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Abstract

Background

Venous thromboembolism (VTE) is a common disease where known genetic risk factors

explain only a small portion of the genetic variance. Then, the analysis of intermediate phe-

notypes, such as thrombin generation assay, can be used to identify novel genetic risk fac-

tors that contribute to VTE.

Objectives

To investigate the genetic basis of distinct quantitative phenotypes of thrombin generation

and its relationship to the risk of VTE.

Patients/Methods

Lag time, thrombin peak and endogenous thrombin potential (ETP) were measured in the

families of the Genetic Analysis of Idiopathic Thrombophilia 2 (GAIT-2) Project. This sample

consisted of 935 individuals in 35 extended families selected through a proband with idio-

pathic thrombophilia. We performed also genome wide association studies (GWAS) with

thrombin generation phenotypes.

Results

The results showed that 67% of the variation in the risk of VTE is attributable to genetic fac-

tors. The heritabilities of lag time, thrombin peak and ETP were 49%, 54% and 52%, respec-

tively. More importantly, we demonstrated also the existence of positive genetic

correlations between thrombin peak or ETP and the risk of VTE. Moreover, the major

genetic determinant of thrombin generation was the F2 gene. However, other suggestive

signals were observed.
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Conclusions

The thrombin generation phenotypes are strongly genetically determined. The thrombin

peak and ETP are significantly genetically correlated with the risk of VTE. In addition, F2
was identified as a major determinant of thrombin generation. We reported suggestive sig-

nals that might increase our knowledge to explain the variability of this important phenotype.

Validation and functional studies are required to confirm GWAS results.

Introduction
Venous thromboembolism (VTE) is a common disease involving genetic and environmental
risk factors and their interactions [1]. VTE, which consist of deep vein thrombosis and pul-
monary embolism, has an annual incidence of approximately 1 in 1000 individuals in devel-
oped countries [2]. Previous studies have estimated that the risk of VTE has a heritability of
approximately 60% [3,4]. This means that the proportion of the variance that is attributable
to genetic effects is approximately 60%. Specifically, hemostasis phenotypes have been used as
intermediate phenotypes to identify novel genetic risk factors that contribute to thrombotic
disease [3,5,6].

One of these intermediate phenotypes could be a measure of the thrombin generation assay,
which measures the capacity to generate thrombin, a key enzyme in the coagulation cascade
[7]. This phenotype is a global coagulation assay developed by Hemker et al. [8]. There are dis-
tinct quantitative phenotypes such as lag time, thrombin peak and the endogenous thrombin
potential (ETP) representative of the dynamics of thrombin generation. Lag time corresponds
to the time from the beginning of the test to the time when thrombin formation begins.
Thrombin peak is defined as the highest thrombin concentration detectable. The ETP is deter-
mined from the area under the thrombin generation curve that measures the enzymatic capac-
ity of thrombin generated during its lifetime [8,9].

Several studies have reported an association between these quantitative thrombin genera-
tion phenotypes and the risk of cardiovascular diseases using different test conditions. Specif-
ically, an association has been described between thrombin generation and the risk of first
VTE [10–13]. However, the results of the risk of recurrence are equivocal [11,14–16]. Throm-
bin generation phenotypes have been associated also with the risk of ischemic stroke [17,18]
and acute myocardial infarction [19]. Also, the heritability of thrombin generation has been
estimated previously at 32% [12]. These results indicate that the study of the genetic basis of
thrombin generation phenotypes should identify novel genetic factors involved in the risk of
VTE.

In addition to the Genetic Analysis of Idiopathic Thrombophilia 1 (GAIT-1) Project [3,20],
we initiated another project—the Genetic Analysis of Idiopathic Thrombophilia 2 (GAIT-2)
Project, using a new set of families. Several intermediate phenotypes were analyzed in the fami-
lies of the GAIT-2 Project, including thrombin generation phenotypes. One aim of the present
study was to determine the heritability of the risk of VTE as compared to the heritability values
found in the GAIT-1 Project, and to estimate the genetic basis of 3 phenotypes related to
thrombin generation. To evaluate their function as intermediate phenotypes with the risk of
VTE, another aim was to estimate the phenotypic, genetic and environmental correlations of
these 3 phenotypes with the risk of VTE. Finally, we wanted to perform genome wide associa-
tion studies (GWAS) to identify susceptibility loci for thrombin generation phenotypes.
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Material and Methods

Subjects
The Spanish families in our study were recruited in the GAIT-2 Project at the Hospital de la
Santa Creu i Sant Pau of Barcelona, Spain.

The recruitment and the criteria used for inclusion were the same as that in GAIT-1 and
have been described in detail previously [20]. Briefly, to be included in this study, a family was
required to have at least 10 living individuals in 3 or more generations. Families were selected
through a proband with idiopathic thrombophilia, which was defined as recurrent thrombotic
events (at least one of which was spontaneous), a single spontaneous thrombotic episode plus a
first-degree relative also affected, or onset of thrombosis before age 45. Thrombosis in these
probands was considered idiopathic following the same criteria as in the GAIT-1 Project
(excluding biological causes as antithrombin deficiency, Protein S and C deficiencies, activated
protein C resistance, plasminogen deficiency, heparin cofactor II deficiency, Factor V Leiden,
dysfibrogenemia, lupus anticoagulant and antiphospholipid antibodies). The subjects were
interviewed by a physician to determine their health and reproductive history, current medica-
tions, alcohol consumption, use of sex hormones (oral contraceptives or hormonal replace-
ment therapy) and their smoking history. Physical activity was also determined using the short
form of the International Physical Activity Questionnaire (IPAQ) [21].

