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New approaches and future prospects for evaluating
genetic risk of thrombosis

Venous thromboembolism is a
hyper-coagulable state that reflects
a complex interplay between inher-

ited and environmental factors. The over-
all incidence of venous thromboembolism
increases with age. Approximately 1:1000
individuals per year are affected in the
USA and Western Europe. Thus, it is an
important health problem. Although there
are few hard data on its prevalence, retro-
spective and prospective data1,2 suggest a
minimum lifetime prevalence of 5-10%
for deep-vein thrombosis. If one includes
arterial thromboses, other venous throm-
boses, and undiagnosed thrombotic condi-
tions, the lifetime prevalence of thrombo-
sis must be substantially higher than 10%. 

At present, one or more genetic risk fac-
tors can be identified in 50-60% of fami-
lies which exhibit thrombophilia. Since
familial thrombophilia is an oligogenetic
disease,3 it is safe to conclude that un-
known genetic risk factors co-segregate in
the other families. By studying families of
thrombophilic patients, several genetic
risk factors for venous thrombosis have
been identified. Some of these risk factors
are antithrombin, protein C or protein S
deficiencies, dysfibrinogenemia and acti-

vated protein C (APC)-resistance associat-
ed with factor V Leiden.4 On the other
hand, case/control association studies,
such as the Leiden Thrombophilia Study
(LETS),5 have been useful for identifying
several complex phenotypes that increase
the risk of venous thrombosis. In addition,
it is likely that pathways and proteins out-
side the coagulation system are involved
in the pathogenesis of venous thrombosis.
However, finding the genes that con-
tribute to these functional phenotypes will
be a major effort requiring the application
of genetic studies with state-of-the-art
design and methodology. 

Taking into account the progress to date,
we agree fully with the statement by
Bertina: “As to the identification of new genet-
ic risk factors for thrombosis, we seem to have
arrived at the end of a practicable road with the
classical approach of thrombophilia, which
usually starts with the study of the association
of hemostatic phenotypes and thrombosis risk”.5

In the genomic era, with the completion
of mapping of the human DNA sequence,
the search for genes involved in complex
diseases, such as thrombophilia, is gaining
momentum, as is the debate over gene-
finding strategies.6,7 Thus, this review is
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Studies of the genetics of common complex human diseases have progressed enor-
mously over the past decade with the development of powerful molecular and analyti-
cal methodologies. For example, the understanding of thrombosis, which is a complex
disease under strong genetic and environmental control, has been greatly advanced
using the principles and practices of these methodologies. This is important because
thrombosis has a high social and economic cost in western countries. Thus, identifi-
cation and characterization of specific loci and genes, and the associated phenotypes
involved in thrombotic risk will contribute to a greater understanding of the pathogen-
esis of this disease and will, ultimately, lead to the development of better diagnostic,
prevention and treatment strategies. Past efforts to identify thrombosis-related genes
have utilized population-based association methods, but substantial progress has
been made recently with the strategy of using positional cloning of genes based on
linkage studies. These methods focus on measuring quantitative traits that are corre-
lated with the risk of disease. In this article, we review the current status and future
prospects of mapping and identification of genes for thrombosis, with a focus on some
promising chromosomal regions containing these genes. We include a discussion of
the exciting prospects of identifying genes that are involved in complex diseases.
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not a typical literature overview of post research
progress, in that little of this type of research has
been completed and published; it is more of a
description of currently available tools and future
research goals.

Quantitative risk factors for thrombosis
The genetic study of quantitative traits has several

advantages over simple classification studies based
on the presence or absence of a disease.8 Many dis-
eases can be defined in terms of an underlying quan-
titative liability scale, with parameters such as blood
pressure for hypertension or glucose tolerance for
diabetes. These intermediate risk factors tend to be
closer to gene action and thus provide stronger genet-
ic signals than when a discrete clinical endpoint, such
as presence or absence of disease, is used. Another
advantage of studying intermediate risk factors is
that a quantitative trait may be influenced by a small
number of factors, whereas a disease may be influ-
enced by many genetic and environmental factors
that produce a heterogeneous phenotype. Generally,
the quantitative variables will be correlated more
strongly with polymorphisms of an underlying gene,
and therefore provide a better phenotype both for
initial mapping purposes and for identifying the vari-
ants at a locus which affect susceptibility.

The physiological cascade that produces thrombin
and the pathologic endpoint of thrombosis is com-
plex. There are many components involved in the
coagulation and fibrinolytic pathways. The risk of
thrombosis is influenced not only by abnormalities in
these pathways but also by quantitative physiologi-
cal variations in these parameters. 

