netherlands Organization of Scientific Research NWO Investments (nr. 175.010.2005.011, 911-03-012), the
Research Institute for Diseases in the Elderly (014-93-015; RIDE2), the Netherlands Genomics Initiative (NGI)/
Netherlands Consortium for Healthy Aging (NCHA) project nr. 050-060-810.

The Twins UK study was funded by the Wellcome Trust; European Community’s Sixth and Seventh Framework
Programmes (FP-6/2005-2008) LIFE SCIENCES & HEALTH (Ref 005268 Genetic regulation of the end stage
clotting process that leads to thrombotic stroke: The EuroClot Consortium and (FP7/2007-2013), ENGAGE project
HEALTH-F4-2007-201413 and the FP-5 GenomEUtwin Project (QLG2-CT-2002-01254). The study also receives
support from the Dept of Health via the National Institute for Health Research (NIHR) comprehensive Biomedical
Research Centre award to Guy’s & St Thomas’ NHS Foundation Trust in partnership with King’s College London.
TDS is an NIHR Senior Investigator. The project also received support from a Biotechnology and Biological
Sciences Research Council (BBSRC) project grant. (G20234). The authors acknowledge the funding and support of
the National Eye Institute via an NIH/CIDR genotyping project (PI: Terri Young).

References
1. Wells PS, Anderson DR, Rodger M, Forgie M, Kearon C, Dreyer J, Kovacs G, Mitchell M,

Lewandowski B, Kovacs MJ. Evaluation of D-dimer in the diagnosis of suspected deep-vein
thrombosis. N Engl J Med. 2003; 349:1227–1235. [PubMed: 14507948]

2. Di Nisio M, Squizzato A, Rutjes AW, Buller HR, Zwinderman AH, Bossuyt PM. Diagnostic
accuracy of D-dimer test for exclusion of venous thromboembolism: a systematic review. J Thromb
Haemost. 2007; 5:296–304. [PubMed: 17155963]

3. Ridker PM, Hennekens CH, Cerskus A, Stampfer MJ. Plasma concentration of cross-linked fibrin
degradation product (D-dimer) and the risk of future myocardial infarction among apparently
healthy men. Circulation. 1994; 90:2236–2240. [PubMed: 7955179]

4. Cushman M, Lemaitre RN, Kuller LH, Psaty BM, Macy EM, Sharrett AR, Tracy RP. Fibrinolytic
activation markers predict myocardial infarction in the elderly. The Cardiovascular Health Study.
Arterioscler Thromb Vasc Biol. 1999; 19:493–498. [PubMed: 10073948]

5. Lowe GD, Rumley A, Sweetnam PM, Yarnell JW, Rumley J. Fibrin D-dimer, markers of
coagulation activation and the risk of major ischaemic heart disease in the caerphilly study. Thromb
Haemost. 2001; 86:822–827. [PubMed: 11583314]

6. Danesh J, Whincup P, Walker M, Lennon L, Thomson A, Appleby P, Rumley A, Lowe GD. Fibrin
D-dimer and coronary heart disease: prospective study and meta-analysis. Circulation. 2001;
103:2323–2327. [PubMed: 11352877]

7. Folsom AR, Aleksic N, Park E, Salomaa V, Juneja H, Wu KK. Prospective study of fibrinolytic
factors and incident coronary heart disease: the Atherosclerosis Risk in Communities (ARIC) Study.
Arterioscler Thromb Vasc Biol. 2001; 21:611–617. [PubMed: 11304480]

8. Cushman M, Folsom AR, Wang L, Aleksic N, Rosamond WD, Tracy RP, Heckbert SR. Fibrin
fragment D-dimer and the risk of future venous thrombosis. Blood. 2003; 101:1243–1248.
[PubMed: 12393393]

9. Pradhan AD, LaCroix AZ, Langer RD, Trevisan M, Lewis CE, Hsia JA, Oberman A, Kotchen JM,
Ridker PM. Tissue plasminogen activator antigen and D-dimer as markers for atherothrombotic risk
among healthy postmenopausal women. Circulation. 2004; 110:292–300. [PubMed: 15238458]