Our subjects were questioned also about previous episodes of venous and arterial thrombo-
sis, the age at which these events occurred, and the presence of potentially correlated disorders
such as diabetes, lipid disease, asthma, allergic rhinitis, atopic dermatitis, autoimmune disease
and cancer. The residence of each subject was determined to assess the contribution of shared
environmental influences (such as diet) common to members of the same household. The
study was performed according to the Declaration of Helsinki. All procedures were reviewed
and approved by the Institutional Review Board of the Hospital de la Santa Creu i Sant Pau,
Barcelona, Spain. Adult subjects gave written informed consent for themselves and for their
minor children.

This sample consisted of 935 individuals in 35 extended families. All of the pedigrees con-
tained at least 3 generations, and 14 families had more than 3 generations. The individuals ran-
ged in age from 2.6 to 101 years old (SD = 21.4), with a median age of 39.5 and approximately

Table 1. Relative pairs.

n pairs Kinship coefficient x 2 Relation

935 1 Self

1001 0.5 Parent-offspring

597 0.5 Siblings

467 0.25 Grandparent-grandchild

1248 0.25 Avuncular

7 0.25 Half siblings

3 0.25 Double 1st cousins

1807 0.125 3rd degree

1697 0.0625 4th degree

1296 0.03125 5th degree

349 0.015625 6th degree

177 0.0078125 7th degree

7116 0 Unrelated

doi:10.1371/journal.pone.0146922.t001
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an equal number of males (465) and females (470). The depth and complexity of the pedigrees
are illustrated in Table 1 with the number of pairs of relatives contained therein.

The sample had 120 subjects with thromboembolism, including venous and arterial throm-
bosis. Specifically, they were 86 subjects with venous thrombosis, 47 with arterial thrombosis
and 13 with both venous and arterial thrombosis. Of the 935 subjects, we obtained the throm-
bin generation phenotypes of 919 subjects.

Blood Collection
Blood was collected by venipuncture following a 12-hour fast. Samples were collected in 1/10
volume containing 0.129 mol/L sodium citrate. None of the participants was using oral antico-
agulants or heparins at the time of blood collection. Platelet-poor plasma (PPP) was obtained
by centrifugation at 2000 g for 20 minutes at room temperature (22±2°C) and stored at −80°C
before performing the thrombin generation assay. DNA was extracted from whole blood sam-
ples using a standard salting out procedure [22].

Thrombin Generation Assay
Thrombin generation was evaluated in PPP according to the method described by Hemker et al.
[23] by means of Fluoroskan Ascent (Thermo Labsystems, Helsinki, Finland), an automated fluo-
rometer with a 390/460 nm filter set. Measurements were conducted on 80 μL of PPP and 20 μL
of PPP reagent was added (Thrombinoscope BV, Maastricht, The Netherlands) consisting of a
final concentration of 5 pM tissue factor and 4 μMphospholipids. The thrombin calibrator and
the fluorogenic substrate with CaCl2 FluCa-Kit from Thrombinoscope BV (Maastricht, The
Netherlands) were used. Thrombin generation curves were calculated using the Thrombino-
scope™ software (Synapse BV, Maastricht, The Netherlands) and the parameters analyzed were
lag time (min), thrombin peak (nM), and ETP (nM�min). The medians of crude lag time, crude
thrombin peak and crude ETP were 2.67 min (first quartile 2.33 min and third quartile 3.08 min),
315.80 nM (first quartile 224.80 nM and third quartile 391.50 nM) and 1,594 nM�min (first quar-
tile 1,260 nM�min and third quartile 1,980 nM�min). The intra-assay and inter-assay coefficients
of variation for thrombin generation parameters were below 6% and below 8%, respectively.

Genotyping and Imputation
We genotyped the samples with a combination of HumanOmniExpressExome-8v1.2 (324 indi-
viduals) and HumanCoreExome-12v1.1 (610 individuals). We applied inclusion filters in the
datasets based on call rate (>98%), HWE (p-value>1.00x10-06) and MAF (>1%). We merged
the data and obtained 395,556 SNPs in all of the samples. Then, we estimated haplotypes using
SHAPEIT v2 [24] and imputed genotypes to the 1000 genomes phase 1 panel using IMPUTE2
[25]. We obtained 37,985,264 SNPs.

Statistical Analyses
Prior to the data analyses, statistics logarithmic transformations were performed to normalize
distributions in traits.

The statistical methods used in our study have been described elsewhere [3,26]. The analysis
of heritability (h2, the relative proportion of phenotypic variance of the trait attributable to the
additive effects of genes) was performed using the variance component method [27]. The total
phenotypic variance was partitioned into three components: (1) an additive genetic variance that
is caused by the sum of the average effects of all of the genes that influence the trait; (2) a shared
environmental variance that is caused by the environmental factors that are common to members
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of a household (c2); and (3) a residual random environmental variance that is specific to each
individual. The random environmental variance also includes non-additive genetic effects such as
interactions between alleles within loci (dominance effects), interactions between alleles at differ-
ent loci (epistatic effects), and effects caused by gene-environment interactions. Therefore, this
model generally underestimates the role of genetics in the determination of the trait.

