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ABSTRACT

Atherothrombotic diseases (ATEs) and venous thromboembolism (VTE) have been traditionally considered
to have a distinct pathogenesis. Today, a growing body of evidence on the pathophysiology of thrombus
formation has convincingly proved that they share more mutual risk factors than previously recognized.
It has been shown in a number of case-control studies that there is a significant risk for a subsequent
cardiovascular disease after VTE, although this risk is low or at most moderate. In the past 2 decades,
the role of each inherited risk factor for VTE in relation to ATE has been intensively studied. Unfortunately,
alarge body of contradictory findings has been published that hinders consensus and transformation of
knowledge into clinical practice. Complicated gene-gene interactions, small sample sizes, heterogeneous
geneticand environmental patient backgrounds, confounding factors, and varied methodological designs
may have contributed to opposing findings. In the case of rare thrombophilias, conclusions must be
summarized based on case reports or case series, as only few case-control and cohort studies are available.
In this review we focus on available evidence and controversies regarding the relationship between
the classic inherited VTE risk factors (factor V Leiden, prothrombin 20210A, deficiencies of antithrombin,
protein C, and protein S) and the risk of myocardial infarction (MI). We conclude that the risk of MI in
patients with common inherited thrombophilia is generally modest. However, in patients with deficiencies
of antithrombin, protein C, or protein S, the risk of MI or other ATEs is not negligible. A personalized
clinical approach is suggested when testing for inherited thrombophilia in a patient with MI.

Introduction Thrombosis is a common com-
plex disease including atherothrombotic dis-
eases (ATEs) and venous thromboembolism
(VTE), which are highly frequent and are ma-
jor contributors to morbidity and mortality in
all developed countries.! Clinically significant
arterial thrombosis most typically occurs in
the form of myocardial infarction (MI), isch-
emic stroke (IS), or peripheral arterial occlu-
sive disease, while venous thromboses include
deep vein thrombosis and pulmonary embo-
lism. The term “thrombophilia” was first used
by Nygaard and Brown? in 1937, when they de-
scribed 5 case reports with sudden occlusion of
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large arteries, sometimes with coexistent VTE,
and linked the events to hypercoagulability of
the patients’ plasma.”? Some decades later, re-
search on thrombophilia expanded by investi-
gating families with frequent or unusual events
of VTE. Today, due to this field of extensive re-
search, the term thrombophilia is used to de-
scribe a hemostasis disorder leading to an elevat-
ed risk of developing VTE that can be inherited,
acquired, or both. The well-established factors of
inherited thrombophilia are as follows: differ-
ent loss-of-function mutations of the inhibitors
of plasma coagulation that cause deficiencies of
antithrombin (AT), protein C (PC), and protein
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S (PS), gain-of-function mutations known as
factor V Leiden (FVL) that result in resistance
to activated PC (APC), and the guanine to ad-
enine mutation at nucleotide 20210 in the 3’
untranslated region of prothrombin gene (FI-
120210A). Further hereditary conditions, which
may contribute to thrombotic phenotype are
non-O blood group, elevated factor VIII, IX, and
XI levels, certain types of inherited fibrinogen
disorders, and hyperhomocysteinemia.* How-
ever, some of these latter risk factors are only
partly inherited, for example, heritability of hy-
perhomocysteinemia is low, being rather related
to several acquired conditions, predominantly
to deficiencies of vitamin B, and folic acid. The
level of factor VIIL is in part determined geneti-
cally, but it is highly influenced by different clin-
ical conditions (eg, acute phase reactions, VTE
itself). Moreover, the cutoff value for elevated
factor VIII is a matter of debate. Elevated lev-
els of other clotting factors are rarely consid-
ered as the cause of thrombophilia, and there-
fore are not investigated routinely.

The discovery of hereditary thrombophilia
risk factors raised considerable attention world-
wide that initially led to a rising tendency to test
for their presence in VTE. Unfortunately, wide-
spread testing in nonselected patients, using var-
ious methodologies suffering from preanalytical
and analytical issues, and unanswered questions
regarding the clinical implications of the results
often left treating clinicians disillusioned by
the usefulness of testing.’ Up-to-date indica-
tions for thrombophilia testing in patients with
VTE have been summarized in various guide-
lines and reviews; however, validated guidance
is still lacking on whom and what to test.”"® As
no single well-standardized and widely accept-
ed method exists for heritable thrombophilia
screening, alist of investigations has to be per-
formed in a patient suspected of thrombophilia.
Thrombophilia screening usually includes tests
for APC resistance or FVL, FII20210A, as well as
assays for AT, PC, and PS. Some guidelines also
recommend testing for elevated levels of FVIII
and other clotting factors, members of the fibri-
nolytic system, for example, plasminogen activa-
tor inhibitor 1 (PAI-1), together with the 4G/5G
polymorphism in the PAI-1 promoter; however,
they have not been conclusively associated with
VTE risk or require further validation.'®