10. Zakai NA, Katz R, Jenny NS, Psaty BM, Reiner AP, Schwartz SM, Cushman M. Inflammation and
hemostasis biomarkers and cardiovascular risk in the elderly: the Cardiovascular Health Study. J
Thromb Haemost. 2007; 5:1128–1135. [PubMed: 17388967]

11. Peetz D, Victor A, Adams P, Erbes H, Hafner G, Lackner KJ, Hoehler T. Genetic and
environmental influences on the fibrinolytic system: a twin study. Thromb Haemost. 2004;
92:344–351. [PubMed: 15269831]

Smith et al. Page 11

Circulation. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



12. Ariens RA, de Lange M, Snieder H, Boothby M, Spector TD, Grant PJ. Activation markers of
coagulation and fibrinolysis in twins: heritability of the prethrombotic state. Lancet. 2002;
359:667–671. [PubMed: 11879863]

13. Bladbjerg EM, de Maat MP, Christensen K, Bathum L, Jespersen J, Hjelmborg J. Genetic
influence on thrombotic risk markers in the elderly--a Danish twin study. J Thromb Haemost.
2006; 4:599–607. [PubMed: 16371117]

14. Lange LA, Reiner AP, Carty CL, Jenny NS, Cushman M, Lange EM. Common genetic variants
associated with plasma fibrin D-dimer concentration in older European- and African-American
adults. J Thromb Haemost. 2008; 6:654–659. [PubMed: 18208536]

15. Van Hylckama Vlieg A, Callas PW, Cushman M, Bertina RM, Rosendaal FR. Inter-relation of
coagulation factors and D-dimer levels in healthy individuals. J Thromb Haemost. 2003; 1:516–
522. [PubMed: 12871460]

16. Psaty BM, O’Donnell CJ, Gudnason V, Lunetta KL, Folsom AR, Rotter JI, Uitterlinden AG,
Harris TB, Witteman JC, Boerwinkle E. Cohorts for Heart and Aging Research in Genomic
Epidemiology: CHARGE Consortium. Design of prospective meta-analysis of genome-wide
association studies from 5 cohorts. Circ Cardiovasc Genet. 2009; 2:73–80. [PubMed: 20031568]

17. Rudnicka AR, Rumley A, Lowe GD, Strachan DP. Diurnal, seasonal, and blood-processing
patterns in levels of circulating fibrinogen, fibrin D-dimer, C-reactive protein, tissue plasminogen
activator, and von Willebrand factor in a 45-year-old population. Circulation. 2007; 115:996–
1003. [PubMed: 17296859]

18. de Moerloose P, Bounameaux H, Perrier A, Reber G. Performances of the VIDAS D-dimer new
assay for the exclusion of venous thromboembolism. Thromb Haemost. 2001; 85:185–186.
[PubMed: 11204577]

19. Newman DJ, Henneberry H, Price CP. Particle enhanced light scattering immunoassay. Ann Clin
Biochem. 1992; 29(Pt 1):22–42. [PubMed: 1536523]

20. Stott DJ, Robertson M, Rumley A, Welsh P, Sattar N, Packard CJ, Shepherd J, Trompet S,
Westendorp RG, de Craen AJ, Jukema JW, Buckley B, Ford I, Lowe GD. Activation of
hemostasis and decline in cognitive function in older people. Arterioscler Thromb Vasc Biol.
2010; 30:605–611. [PubMed: 20032290]

21. van der Bom JG, Bots ML, Haverkate F, Meyer P, Hofman A, Grobbee DE, Kluft C. Fibrinolytic
activity in peripheral atherosclerosis in the elderly. Thromb Haemost. 1999; 81:275–280.
[PubMed: 10064006]

22. Williams FM, Carter AM, Kato B, Falchi M, Bathum L, Surdulescu G, Kyvik KO, Palotie A,
Spector TD, Grant PJ. Identification of quantitative trait loci for fibrin clot phenotypes: the
EuroCLOT study. Arterioscler Thromb Vasc Biol. 2009; 29:600–605. [PubMed: 19150881]