The covariances among individuals within a family that are due to additive genetic effects
were estimated as a function of their expected genetic kinship relationships. Covariances
among individuals that are due to shared environments were modeled by using the information
whether individuals live in the same household. The power of this variance component
approach of partition genetic and environmental effects stems from the high information con-
tent in the case of the extended pedigrees where families cut across multiple household [28].
Because the pedigrees were ascertained through a thrombophilic proband, all analyses included
an ascertainment correction to allow unbiased estimation of parameters relevant to the general
population [29,30].

Trait-specific covariates in the variance component models were evaluated from the follow-
ing list of candidate covariates: age, sex, physical activity, oral contraceptives and smoking. The
regression coefficient for the continuous covariate age represents the effect associated with a
1-year deviation from the mean age. The covariate age2 captured the non-linear relationship
between the trait and age. The regression coefficients for the discrete covariates (female sex,
physical activity, oral contraceptives and smoking) represent the effect of the covariate versus
its absence. P-values of less than 0.05 were considered statistically significant.

The disease status of VTE is recorded as a binary trait encoding affected or unaffected status.
In the statistical model, it is transformed to a continuous trait referred to as liability or suscepti-
bility (risk) to the disease by means of probit link function. An interpretation of the effect of a
continuous covariate like age in our model with probit link function follows a rule: the negative
sign of the coefficient, for example for age covariate, means positive effect in the model
(increase liability to the disease).

The correlations between a given pair of traits were analyzed by multivariate variance com-
ponent models, which are an extension of the univariate model [27]. Similarly to the univariate
model for estimation of the heritability of a single trait, the bivariate model partitioned the phe-
notypic covariances between traits into genetic and environmental components. The derived
parameter of genetic correlation coefficient quantifies the pleiotropic genetic effects (i.e., one
gene may have effects on several traits). This partition is potentially valuable, since hidden rela-
tionships between traits can be revealed [31]. By studying these traits in extended families, we
can estimate robustly both the genetic (ρg), and the environmental (ρe) correlations between
traits. The phenotypic correlation (ρp) can be derived from these two constituent correlations
and the heritabilities of the traits as follows:

rp ¼
pðh2

1h
2
2Þrg þ

pð1� h2
1Þ
pð1� h2

2Þre:

where h21 and h
2
2 are the heritabilities for trait one and trait two.

For the association analysis with the imputed genotypes it was applied two excluding filters
based on imputation score (info<0.3) and MAF (<1%). The final number of SNPs was
9,303,497. Analyses were performed using the measured genotype method by testing for geno-
type-specific differences in the means of traits while allowing for the nonindependence among
family members. Genome wide significance was defined by p-values<5x10−8, and suggestive
significance was defined by p-values<1x10−5. The association analysis was adjusted for F2
G20210A mutation as known genetic determinant of thrombin generation, if needed.
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All statistical analyses were performed employing the computer package Sequential Oligo-
genic Linkage Analysis Routines (SOLAR, version 8, official) [28]. SOLAR employs the maxi-
mum likelihood approach for variance component models with the standard likelihood ratio
tests (LRT) to evaluate the statistical significance of the model parameters [32].

Results

Effect of covariates and heritabilities
The effects of significant covariates of the risk of VTE and thrombin generation phenotypes are
shown in Table 2. The covariate age was significantly and positively related to the risk of VTE
as well as to the lag time, thrombin peak and ETP. Furthermore, the results of the analysis of
the covariate sex showed that women, in comparison with men, have significantly shorter lag
times and greater thrombin peak values. Finally, use of oral contraceptives were related to a
decreased lag time and associated with an increased thrombin peak and ETP. In contrast,
smoking and physical activity were not related to the risk of VTE nor to thrombin generation
phenotypes. Interestingly, significant covariates explained only from 4% to 10% of the variabil-
ity of these traits. Residual kurtosis was within normal range.

The analysis of the contribution of genetics to the variability of each trait (trait heritability
= h2) was performed after the correction by its significant covariates. It is notable that genetic
factors accounted for 67% of the variation in the risk of VTE. Furthermore, the heritabilities
of lag time, thrombin peak and ETP were estimated as 49%, 54% and 52%, respectively. The
estimates of additive genetic effects and the household effect on the variability of the traits
are shown in Table 3.

Phenotypic, genetic and environmental correlations of thrombin
generation phenotypes with the risk of VTE
The lag time was not phenotypically correlated with VTE. In contrast, the thrombin peak and
ETP showed significant and positive phenotypic correlations with VTE (Table 4).

Table 2. Significant covariates affecting the risk of VTE and thrombin generation.

Trait Mean SE (Mean) Covariate β SE (β) p-value Variance due to covariates

VTE NA NA AGE -0.023* 0.004 6.28x10-12 NA

LT 1.02 0.01 AGE 0.001 0.0003 1.39x10-03 0.04

SEX -0.05 0.01 7.77x10-04

OC -0.11 0.04 2.04x10-03

TP 32.09 0.06 AGE 0.01 0.001 1.67x10-06 0.06

AGE^2 -0.0002 0.00005 3.72x10-05

SEX 0.13 0.05 1.46x10-02

OC 0.72 0.13 8.16x10-08

ETP 48.53 0.06 AGE 0.01 0.001 1.70x10-18 0.10

AGE^2 -0.0003 0.00005 7.53x10-10

OC 0.87 0.14 9.81x10-10

Mean and SE (Mean) indicate mean of the phenotype value and standard error; β, SE (β) and p-value: regression coefficient, standard error and p-value

of regression coefficient; VTE: venous thromboembolism; NA: not applicable; OC: oral contraceptives; LT: Lag Time; TP: Thrombin Peak; and ETP:

endogenous thrombin potential.