Numerous hemostatic factors have been implicat-
ed as possible concomitants of both venous and arte-
rial thrombosis. For example, there is epidemiologic
evidence for a positive relationship between von
Willebrand factor (VWF) and factor (F) VIII levels and
the risk of venous9 and arterial thrombosis.10 High
plasma homocysteine levels have been associated
with deep-vein11 and arterial thrombosis.12 Quanti-
tative measurements of APC ratio are correlated with
the risk of venous thrombosis even when a major
genetic influence on APC ratio, the FV Leiden poly-
morphism, is taken into account.13 Similarly, levels of
FXII14 and tissue plasminogen activator15 are correlat-
ed with arterial thrombosis. Recently, high plasma
levels of FIX16 and FXI,17 and low plasma levels of tis-
sue factor pathway inhibitor (TFPI)18 have been
implicated as risk factors for thrombosis. 

More recently, bivariate genetic analyses in the
GAIT (Genetic Analysis of Idiopathic Thrombophilia)
Project demonstrated significant genetic correlations
between thrombosis and APC ratio, homocysteine, tis-
sue plasminogen activator, VWF, and clotting FVII,

FVIII, FIX, FXI, and FXII. These correlations suggest
that there are pleiotropic influences on these quantita-
tive measures and the risk of thrombosis.19

Genes that contribute to the patterns of variation in
such phenotypes have been called quantitative trait
loci (QTL). Intermediate risk factors can be utilized
jointly with disease status to search the genome for
QTL that pleiotropically affect both intermediate risk
factors and disease status.20-22

All hemostasis-related phenotypes are under
strong genetic control, and despite the relatively
small number of family studies, twins and well-char-
acterized pedigrees have established that these phe-
notypes are under substantial genetic control (Table
1). More importantly, using a liability threshold
model,8 we estimated that 61% of the variability in
the liability to develop thrombotic disease is due to
the additive effect of genes.19 These results have been
replicated recently by Heit et al.,23 who documented
the importance of genetic factors that influence
thrombotic disease and its hemostasis-related pheno-
types. For most of the traits, genes appear to be the
largest determinant of quantitative variation, so it is
possible to localize the genetic determinant of these
phenotypes with considerable facility.

Statistical genetic methodologies:
association versus linkage analysis

Genetic association studies essentially look for cor-
relations between phenotype and genotype. Thus,
the aim is to demonstrate that a particular allele or
genetic marker, typically a single nucleotide poly-
morphism (SNP) constitutes a significant risk for a
phenotype of interest (e.g., disease status). An associ-
ation can be found either with functional genetic
variants that have biological consequences related to
a disease (e.g., Factor V Leiden or G20210A mutation
in the prothrombin gene), or most likely, with other
variants that are in linkage disequilibrium with these
variants.

Linkage disequilibrium occurs when an allele at a
locus is situated on the same chromosome with a
specific allele at another locus more often than would
be expected by chance. Since linkage disequilibrium
is the result of the genetic history of a particular
mutation, factors influencing linkage disequilibrium
at the population level have been discussed amply in
the genetic literature.24 Most association studies oper-
ate under a specific hypothesis; i.e., they test for a
pre-determined gene or set of genes referred to as
candidate genes. However, such studies do not pro-
vide evidence that the genetic variant (the SNP) is
functional, and in the absence of such data, the rele-
vance of the association remains uncertain. It is
important to remember that the absence of an asso-
ciation between a SNP in a certain gene and a partic-
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ular disease does not rule out an association for the
whole gene itself. In addition, although association
studies provide important indirect evidence for
genetic effects of a particular gene, it is abundantly
clear from the literature that such studies have seri-
ous limitations (using case-control designs). Thus,
one must use caution when drawing conclusions
from association studies.25,26 Fortunately, there are
some editorials that present explicit guidelines for
publishing genetic association studies of complex
diseases.27,28 Some of these limitations can be avoided
by identifying groups of markers that are inherited

together in families and in populations. These groups
are known as haplotypes. It is hypothesized that only
a few SNP are needed to characterize the most com-
mon haplotypes occurring within each haplotype
block; these are termed tag-SNP. However, tag-SNP
have been discovered for only a small number of
genes. In the future, because of the application of the
haplotype map29 to delineate these tag-SNP, haplo-
type-based association analyses are likely to replace
single SNP-based analyses. 