23. Yang Q, Kathiresan S, Lin JP, Tofler GH, O’Donnell CJ. Genome-wide association and linkage
analyses of hemostatic factors and hematological phenotypes in the Framingham Heart Study.
BMC Med Genet. 2007; 8(Suppl 1):S12. [PubMed: 17903294]

24. Nieuwenhuizen W. A reference material for harmonisation of D-dimer assays. Fibrinogen
Subcommittee of the Scientific and Standardization Committee of the International Society of
Thrombosis and Haemostasis. Thromb Haemost. 1997; 77:1031–1033. [PubMed: 9184423]

25. Doring A, Gieger C, Mehta D, Gohlke H, Prokisch H, Coassin S, Fischer G, Henke K, Klopp N,
Kronenberg F, Paulweber B, Pfeufer A, Rosskopf D, Volzke H, Illig T, Meitinger T, Wichmann
HE, Meisinger C. SLC2A9 influences uric acid concentrations with pronounced sex-specific
effects. Nat Genet. 2008; 40:430–436. [PubMed: 18327256]

26. Houlihan LM, Davies G, Tenesa A, Harris SE, Luciano M, Gow AJ, McGhee KA, Liewald DC,
Porteous DJ, Starr JM, Lowe GD, Visscher PM, Deary IJ. Common variants of large effect in F12,
KNG1, and HRG are associated with activated partial thromboplastin time. Am J Hum Genet.
2010; 86:626–631. [PubMed: 20303064]

27. Servin B, Stephens M. Imputation-based analysis of association studies: candidate regions and
quantitative traits. PLoS Genet. 2007; 3:e114. [PubMed: 17676998]

28. Li Y, Abecasis GR. Mach 1.0: rapid haplotype reconstruction and missing genotype inference. Am
J Hum Genet. 2006; S79:2290.

Smith et al. Page 12

Circulation. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



29. Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-
wide association studies by imputation of genotypes. Nat Genet. 2007; 39:906–913. [PubMed:
17572673]

30. Chen MH, Yang Q. GWAF: an R package for genome-wide association analyses with family data.
Bioinformatics. 2010; 26:580–581. [PubMed: 20040588]

31. Abecasis GR, Cardon LR, Cookson WO, Sham PC, Cherny SS. Association analysis in a variance
components framework. Genet Epidemiol. 2001; 21(Suppl 1):S341–346. [PubMed: 11793695]

32. Aulchenko YS, Ripke S, Isaacs A, van Duijn CM. GenABEL: an R library for genome-wide
association analysis. Bioinformatics. 2007; 23:1294–1296. [PubMed: 17384015]

33. Chen WM, Abecasis GR. Family-based association tests for genomewide association scans. Am J
Hum Genet. 2007; 81:913–926. [PubMed: 17924335]

34. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal components
analysis corrects for stratification in genome-wide association studies. Nat Genet. 2006; 38:904–
909. [PubMed: 16862161]

35. Devlin B, Roeder K, Wasserman L. Genomic control, a new approach to genetic-based association
studies. Theor Popul Biol. 2001; 60:155–166. [PubMed: 11855950]

36. Mackman N. The many faces of tissue factor. J Thromb Haemost. 2009; 7(Suppl 1):136–139.
[PubMed: 19630786]

37. Bertina RM, Koeleman BP, Koster T, Rosendaal FR, Dirven RJ, de Ronde H, van der Velden PA,
Reitsma PH. Mutation in blood coagulation factor V associated with resistance to activated protein
C. Nature. 1994; 369:64–67. [PubMed: 8164741]

38. Standeven KF, Grant PJ, Carter AM, Scheiner T, Weisel JW, Ariens RA. Functional analysis of
the fibrinogen Aalpha Thr312Ala polymorphism: effects on fibrin structure and function.
Circulation. 2003; 107:2326–2330. [PubMed: 12707238]

39. Carter AM, Catto AJ, Kohler HP, Ariens RA, Stickland MH, Grant PJ. alpha-fibrinogen
Thr312Ala polymorphism and venous thromboembolism. Blood. 2000; 96:1177–1179. [PubMed:
10910940]