* The effect of AGE covariate to the risk of VTE is positive, as the negative sign of the coefficient means positive effect in this model, where the VTE

response (binary) variable was transformed by probit link function.

doi:10.1371/journal.pone.0146922.t002
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The lag time did not show significant genetic or environmental correlations. In contrast,
and most relevant, the thrombin peak and the ETP showed significant genetic correlations
with the risk of VTE, but we did not find environmental correlations (Table 4).

Genetic correlations among thrombin generation phenotypes
The lag time showed significant and negative genetic correlations with the thrombin peak and
ETP, but they were not correlated environmentally. Otherwise, the significant genetic and envi-
ronmental correlations between the thrombin peak and ETP were positive (Table 5).

GWAS
No inflation of the test statistic was observed (λ = 1.05, λ = 1.03, λ = 1 and λ = 0.99 for the risk
of VTE, lag time, thrombin peak and ETP, respectively). No variants showed genome wide sig-
nificance for association with the risk of VTE (data not shown). Manhattan plots of the results

Table 4. Phenotypic, genetic and environmental correlations of thrombin generation phenotypes with the risk of VTE.

Trait 1 Trait 2 ρp p-value (ρp) ρg SE (ρg) p-value (ρg) ρe SE (ρe) p-value (ρe)

VTE LT 0.05 3.96x10-01 0.21 0.22 3.53x10-01 -0.04 0.13 7.50x10-01

VTE TP 0.16 1.10x10-02 0.47 0.25 3.21x10-02 -0.05 0.15 7.25x10-01

VTE ETP 0.20 1.11x10-03 0.50 0.28 3.31x10-02 0.04 0.14 7.96x10-01

ρp and p-value (ρp) indicate phenotypic correlation and p-value of phenotypic correlation; ρg, SE (ρg) and p-value (ρg): genetic correlation, standard error

and p-value of genetic correlation; ρe, SE (ρe) and p-value (ρe): environmental correlation, standard error and p-value of environmental correlation; VTE:

venous thromboembolism; LT: Lag Time; TP: Thrombin Peak; and ETP: endogenous thrombin potential.

doi:10.1371/journal.pone.0146922.t004

Table 5. Genetic and environmental correlations among thrombin generation phenotypes.

Trait 1 Trait 2 ρp p-value (ρp) ρg SE (ρg) p-value (ρg) ρe SE (ρe) p-value (ρe)

TP LT -0.40 3.39x10-28 -0.50 0.06 2.21x10-11 -0.19 0.10 6.74x10-02

ETP LT -0.14 2.10x10-04 -0.23 0.08 5.38x10-03 0.02 0.09 8.07x10-01

ETP TP 0.85 3.23x10-48 0.87 0.02 1.52x10-37 0.82 0.03 2.14x10-12

ρp and p-value (ρp) indicate phenotypic correlation and p-value of phenotypic correlation; ρg, SE (ρg) and p-value (ρg): genetic correlation, standard error

and p-value of genetic correlation; ρe, SE (ρe) and p-value (ρe): environmental correlation, standard error and p-value of environmental correlation; LT: Lag

Time; TP: Thrombin Peak; and ETP: endogenous thrombin potential.

doi:10.1371/journal.pone.0146922.t005

Table 3. Heritabilities and household effect.

Trait h2 SE (h2) p-value (h2) c2 SE (c2) p-value (c2)

VTE 0.67 0.17 1.60x10-06 -* - -

LT 0.49 0.07 3.32x10-15 0.21 0.05 2.80x10-06

TP 0.54 0.07 3.14x10-16 0.27 0.05 9.66x10-10

ETP 0.52 0.06 5.71x10-18 0.23 0.05 2.27x10-08

h2, SE (h2) and p-value (h2) indicate heritability, standard error and p-value of the heritability; c2, SE (c2) and p-value (c2): household effect, standard error

and p-value of the household effect; VTE: venous thromboembolism; LT: Lag Time; TP: Thrombin Peak; and ETP: endogenous thrombin potential. The

covariates used in each model were reported in Table 2.

*The household effect (c2) was removed from the model of VTE trait, as its estimation was 0.

doi:10.1371/journal.pone.0146922.t003
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from genome wide associations on the thrombin generation traits are shown in Fig 1. Briefly,
no variant attained genome wide significance for association with lag time or thrombin peak.
In contrast, 2 peaks on Chromosomes 1 and 11 reached genome wide significance level (p-
value = 5x10-08) in association with the ETP trait. The significant SNPs rs61828128
(MAF = 2.18% and p-value = 1.33x10-08) and rs61828133 (MAF = 2.18% and p-
value = 9.36x10-09) on Chromosome 1 are located in theHHAT gene. Interestingly, the SNP
rs1799963 (MAF = 2.82% and p-value = 2.25x10-09) in F2 gene is included in the association
peak at chromosome 11 region. After adjustment for G20210A (rs1799963) mutation in the F2
gene, the signals did not remain significant. However, our results suggested associations
involved in both thrombin peak and ETP traits in or near IRF6 (rs75594643; MAF = 4.31%, p-
value = 6.13x10-06 for thrombin peak, p-value = 2.94x10-06 for ETP, and rs1474608;
MAF = 3.80%, p-value = 4.66x10-06 for thrombin peak, p-value = 2.46x10-06 for ETP), OCLN
(rs76696742; MAF = 1.13%, p-value = 5.19x10-06 for thrombin peak, p-value = 6.59x10-06 for
ETP), CDKAL1 (rs16884308; MAF = 1.16%, p-value = 2.57x10-06 for thrombin peak, p-