Recently, several studies have reported that certain
haplotypes in different candidate genes are associat-
ed with increased risk of thrombotic disease.30,31

However, these results have not been replicated in
other studies.32-34

In addition to association studies, linkage analysis
using family-based designs (sib pairs, small nuclear
families and large extended pedigrees) is an efficient
method for identifying susceptibility loci. In linkage
analysis, a number of DNA markers are evenly dis-
persed at a known chromosomal locations through-
out the genome or at nearby candidate genes. The
DNA markers are usually variable numbers of
repeats (short tandem repeats or microsatellites).
They need not be part of a functional gene – they are
just landmarks with known location in the genome.
For each DNA marker, evidence of linkage is derived
using statistical procedures that trace the co-segrega-
tion of the trait and a specific variant of the DNA
marker along the familial lineage in multiple genera-
tions.35 Such methods do not require linkage disequi-
librium and are not susceptible to population stratifi-
cation. Another advantage is that a given DNA mark-
er identifies a whole chromosomal region, so some
generalizations about a gene or a chromosomal
region can be made if no linkage is found. 

Early pronouncements on the failure of the linkage
approach to analyze complex diseases were prema-
ture and based on comparing sub-optimal linkage
research designs with overly optimistic association-
based designs.36 It is now well-known and widely
accepted that the linkage approach is enormously
successful in identifying genes involved in mono-
genic diseases. Although some authors believe that
the linkage approach is not suitable for identifying
genes underlying complex diseases6,37 recently there
has been substantial progress in the positional
cloning of genes based on linkage studies of human
pedigrees. These studies focus on measuring quanti-
tative genetic traits that are correlated with the risk
of disease.38,39 This represents a novel and promising
approach using linkage for initial chromosomal local-
ization and then gene identification by association
with positional candidate genes.40,41

Linkage and association methods are not competi-
tors, rather they are complementary.42 The unpre-
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Table 1. Heritability for hemostasis-related phenotypes.

Phenotype Heritability (%) Design/Study Reference

APC resistance 71 Extended pedigree/GAIT 77 
58 Sib-pairs/ VITA 78

FVII 52 Extended pedigree/GAIT 77
63 Twins 79
33 Healthy families 80

Protein C 50 Extended pedigree/GAIT 77 
24 Sib-pairs/VITA 78
41 Extended pedigree 81

FXIIIs 48 Extended pedigree/GAIT 77
41 Twins 79

FVIII 40 Extended pedigree/GAIT 77
61 Twins 79
57 Twins 82

FIX 39 Extended Pedigree/GAIT 77
50 Extended pedigree 81
20 Twins 82

Fibrinogen 34 Extended pedigree/GAIT 77 
44 Twins 79
50 Twins 83
36 Segregation analysis 84
30 Extended pedigree 81
28 Healthy families 80

von Willebrand 32 Extended pedigree/GAIT 77 
factor 75 Twins 79

25 Extended pedigree 81

TAFI Ag 82 Twins 85

TFPI 52 Extended pedigree/GAIT 77

Antithrombin 48 Extended pedigree/GAIT 77
40 Sib-pairs/ VITA 78

Free protein S 46 Extended pedigree/GAIT 77

Func protein S 45 Extended pedigree/GAIT 77

FXI 45 Extended pedigree/GAIT 77

FV 44 Extended pedigree/GAIT 77
71 Extended pedigree 81

FX 43 Extended pedigree/GAIT 77



dictable nature of linkage disequilibrium across the
genome and the fact that single makers may repre-
sent entire chromosomal regions imply that linkage
methods are likely to be more efficient than associa-
tion methods for initial gene localization.24 On the
other hand, the limited extent of linkage disequilibri-
um and the large regions identified by linkage sug-
gest that association methods are likely to be more
useful than linkage for narrowing in on specific
genes.

Local or global approach: candidate genes
versus whole-genome scanning

Heritable diseases are analyzed better by localizing
genes that confer susceptibility and by subsequent
characterization of these genes. To localize genes for
multifactorial traits, such as thrombotic diseases, two
different strategies are followed: hypothesis-driven
candidate genes (local) and hypothesis-free genome
scanning (global) approaches. 