40. Lowe GD. Fibrin D-dimer and cardiovascular risk. Semin Vasc Med. 2005; 5:387–398. [PubMed:
16302161]

41. Ye Z, Liu EH, Higgins JP, Keavney BD, Lowe GD, Collins R, Danesh J. Seven haemostatic gene
polymorphisms in coronary disease: meta-analysis of 66,155 cases and 91,307 controls. Lancet.
2006; 367:651–658. [PubMed: 16503463]

42. Lovely RS, Kazmierczak SC, Massaro JM, D’Agostino RB Sr. O’Donnell CJ, Farrell DH.
Gamma’ fibrinogen: evaluation of a new assay for study of associations with cardiovascular
disease. Clin Chem. 2010; 56:781–788. [PubMed: 20348406]

43. Bertina RM. The role of procoagulants and anticoagulants in the development of venous
thromboembolism. Thromb Res. 2009; 123(Suppl 4):S41–45. [PubMed: 19303503]

44. Smith NL, Chen MH, Dehghan A, Strachan DP, Basu S, Soranzo N, Hayward C, Rudan I, Sabater-
Lleal M, Bis JC, de Maat MP, Rumley A, Kong X, Yang Q, Williams FM, Vitart V, Campbell H,
Malarstig A, Wiggins KL, Van Duijn CM, McArdle WL, Pankow JS, Johnson AD, Silveira A,
McKnight B, Uitterlinden AG, Aleksic N, Meigs JB, Peters A, Koenig W, Cushman M,
Kathiresan S, Rotter JI, Bovill EG, Hofman A, Boerwinkle E, Tofler GH, Peden JF, Psaty BM,
Leebeek F, Folsom AR, Larson MG, Spector TD, Wright AF, Wilson JF, Hamsten A, Lumley T,
Witteman JC, Tang W, O’Donnell CJ. Novel associations of multiple genetic loci with plasma
levels of factor VII, factor VIII, and von Willebrand factor: The CHARGE (Cohorts for Heart and
Aging Research in Genome Epidemiology) Consortium. Circulation. 2010; 121:1382–1392.
[PubMed: 20231535]

45. Levy D, Ehret GB, Rice K, Verwoert GC, Launer LJ, Dehghan A, Glazer NL, Morrison AC,
Johnson AD, Aspelund T, Aulchenko Y, Lumley T, Kottgen A, Vasan RS, Rivadeneira F,
Eiriksdottir G, Guo X, Arking DE, Mitchell GF, Mattace-Raso FU, Smith AV, Taylor K, Scharpf
RB, Hwang SJ, Sijbrands EJ, Bis J, Harris TB, Ganesh SK, O’Donnell CJ, Hofman A, Rotter JI,
Coresh J, Benjamin EJ, Uitterlinden AG, Heiss G, Fox CS, Witteman JC, Boerwinkle E, Wang TJ,
Gudnason V, Larson MG, Chakravarti A, Psaty BM, van Duijn CM. Genome-wide association
study of blood pressure and hypertension. Nat Genet. 2009; 41:677–687. [PubMed: 19430479]

Smith et al. Page 13

Circulation. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



46. Newton-Cheh C, Eijgelsheim M, Rice K, Bakker PIWd, Yin X, Estrada K, Bis JC, Marciante K,
Rivadeneira F, Noseworthy PA, Sotoodehnia N, Smith NL, Rotter JI, Kors JA, Witteman JCM,
Hofman A, Heckbert SR, O’Donnell CJ, Uitterlinden AG, Psaty BM, Lumley T, Larson MG,
Stricker BH. Common variants at ten loci influence QT interval duration in the QTGEN Study.
Nat Genet. 2009; 41:399–406. [PubMed: 19305408]

Smith et al. Page 14

Circulation. Author manuscript; available in PMC 2011 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure.
The genome-wide log10 p-value plots of D-dimer for the 2,522,393 single-nucleotide
polymorphisms meta-analyzed. The horizontal line marks the 5.0×10−8 p-value threshold of
genome-wide significance.
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