Fig 1. Manhattan plots of the genomewide association studies on the 3 thrombin generation phenotypes. Lag time (a), thrombin peak (b), and ETP
(c). Dots correspond to SNPs organized by chromosomal order and position and the y axis shows the statistical significance expressed as -log10 of the p-
values. The horizontal lines correspond to genome wide significant threshold taken at 5×10−8 and genome wide suggestive significance threshold at 1x10−5.

doi:10.1371/journal.pone.0146922.g001
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value = 1.47x10-06 for ETP), CAMK2B (rs180694332; MAF = 1.72%, p-value = 6.55x10-06 for
thrombin peak, p-value = 5.58x10-06 for ETP), and NUDCD3 (rs144256107; MAF = 1.99%, p-
value = 9.80x10-06 for thrombin peak, p-value = 1.26x10-06 for ETP) genes. We defined as
“near” a distance between 1 and 1,500 bp upstream.

Discussion
To investigate the risk of diseases, the study of complex intermediate phenotypes provide a use-
ful means to identify genetic risk factors. The intermediate phenotypes are closer to the action
of genes than the presence or absence of a complex disease. In addition, the susceptibility to a
complex disease is primarily a process that represents an unobservable continuous liability.
This means that this variable can not be measured directly in an individual, and consequently
the use of intermediate phenotypes is statistically more powerful [33]. Our study demonstrates
that the thrombin generation assay is a useful tool for the study of the risk of VTE.

Using a variance component method and maximum likelihood estimations age was found
to be the covariate with statistically significant effect on the risk of VTE. This is not surprising
since the covariate age has been associated previously with VTE [1]. Except for smoking and
physical activity, all covariates, including age, sex and oral contraceptives, were significantly
related to the parameters of thrombin generation assay. Specifically, age, sex and oral contra-
ceptives influenced the lag time. The thrombin peak was significantly related with age, age2, sex
and oral contraceptives and the ETP was influenced by age, age2 and oral contraceptives. These
results are consistent with previous reports under different experimental conditions. Specifi-
cally, it has been reported that thrombin generation increases with age and is higher in women
than in men [34]. In addition, oral contraceptives have been related also with an increased
thrombin generation [11,35].

Our study was based on the recruitment of families, which provided direct data of familial
transmission and allowed an estimation of genetic factors affecting the variation in the risk of
VTE within a Spanish population [3]. It is notable that, in our population, genetic factors
accounted for 67% of the variation in the risk of VTE. This high heritability is similar to what
we reported previously in the GAIT-1 Project study [3]. The heritabilities of thrombin genera-
tion phenotypes in this new set of families ranged from 49% to 54%. These findings are consis-
tent with previous published data [12]. These high heritabilities indicate that genes play a
major role in the determination of the variability of these parameters.

One of our most important results is that they add to the previous evidence of the relationship
between the risk of VTE and thrombin generation. For the first time to our knowledge, we deter-
mined genetic correlations between the susceptibility to VTE and thrombin peak or ETP. Not
surprisingly, we did not find phenotypic, genetic nor environmental correlations between the
risk of VTE and lag time. Our results agree with previous publications which reported no associ-
ation between the lag time and the risk of first or recurrent VTE [11]. In contrast, thrombin peak
and ETP showed positive phenotypic correlations with the risk of VTE which are similar to pre-
vious evidence. Interestingly, our study is the first that shows strong evidence that the positive
associations between the risk of VTE and thrombin peak or ETP is caused by pleiotropic factors.
These results provide evidence that there are genes acting jointly on both the risk of VTE and
thrombin peak or ETP. Therefore, we believe that it is prudent to use the thrombin generation
assay as an intermediate phenotype to identify novel genes that affect the risk of VTE.

Taking together, our results support the hypothesis that the thrombin generation test is a
very useful test to investigate the risk of VTE. Specifically, thrombin generation phenotypes
have been associated significantly with genetic variants in haemostatic genes such as F5, F2,
FGA, F10, F12 and TFPI [7,36]. It has been reported recently that there is a new association
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between thrombin generation variability and the ORM1 locus [37]. It is important to note that
known genetic risk factors have been estimated to account for<30% of VTE cases [38]. Conse-
quently, this global coagulation assay might identify novel genetic variants that contribute to
the heritability of the risk of VTE.

In agreement with a previous study [37] we observed a high significant association between
thrombin generation and prothrombin G20210A mutation. This genetic variation is a well-
known genetic risk factor for VTE [1]. In addition, we observed suggestive signals (presented
in at least two out of the three phenotypes studied) that might increase our knowledge to
explain the variability of thrombin generation. However, we do not have biological evidences
to relate these observed signals with the phenotypes due to the lack of information about func-
tionality in the data bases. Thus, further studies are needed to elucidate the implication of these
new genes with thrombin generation and the risk of VTE.