The analysis of candidate genes, whose biological
functions are known and tested for association with
the disease phenotype, is currently in vogue. Most of
our knowledge of the genetic factors involved in
common thrombotic diseases has been derived from
association studies that compared cases versus con-
trols to evaluate whether the candidate gene has any
effect on the risk factor (phenotype) or on the disease
risk.43 These designs became popular after identifica-
tion of the factor V Leiden (FVL) mutation, which has
been considered the paradigm of candidate gene
association studies.37 The FVL mutation was identi-
fied after the application of an imaginative strategy
based on an abnormal result of a clotting test44 fol-
lowed by the identification of a DNA coding variant
in an obvious candidate gene with a likely functional
role.45 This represents association mapping at its best,
but unfortunately this is the exception and not the
rule for finding genetic factors affecting complex dis-
eases. A clearer picture of the limitations of this
method has been provided by recent studies on the
role of genes in thrombosis. Thus, some cautionary
considerations on the significance of this strategy
need to be understood. 

First, although many features of the hemostatic
and fibrinolytic systems have been described, we
know very little about the complete function of all
but a few gene products. We know even less about
the detailed molecular biology of most pathways and
the proteins outside the coagulation system involved
in the pathogenesis of venous thrombosis.
Consequently, we must look for candidate genes
among the pathways that we already know. Even so,
we may still overlook causative genes because we do
not know what other biological systems are
involved. 

Second, if we have information on the candidate
gene involved in the etiology of a particular pheno-
type, it is not unreasonable to test for association
between the candidate SNP with predicted function
(e.g. non-synonymous coding single nucleotide poly-
morphisms, cSNP) and the phenotype. However,
there are 20-30 common polymorphisms per gene in
our data set, many of which could be potential
nucleotide sites that change the quantitative trait
(quantitative trait nucleotide, QTN). To date, it is not
possible to predict whether most non-coding poly-
morphisms are functional. As we mentioned above,
a major drawback of testing candidate SNP is that the
lack of association with a candidate SNP does not
rule out that nearby SNP are important functionally.
As a matter of fact, the lack of association does not
rule out the involvement of the gene itself.

Third, it is important to note that the candidate
gene approach has been limited to the analysis of
only a few DNA variants. Fortunately, the availabili-
ty of state-of-the-art genotyping and sequencing
techniques, and statistical methodologies allow us to
identify and analyze a large number of DNA vari-
ants. Despite these technical advances, knowledge of
the nature of genetic variation is incomplete for the
majority of genes;46 therefore, selection of SNP for
association analyses in such candidate genes is effec-
tively random. 

We would like to emphasize that when using the
association approach, the magnitude of linkage dise-
quilibrium is a critical requirement for success in
localizing causative SNP. Obviously, with only a few
common SNP it is unlikely that the causative vari-
ant(s) or haplotypes will be picked up, mainly
because of the relative unpredictability of linkage dis-
equilibrium and its large variance.47 This is especially
true if the analyses are restricted to frequent coding
variants (coding SNP) when there is evidence that
rare variants, located in non-coding regions too,
might be implicated in the variability of quantitative
traits.48 These rare variants might not be in linkage
disequilibrium with other variants within the gene.
As a result, they might not be correlated with any
haplotype38,49 and so they would never be detected by
an association method. 

The initial promise that genetic risk factors for
thrombotic disease would be identified has, there-
fore, remained largely unfulfilled. To make matters
worse, the expectations raised by early reports of
positive associations have been tempered by incon-
sistent results for almost all of the genes studied.43 It
follows that case-control association may provide
indirect evidence of a genetic effect, but it seems
clear that it is not an optimum strategy to search for
genetic factors that underlie a complex disease.47

The role of candidate genes in thrombotic disease
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has also been assessed by linkage analysis.50,51 This
approach differs from association studies because it
allows for confirmation21,52-54 or, more importantly, the
exclusion50,51,54,55 of the role of candidate genes. 

The localization of a gene that underlies a complex
disease is a difficult task and requires the identifica-
tion of true causative polymorphisms in that gene.
Thus, the challenge now is how to identify those risk
factors for thrombotic disease that are unknown. It
must be emphasized that the causative basis of com-
plex thrombotic disease involves a dynamic interplay
among multiple genes in addition to gene-gene and
gene-environment interactions, thus a genomic (glob-
al) approach that examines the entire genome is
clearly desirable.

One of the most significant advances in identifying
causative genes is the use of whole genome scanning.
This remarkable technology has made the identifica-
tion of human quantitative trait loci39,56 a reality.
Genome scans identify chromosomal regions that
show evidence of linkage with a disease/trait pheno-
type. Typically, these linkage signals are detected
with microsatellite polymorphism DNA markers
that are distributed across the genome. They are
highly polymorphic markers that consist of tandem
repeats of 2-5 base pairs. The repeat units are highly
susceptible to mutations that increase or decrease the
number of repeats. The length polymorphism that
results is readily analyzed using standard polymerase
chain reaction methods. The generally accepted den-
sity of information for initial linkage analyses is a
linkage map of markers with average spacing less
than or equal to 10 centiMorgan (cM), which corre-
sponds to about a 10 million DNA base pairs in a
physical genome map.   

Genes localized by genome scans, called positional
candidate genes, might correspond to the initial candi-
date genes (encoding proteins with clear implications
in the biochemical pathways of the disease). However,
it is more likely that these genes were not expected
and unknown. In this context, although the hunt for
genes influencing thrombotic risk is still in its infancy,
there are several examples of progress (Table 2). 

The results of the GAIT Project are testimony to the
success of linkage analysis. An excellent example is
that we were able to detect the effect of factor V
Leiden on the APC resistance phenotype by a family-
based linkage analysis.52 It is important to note that in
the same report we identified a novel quantitative trait
locus on chromosome 18 that jointly influences APC
resistance and thrombotic risk.52 It is unlikely that we
would have detected this quantitative trait locus if we
had employed the limited candidate gene strategy,
because APC resistance is a risk factor for thrombosis
independent of FVL.13 Indeed, this conclusion is further
supported by the fact that there are no candidate genes

in the linkage region on chromosome 18.
Another example from the GAIT Project is the iden-

tification of a major quantitative trait locus on chromo-
some 16 that influences the levels of protein C, where-
as the PROC gene that encodes protein C (an obvious
candidate gene) is a weak determinant of the protein C
levels.57 Also, using a genome scan, the major determi-
nant of free protein S levels was identified as a quanti-
tative trait locus on chromosome 1, whereas its struc-
tural gene is located on chromosome 3.58

Our genome scanning to identify chromosome
regions containing genes that influence fibrinogen
level also revealed a region showing strong evidence
of linkage on chromosome 14.59 It is worth noting
that in the multipoint genetic analysis the region on
chromosome 4 that contains the fibrinogen chains of
the structural genes (FGA, FGB and FGG) showed lit-
tle evidence of linkage to fibrinogen (LOD < 1). This
observation agrees with previous results from the
Framingham Heart Study,60 in which no significant
results were reported from a genome-scan for fib-
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Table 2. Results from whole genome-scans for thrombosis-related
phenotypes.

Phenotypes Statistical Location Gene Reference
value*

Thrombosis <0.0001 10p12 ?       60

Thrombosis <0.0007 18p11.2 ? 60

Thrombosis <0.0003 11q23 ? 60

FII-Thrombosis 4.70 11p11 F2 22
(p=1.5×10-6)

FXII-Thrombosis 10.21 5q35 F12 23
(p=3.6×10-12)

FXII 3.53 10p13 ? 23
(p=3.5×10-5)

Free protein S 4.07 1q32 C4BP 54
(p=7.5×10-6)

APCR/FVIII-Thrombosis 4.50 18p11 ? 48
(p=3.1x10-5)

vWF 3.46 9p34 ABO 49
(p=0.00003)

Protein C 3.69 16q23 NQO 1 53
(p=0.00002)

FVIII 4.44 5/11 ? 57
(p=1.5×10-6)

Homocysteine 3.01 11q23 NNMT 61
(p=0.0001)

Fibrinogen 3.12 14q11 ? 55
(p=7.5×10-5)

*LOD score or p value; ?candidate gene unknown. 



rinogen level. In our study, there are no hemostasis-
related candidate genes in the region of the linkage
signal on chromosome 14 that might influence fib-
rinogen levels.59

Even more relevant is that the factor XII level is
affected by a region on chromosome 5 where the
structural F12 gene has been mapped. It is also affect-
ed by another region on chromosome 10 that con-
tains an unknown positional candidate gene that
influences factor XII plasma levels. A single DNA
variant (46C/T polymorphism) in the F12 gene seems
to be a major determinant of factor XII levels and it
also influences susceptibility to thrombosis.22

More recently, a genome scan linkage analysis in
families with high factor VIII levels has been report-
ed. Two linkage regions under an imprinting model
on chromosome 5 and 11 were identified.61

Another example that demonstrates the utility of
genome scanning is a study of a large Vermont pedi-
gree initially described in the context of a simple
Mendelian trait of type I protein C deficiency.62 This
study provided strong evidence that the protein C
mutation was not the only genetic factor co-segregat-
ing in this family and involved in thrombotic risk.63

After many candidate genes had been excluded by
linkage analyses,51 three genomic regions that might
be involved in thrombotic risk were localized by a
whole genome scan.64 Interestingly, all of these
regions represent replications already reported by the
GAIT Project.22,52,65

The fact that these studies consistently implicate
new chromosome regions with no known thrombo-
sis-related genes, supported by the fact that these
regions have been identified in other studies, argues
that the global whole genome scanning approach is
exceedingly productive. Despite this progress, the
important task still remaining is to identify the genes
in these regions and their causative alleles (quantita-
tive trait nucleotides). 