The thrombin generation assay is sensitive to preanalytic conditions and there is no stan-
dardized protocol [39,40]. In detail, we used 5 pM tissue factor as trigger in PPP. At this con-
centration, thrombin generation assay is sensitive to factors VIII and IX. Lower concentrations
(1 pM) of tissue factor could lead to an increase of the variability of the assay. It is difficult to
compare various studies considering that this assay can be performed under widely different
laboratory conditions [41]. Despite this, our results are consistent with those of previous stud-
ies, but add important new data.

In summary, the high heritabilities that we found indicate that genetic factors play a signifi-
cant role in the risk of VTE and in the thrombin generation test in this population. In addition,
the significant genetic correlations suggest that there are pleiotropic genetic effects between the
risk of VTE and thrombin peak or ETP. Finally, our study indicates that the use of the throm-
bin generation assay should help to detect genes responsible for thrombophilia. In fact, from
results of the GWAS, F2 has been shown as the main contributor to thrombin generation.

Acknowledgments
We are deeply grateful to the families who participated in this study. Also, we would like to
thank Professor Bill Stone for reviewing the manuscript. Genotyping was performed by the
SNP&SEQ Technology Platform in Uppsala. The platform is part of Science for Life Laboratory
at Uppsala University and supported as a national infrastructure by the Swedish Research
Council.

Author Contributions
Conceived and designed the experiments: JCS JMS. Performed the experiments: MC JAM NV
MF. Analyzed the data: LMF AZ AMP HB. Wrote the paper: LMF AZ JMS. Final approval of
the version to be published: LMF AZ JCS JMS AH. Search of funding: JCS JMS AH.

References
1. Rosendaal FR. Venous thrombosis: the role of genes, environment, and behavior. Hematology Am Soc

Hematol Educ Program. 2005; 2005: 1–12.

2. Rosendaal FR. Venous thrombosis: a multicausal disease. Lancet. 1999; 353: 1167–1773. PMID:
10209995

3. Souto JC, Almasy L, Borrell M, Blanco-Vaca F, Mateo J, Soria JM, et al. Genetic susceptibility to throm-
bosis and its relationship to physiological risk factors: the GAIT study. Genetic Analysis of Idiopathic
Thrombophilia. Am J HumGenet. 2000; 67: 1452–1459. PMID: 11038326

4. Heit JA, Phelps MA, Ward SA, Slusser JP, Petterson TM, De Andrade M. Familial segregation of
venous thromboembolism. J Thromb Haemost. 2004; 2: 731–736. PMID: 15099278

Genetics of Thrombin Generation and Thrombosis

PLOS ONE | DOI:10.1371/journal.pone.0146922 January 19, 2016 10 / 12

http://www.ncbi.nlm.nih.gov/pubmed/10209995
http://www.ncbi.nlm.nih.gov/pubmed/11038326
http://www.ncbi.nlm.nih.gov/pubmed/15099278


5. Soria JM, Almasy L, Souto JC, Bacq D, Buil A, Faure A, et al. A quantitative-trait locus in the human fac-
tor XII gene influences both plasma factor XII levels and susceptibility to thrombotic disease. Am J Hum
Genet. 2002; 70: 567–574. PMID: 11805911

6. Buil A, Trégouët D-A, Souto JC, Saut N, Germain M, Rotival M, et al. C4BPB/C4BPA is a new suscepti-
bility locus for venous thrombosis with unknown protein S-independent mechanism: results from
genome-wide association and gene expression analyses followed by case-control studies. Blood.
2010; 115: 4644–4650. doi: 10.1182/blood-2010-01-263038 PMID: 20212171

7. Segers O, van Oerle R van, ten Cate H ten, Rosing J, Castoldi E. Thrombin generation as an intermedi-
ate phenotype for venous thrombosis. Thromb Haemost. 2010; 103: 114–122. doi: 10.1160/TH09-06-
0356 PMID: 20062924

8. Hemker HC, Wielders S, Kessels H, Béguin S. Continuous registration of thrombin generation in
plasma, its use for the determination of the thrombin potential. Thromb Haemost. 1993; 70: 617–624.
PMID: 7509511

9. Hemker HC, Béguin S. Phenotyping the clotting system. Thromb Haemost. 2000; 84: 747–751. PMID:
11127849

10. Dargaud Y, Trzeciak MC, Bordet JC, Ninet J, Negrier C. Use of calibrated automated thrombinography
+/- thrombomodulin to recognise the prothrombotic phenotype. Thromb Haemost. 2006; 96: 562–567.
PMID: 17080211

11. Van Hylckama Vlieg A, Christiansen SC, Luddington R, Cannegieter SC, Rosendaal FR, Baglin TP.
Elevated endogenous thrombin potential is associated with an increased risk of a first deep venous
thrombosis but not with the risk of recurrence. Br J Haematol. 2007; 138: 769–774. PMID: 17760809

12. Wichers IM, Tanck MWT, Meijers JCM, Lisman T, Reitsma PH, Rosendaal FR, et al. Assessment of
coagulation and fibrinolysis in families with unexplained thrombophilia. Thromb Haemost. 2009; 101:
465–470. PMID: 19277406

13. Lutsey PL, Folsom AR, Heckbert SR, CushmanM. Peak thrombin generation and subsequent venous
thromboembolism: the Longitudinal Investigation of Thromboembolism Etiology (LITE) study. J Thromb
Haemost. 2009; 7: 1639–1648. doi: 10.1111/j.1538-7836.2009.03561.x PMID: 19656279

14. Hron G, Kollars M, Binder BR, Eichinger S, Kyrle PA. Identification of patients at low risk for recurrent
venous thromboembolism by measuring thrombin generation. JAMA. 2006; 296: 397–402. PMID:
16868297