From localization to identification: the role of
bioinformatics and biostatistics

Once linkage has been found, the search for the
causative gene within the linked region can begin.
Figure 1 shows a simple algorithm in the study of
human complex diseases. Notably, localization of the
gene is harder than its detection. The first option is to
saturate the chromosomal candidate region with
additional genetic markers and simultaneously
exploit the information on both linkage and linkage
disequilibrium to fine-map the QTL.66 Using this
strategy, quantitative trait nucleotides involved in
thrombotic risk have been identified, such as the
46C/T polymorphism in the F12 gene22 and the
G20210A mutation in the F2 gene,21 thanks to the
presence of an obvious positional candidate gene in

the region of linkage. However, the majority of the
localized QTL remain to be identified (Table 2). 

For most disorders, the linkage region is generally
large; thus, we may be looking for a gene in a region
of 10-20 million base pairs. A region that size is like-
ly to contain 50-100 genes. It is, therefore, a major
undertaking to identify the pertinent gene. One
might characterize this task as the proverbial finding
a needle in a haystack. 

In such a situation, efficient positional cloning
must accommodate a systematic, preliminary evalu-
ation of all genes within the region so that the most
promising candidates are given priority for detailed
study. 

To this end, a new discipline – bioinformatics - has
emerged. Bioinformatics can guide and attribute pri-
ority to positional candidates genes by an in silico
(computer analyses) investigation of the linkage
region through the integration of different types of
information, such as nucleic acid (DNA/RNA) and
protein sequences, structures, functions, pathways
and interactions.67 Bioinformatics uses computer soft-
ware for creating databases, data management, data
warehousing, data mining and global communica-
tion networks.68 In addition, functional genomics,
biomolecular structure, transcriptome and proteome
analyses, cell metabolism and biodiversity are some
of the areas in which bioinformatics is an integral
component.69 Microarray data represent a new type
of information that can provide important insights
into the interactions of genes and thus can comple-
ment the statistical approaches to gene mapping.70

Integration of all this knowledge will provide a
resource of an unprecedented power to decipher the
intricacies of complex disease.71 Although some of
these areas are currently being developed, access to
biological sequence and structure databases via the
world wide web (Table 3) and powerful bioinformat-
ics tools are already available for public use.72

Once genes have been selected in silico for study,
they are screened for SNP, moving from the localiza-
tion of a gene to the identification of its causative
alleles (quantitative trait nucleotide). Current projects
can sequence whole genes and it is usual to find
dozens of polymorphisms within each gene. When
studying a small set of candidate genes at one locus
having one putative quantitative trait locus, it may
easily be necessary to consider more than 100 poly-
morphisms. However, almost all genes contain SNP
and complexity increases at the protein level since
one human gene may produce up to five different
proteins. As a consequence of this complexity, it is
difficult, if not impossible, to predict the biological or
clinical effect of a SNP in a given gene. Fortunately,
new biostatistical and genetic epidemiology tools,
which can manage multiple testing on the one hand
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and the exponential number of possible models on
the other, are being developed.70 Although these dis-
ciplines are still young and have technical problems,
a number of interesting methods have been intro-
duced, such as: Bayesian methods, neural networks,
principal component analysis, cluster analysis, sup-
port vector machines, genetic algorithms and tree-
based methods.73 All of these methods will help
select which DNA variant(s) among the total number
in a gene has/have the highest probability of being

functional. 
However, finding a gene is not enough, one must

provide evidence of its biological effect, and also
whether or not its specific variants will be functional
when they are transferred into cellular or animal
models of the disease. In addition, environmental
factors can reveal or facilitate the phenotypic expres-
sion of such susceptibility genes. Indeed, in common
diseases, genetic effects can be amplified consider-
ably in the presence of triggering factors. There is
now accumulating evidence that most of the suscep-
tibility genes for common diseases do not have a pri-
mary etiological role in predisposition to disease, but
rather act as response modifiers to exogenous factors
such as stress, environment, disease, or drug intake.74

A better characterization of the interactions between
environmental and genetic factors constitutes a key
issue in the understanding of the pathogenesis of
multifactorial diseases. However, genes and environ-
ment interact with each other in extraordinarily com-
plex ways, as well as among themselves to produce
the final result of the phenotype. Thus, clinical and

Figure 1. Algorithms for the search of genet-
ic factor-affecting human complex diseases.
There are two major approaches – genome
scans and candidate gene searches – shown
in the diagram. Once the position of a gene
is known (from both approaches) a series of
analyses is initiated (A and C). If the gene is
unknown a series of alternatives analyses is
initiated to characterize the gene (B). All of
these approaches culminate in the identifi-
cation of functional variants. Subsequent
analyses are the same for both major
approaches (see text for details).

Complex Disease

Candidate
Gene

Genome scan
Quantitative trait

Linkage analysis
Gene localization

- Fine mapping
- In silico analysis
- Gene expression
- HapMAp
- Association analysis

- cSNPs
- rare SNPs (resequencing)
- Gene expression
- Haplotype data
- Statitical analysis

- Statistical analysis
- Functional assays

- Selection of SNPs
- Re-sequencing
- Patterns of LD
- Haplotype data
- Association analysis

What genes ?

C. Association
Analysis

What SNPs ?

Positional gene

Identification of
functional variants

– Association studies
– gene x gene interaction
– gene x environment interaction

A. YES B. NO

Table 3. Selected world wide web (WWW) bioinformatics resources.

Ensembl browser http://www.ensembl.org
NCBI Entrez http://www.ncbi.nlm.nih.gov/gquery/gquery.fcgi
UCSC browser http://genome.ucsc.edu
OMIM http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
ExPASy http://us.expasy.org
dbSNP http://www.ncbi.nlm.nih.gov/projects/SNP
HapMap http://www.hapmap.org/index.html.en
EMBOSS http://emboss.sourceforge.net/what
mVISTA http://genome.lbl.gov/vista/index.shtml
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epidemiological studies together with a battery of
sophisticated statistical tools will be needed to
understand this complexity.75 Obviously, high-
throughput genotyping technologies will also be
required. Figure 2 summarizes the sequence of strate-
gies and resources that can be used in analyses of
human complex diseases.

However, finding a gene and its variants is only the
end of the beginning. Ultimately, genomic research
must be translated into clinical insights.76 Therefore,
identification of the genes contributing to inter-indi-
vidual variation in disease risk may facilitate early
identification of patients who are at elevated risk of
thrombotic disease before the onset of any clinical
symptoms. In the end more efficacious treatments
will have to be developed by exploring previously
unidentified metabolic and physiological pathways,
and tailoring particular treatments to patients who
are most likely to respond on the basis of their genet-
ic constitution.

Conclusions
The field of genetics of common complex human

diseases has advanced enormously over the past sev-
eral years. During the course of these advances, a
major paradigmatic change has been taking place
that focuses on the genetic analysis of measurable
quantitative traits that are correlated with disease
risk. Exploiting this genetic information using
genome-wide scans to detect linkage in family-based
studies represents a formidable tool for localizing and

identifying genes underlying susceptibility to com-
plex diseases. We believe that joint linkage and asso-
ciation methods will play an important role in identi-
fying genes. The point is that these two methods are
not competing strategies, rather they are comple-
mentary. The final solution to the understanding of
complex diseases will need a productive and exten-
sive collaboration among clinicians, geneticists, bio-
statisticians and experts in bioinformatics. The
wealth of information that molecular genetic studies,
such as functional genomics, biomolecular structure,
transcriptome and proteome analyses, cell metabo-
lism, nanotechnology and biodiversity, can provide
will have to be integrated to continue making major
gains in the understanding of the genetics of human
complex diseases. This will have an enormous
impact in the field of thrombosis, cardiovascular dis-
eases and medicine in general,76 improving the pre-
vention and treatment of very common and disabling
disorders affecting millions of citizens.

Appendix
Glossary

Allele. Alternative form of a genetic locus; a single
allele for each locus is inherited from each parent. 

Association. The occurrence of a particular allele of a
polymorphism in a group of patients more frequently
than would be expected by chance.

Bioinformatics. The science of managing and analyz-
ing biological data using advanced computing tech-
niques. Especially important in analyzing genomic
research data. 

Candidate gene. A gene known to be located in a
chromosome region suspected of being involved in a
disease. 

Complex disease. Both genetic and environmental
factors contribute to pathogenesis. No clear
Mendelian pattern of inheritance is discernible.

Complex trait. Trait that has a genetic component
that does not follow strict Mendelian inheritance. May
involve the interaction of two or more genes or gene-
environment interactions. 