15. Besser M, Baglin C, Luddington R, van Hylckama Vlieg A, Baglin T. High rate of unprovoked recurrent
venous thrombosis is associated with high thrombin-generating potential in a prospective cohort study.
J Thromb Haemost. 2008; 6: 1720–1725. doi: 10.1111/j.1538-7836.2008.03117.x PMID: 18680535

16. Tripodi A, Legnani C, Chantarangkul V, Cosmi B, Palareti G, Mannucci PM. High thrombin generation
measured in the presence of thrombomodulin is associated with an increased risk of recurrent venous
thromboembolism. J Thromb Haemost. 2008; 6: 1327–1333. doi: 10.1111/j.1538-7836.2008.03018.x
PMID: 18485081

17. Faber CG, Lodder J, Kessels F, Troost J. Thrombin generation in platelet-rich plasma as a tool for the
detection of hypercoagulability in young stroke patients. Pathophysiol Haemost Thromb. 2003; 33: 52–
58. PMID: 12853713

18. Carcaillon L, Alhenc-Gelas M, Bejot Y, Spaft C, Ducimetière P, Ritchie K, et al. Increased thrombin gen-
eration is associated with acute ischemic stroke but not with coronary heart disease in the elderly: the
Three-City cohort study. Arterioscler Thromb Vasc Biol. 2011; 31: 1445–1451. doi: 10.1161/ATVBAHA.
111.223453 PMID: 21454811

19. Orbe J, Zudaire M, Serrano R, Coma-Canella I, Martínez de Sizarrondo S, Rodríguez JA, et al.
Increased thrombin generation after acute versus chronic coronary disease as assessed by the throm-
bin generation test. Thromb Haemost. 2008; 99: 382–387. doi: 10.1160/TH07-07-0443 PMID:
18278189

20. Souto JC, Almasy L, Borrell M, Garí M, Martínez E, Mateo J, et al. Genetic determinants of hemostasis
phenotypes in Spanish families. Circulation. 2000; 101: 1546–1551. PMID: 10747348

21. International Physical Activity Questionnaire (IPAQ) [Internet]. [cited 30 Mar 2014]. Available: www.
ipaq.ki.se

22. Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting DNA from human nucle-
ated cells. Nucleic Acids Res. 1988; 16: 1215. PMID: 3344216

23. Hemker HC, Giesen P, Al Dieri R, Regnault V, de Smedt E, Wagenvoord R, et al. Calibrated automated
thrombin generation measurement in clotting plasma. Pathophysiol Haemost Thromb. 2003; 33: 4–15.
PMID: 12853707

Genetics of Thrombin Generation and Thrombosis

PLOS ONE | DOI:10.1371/journal.pone.0146922 January 19, 2016 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/11805911
http://dx.doi.org/10.1182/blood-2010-01-263038
http://www.ncbi.nlm.nih.gov/pubmed/20212171
http://dx.doi.org/10.1160/TH09-06-0356
http://dx.doi.org/10.1160/TH09-06-0356
http://www.ncbi.nlm.nih.gov/pubmed/20062924
http://www.ncbi.nlm.nih.gov/pubmed/7509511
http://www.ncbi.nlm.nih.gov/pubmed/11127849
http://www.ncbi.nlm.nih.gov/pubmed/17080211
http://www.ncbi.nlm.nih.gov/pubmed/17760809
http://www.ncbi.nlm.nih.gov/pubmed/19277406
http://dx.doi.org/10.1111/j.1538-7836.2009.03561.x
http://www.ncbi.nlm.nih.gov/pubmed/19656279
http://www.ncbi.nlm.nih.gov/pubmed/16868297
http://dx.doi.org/10.1111/j.1538-7836.2008.03117.x
http://www.ncbi.nlm.nih.gov/pubmed/18680535
http://dx.doi.org/10.1111/j.1538-7836.2008.03018.x
http://www.ncbi.nlm.nih.gov/pubmed/18485081
http://www.ncbi.nlm.nih.gov/pubmed/12853713
http://dx.doi.org/10.1161/ATVBAHA.111.223453
http://dx.doi.org/10.1161/ATVBAHA.111.223453
http://www.ncbi.nlm.nih.gov/pubmed/21454811
http://dx.doi.org/10.1160/TH07-07-0443
http://www.ncbi.nlm.nih.gov/pubmed/18278189
http://www.ncbi.nlm.nih.gov/pubmed/10747348
http://www.ipaq.ki.se
http://www.ipaq.ki.se
http://www.ncbi.nlm.nih.gov/pubmed/3344216
http://www.ncbi.nlm.nih.gov/pubmed/12853707


24. Delaneau O, Zagury J-F, Marchini J. Improved whole-chromosome phasing for disease and population
genetic studies. Nat Methods. Nature Publishing Group, a division of Macmillan Publishers Limited. All
Rights Reserved.; 2013; 10: 5–6.

25. Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype imputation method for the next
generation of genome-wide association studies. PLoS Genet. 2009; 5: e1000529. doi: 10.1371/journal.
pgen.1000529 PMID: 19543373

26. Souto JC, Almasy L, Blangero J, StoneW, Borrell M, Urrutia T, et al. Genetic regulation of plasma levels
of vitamin K-dependent proteins involved in hemostasis: results from the GAIT Project. Genetic Analy-
sis of Idiopathic Thrombophilia. Thromb Haemost. 2001; 85: 88–92. PMID: 11204594

27. Lynch M, Walsh B. Genetics and analysis of quantitative traits. Sunderland, Mass: Sinauer Associates
Inc; 1998.

28. Almasy L, Blangero J. Multipoint quantitative-trait linkage analysis in general pedigrees. Am J Hum
Genet. 1998; 62: 1198–1211. PMID: 9545414

29. Hopper JL, Mathews JD. Extensions to multivariate normal models for pedigree analysis. Ann Hum
Genet. 1982; 46: 373–383. PMID: 6961886

30. Boehnke M, Lange K. Ascertainment and goodness of fit of variance component models for pedigree
data. Prog Clin Biol Res. 1984; 147: 173–192. PMID: 6547532

31. Comuzzie AG, Blangero J, Mahaney MC, Haffner SM, Mitchell BD, Stern MP, et al. Genetic and envi-
ronmental correlations among hormone levels and measures of body fat accumulation and topography.
J Clin Endocrinol Metab. 1996; 81: 597–600. PMID: 8636274

32. Self S, Liang K. Asymptotic properties of maximum likelihood estimators and likelihood ratio tests under
nonstandard conditions. J Am Stat Assoc. 1987; 82: 605–610.

33. Souto JC. Search for new thrombosis-related genes through intermediate phenotypes. Genetic and
household effects. Pathophysiol Haemost Thromb. 2002; 32: 338–340. PMID: 13679669

34. Dielis AWJH, Castoldi E, Spronk HMH, van Oerle R, Hamulyák K, Ten Cate H, et al. Coagulation fac-
tors and the protein C system as determinants of thrombin generation in a normal population. J Thromb
Haemost. 2008; 6: 125–131. PMID: 17988231

35. Tchaikovski SN, van Vliet HAAM, Thomassen MCLGD, Bertina RM, Rosendaal FR, Sandset P-M,
et al. Effect of oral contraceptives on thrombin generation measured via calibrated automated thrombo-
graphy. Thromb Haemost. 2007; 98: 1350–1356. PMID: 18064335

36. Kyrle PA, Mannhalter C, Béguin S, Stümpflen A, Hirschl M, Weltermann A, et al. Clinical studies and
thrombin generation in patients homozygous or heterozygous for the G20210Amutation in the pro-
thrombin gene. Arterioscler Thromb Vasc Biol. 1998; 18: 1287–1291. PMID: 9714136

37. Rocanin-Arjo A, CohenW, Carcaillon L, Frère C, Saut N, Letenneur L, et al. A meta-analysis of
genome-wide association studies identifies ORM1 as a novel gene controlling thrombin generation
potential. Blood. 2014; 123: 777–785. doi: 10.1182/blood-2013-10-529628 PMID: 24357727

38. Morange P-E, Tregouet D-A. Deciphering the molecular basis of venous thromboembolism: where are
we and where should we go? Br J Haematol. 2010; 148: 495–506. doi: 10.1111/j.1365-2141.2009.
07975.x PMID: 19912223

39. Loeffen R, Kleinegris M-CF, Loubele STBG, Pluijmen PHM, Fens D, van Oerle R, et al. Preanalytic vari-
ables of thrombin generation: towards a standard procedure and validation of the method. J Thromb
Haemost. 2012; 10: 2544–2554. doi: 10.1111/jth.12012 PMID: 23020632

40. Baglin T. The measurement and application of thrombin generation. Br J Haematol. 2005; 130: 653–
661. PMID: 16115120

41. Van Veen JJ, Gatt A, Makris M. Thrombin generation testing in routine clinical practice: are we there
yet? Br J Haematol. 2008; 142: 889–903. doi: 10.1111/j.1365-2141.2008.07267.x PMID: 18564356

Genetics of Thrombin Generation and Thrombosis

PLOS ONE | DOI:10.1371/journal.pone.0146922 January 19, 2016 12 / 12

http://dx.doi.org/10.1371/journal.pgen.1000529
http://dx.doi.org/10.1371/journal.pgen.1000529
http://www.ncbi.nlm.nih.gov/pubmed/19543373
http://www.ncbi.nlm.nih.gov/pubmed/11204594
http://www.ncbi.nlm.nih.gov/pubmed/9545414
http://www.ncbi.nlm.nih.gov/pubmed/6961886
http://www.ncbi.nlm.nih.gov/pubmed/6547532
http://www.ncbi.nlm.nih.gov/pubmed/8636274
http://www.ncbi.nlm.nih.gov/pubmed/13679669
http://www.ncbi.nlm.nih.gov/pubmed/17988231
http://www.ncbi.nlm.nih.gov/pubmed/18064335
http://www.ncbi.nlm.nih.gov/pubmed/9714136
http://dx.doi.org/10.1182/blood-2013-10-529628
http://www.ncbi.nlm.nih.gov/pubmed/24357727
http://dx.doi.org/10.1111/j.1365-2141.2009.07975.x
http://dx.doi.org/10.1111/j.1365-2141.2009.07975.x
http://www.ncbi.nlm.nih.gov/pubmed/19912223
http://dx.doi.org/10.1111/jth.12012
http://www.ncbi.nlm.nih.gov/pubmed/23020632
http://www.ncbi.nlm.nih.gov/pubmed/16115120
http://dx.doi.org/10.1111/j.1365-2141.2008.07267.x
http://www.ncbi.nlm.nih.gov/pubmed/18564356