DNA polymorphism. A variation in DNA sequence
that occurs in at least 1% of the general population.
Most polymorphisms contribute to normal human
diversity rather than disease, but a small proportion
will contribute to susceptibility to common disorders. 

DNA mutation. A permanent structural alteration in
DNA that occurs in less than 1% of the general popu-
lation. In most cases, DNA changes either have no
effect or cause harm.

Functional genomics. The study of genes, their result-
ing proteins, and the role played by the proteins in the
body's biochemical processes. 

Haplotype. A way of denoting the collective geno-
type or cluster of a number of closely linked loci on a

Figure 2. Flow diagram showing the pathway from the genetic
analysis of a specific complex disease to the clinical application
of the results. To the right of each descending step in the diagram
are the strategies and resources for completing that step (see text
for details).

Complex disease
• Design/strategy
• Strategy
• Data storing and retrieving
• Data mining

• Design/strategy
• Statistical analysis
• Data mining
• STR and SNP genotypation

• Statistical analysis
• Comparative genomics
• SNP genotypation
• Expression microarrays

• Resequenciation
• Statistical analysis
• Functional assays
• Gene x gene interaction
• Gene x environment interaction

Gene localization
(QTL)

Gene identification
(QTL/eQTL)

Identification of functional
variants (QTN)

Genetic diagnostics
Prevention

Pharmacogenetics
Nanotechnology
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chromosome. The groups of alleles on a chromosome
which tend to consegregate together.

Human haplotype map (HapMap). The objective of
the International HapMap Project is to produce a
resource that describes the haplotypes in the human
genome and the SNP that tag them. It is estimated that
roughly 300,000 to 500,000 tag-SNP can be chosen
that contain most of the information on the patterns of
variation of the 10 million common SNP in the human
genome. 

In silico. Method to test biological models, drugs and
medical interventions using sophisticated computer
models rather than expensive laboratory (in vitro) and
animal experiments (in vivo). Also, integrated methods
of genomics and life science informatics.

Linkage disequilibrium. When alleles occur together
more often than can be accounted for by chance.
Indicates that the two alleles are physically close on
the DNA strand (chromosome). 

Linkage. Consistent co-inheritance of the genetic
markers (such as DNA polymorphisms) with the dis-
ease in many families indicates that it is in close prox-
imity to the actual disease gene, and is said to be
linked.

Locus (pl. loci). The position on a chromosome of a
gene or other chromosome marker; also, the DNA at
that position. The use of locus is sometimes restricted
to mean expressed DNA regions. 

LOD score. A statistical estimate of linkage (logarith-
mic odds ratio) indicating whether two loci are likely
to lie near each other on the same chromosome and
are therefore likely to be inherited together. A LOD
score of three or more is generally taken to indicate
that the two loci are linked.

Genetics.The study of inheritance patterns of specif-
ic traits. 

Genetic marker. A specific feature (i.e., SNP, short tan-
dem repeat or gene) at an identified physical location
on a chromosome, whose inheritance can be fol-
lowed. The position of a gene implicated in a particu-
lar phenotype can be defined through its linkage to
such markers.

Genomics. The study of genes and their function.

Pharmacogenomics. The identification of the genes
which influence individual variation in the efficacy or
toxicity of therapeutic agents, and the application of
this information in clinical practice.

Quantitative trait locus (QTL). Chromosomal location
of a genetic factor that affects a trait (e.g., levels of fib-
rinogen) that is measured on a quantitative (linear)
scale.

Quantitative nucleotide trait (QTN). Nucleotide loca-
tion of a polymorphism that affects a trait (e.g., levels
of fibrinogen) that is measured on a quantitative (lin-
ear) scale.

Quantitative trait. Trait that is measured on a quanti-
tative (linear) scale. These traits are typically affected
by more than one gene, and also by the environment. 

Single nucleotide polymorphism (SNP). A DNA poly-
morphism that involves a change in a single base of a
DNA sequence (for example, ACGT to AGGT). The
human genome is likely to contain about 10 million
SNP.

Tag single nucleotide polymorphism (tag-SNP).
Individual SNP that unambiguously define a particular
haplotype in a block (haplotype tag SNP or ht- SNP), a
much smaller number of typing assays will be suffi-
cient to predict the pattern of alleles for all the other
SNP in the same block without having to genotype
them individually. 

Tandem repeat sequences. Multiple copies of the same
base sequence on a chromosome; used as markers in
physical mapping. 

Transcriptome. The full complement of activated
genes, mRNA, or transcripts in a particular tissue at a
particular time 
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