Thrombophilia testing in ATE is rather con-
troversial. Most of the guidelines do not rec-
ommend inherited thrombophilia testing in
the case of arterial events, owing to the lack
of evidence for their role in the pathogenesis
of the disease and lack of justification regard-
ing altered or intensified secondary preven-
tion.*"” However, a more recent concept of ath-
erothrombosis suggests that arterial and venous
thromboses have more in common than previ-
ously recognized."®"” Although ATE and VTE
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have been traditionally considered to have dis-
tinct pathomechanisms and risk factors, today,
a growing body of evidence on the pathophys-
iology of thrombus formation has convincing-
ly questioned this dichotomy.”” Recent studies
on the structure of arterial and venous throm-
bi have led us to the conclusion that although
the environments in which these clots form and
propagate do not overlap, the composition of
these thrombi have many shared features. In
studies when arterial, intracoronary thrombi
were extracted by thromboaspiration from pa-
tients after MI, fibrin was found to be the main
component of the thrombus, followed by lower
platelet and red blood cell counts, and much few-
er white cells.?’?" Notably, a microscopic analy-
sis of venous thrombi revealed that they are also
mostly composed of fibrin and entrapped red
cells, with fewer platelets and leukocytes ran-
domly dispersed, or concentrated in the cau-
dal segment of these thrombi.”?2* Todayj, it is
becoming clear that both arterial and venous
thrombi are composed of a complex fibrin net-
work and contain the same blood-borne cells,
and it is only the relative content of these ele-
ments that may differ.”” It has been shown that
genetic and environmental factors affect clot
formation, structure, and stability.” Based on
common aspects in the pathophysiology of ve-
nous and arterial clot formation, it is plausible
to think that in the presence of inherited or ac-
quired risk factors of VTE, arterial clots might
form more readily as well.

The concept of increased risk of subsequent
arterial events in patients with VTE has been
amatter of debate and has been tested in a num-
ber of case-control studies.’® A systematic re-
view and meta-analysis of 17 studies showed
that the risk of arterial cardiovascular events ap-
peared to be higher in patients with unprovoked
VTE as compared with controls (incidence rate
ratio, 1.87; 95% CI, 1.32-2.65) and than in pa-
tients with provoked VTE (incidence rate ratio,
1.86; 95% CI, 1.19-2.89).% In a large prospective
cohort study including 4480 patients with VTE,
it was found that patients have 2.2-fold higher
risk of subsequent cardiovascular disease as com-
pared with controls (95% CI, 1.2-3.8).27 After con-
founders (age, sex, body mass index, smoking,
malignancy, chronic disease, genetic thrombo-
philia, procoagulant markers) were also consid-
ered, the risk estimate was no longer increased in
patients as compared with controls. These results
demonstrate that there is a risk for a subsequent
cardiovascular disease after VTE, although this
risk is low or at best moderate, and that the re-
lationship between VTE and subsequent car-
diovascular disease is not causal but can be ex-
plained by common etiologic factors, including
that of inherited thrombophilia.

The contributing role of each particular inher-
ited risk factor for VTE to arterial thrombotic



events has been studied intensively in the past
2 decades. In this review we focus on available
evidence and controversies regarding the rela-
tionship between the classic inherited VTE risk
factors (FVL, FII20210A, deficiencies of AT, PC,
and PS) and the risk of MI.

Factor V Leiden and the risk of myocardi-
al infarction Overview of factor V Leiden mu-
tation The first report on APC resistance in
1993 by Dahlbick et al,?® followed by the identi-
fication of the responsible genetic defect in factor
V (FV G1691A) in 1994, opened a new chapter in
the history of thrombophilia research.”-* The ac-
tive form of FV acts as a cofactor to activated fac-
tor X in the process of converting prothrombin to
thrombin. Factor V becomes activated by throm-
bin and its active form is susceptible to cleavage
and inactivation by APC.33 In the presence of FVL
mutation, an amino acid change takes place at po-
sition 506 of the mature protein (p.Arg506Gln,
according to traditional nomenclature). As a re-
sult, the APC cleavage site is altered, rendering
FVL resistant to proteolytic inactivation, result-
ing in a longer half-life and increased generation
of thrombin.?** The mutation of FVL is the most
common thrombotic risk factor in the world, al-
though it shows an uneven geographic distribu-
tion ranging from being practically absent in na-
tive Africans, Asians, Americans, or Australians,
to being relatively frequent in populations of Eu-
ropean origin, where allele frequency is generally
between 3% to 7%, but may be as high as 10% or
more in some populations.’*3 The relative risk
of venous thrombosis associated with FVL has
been clearly established (3- to 7-fold risk increase
for heterozygosity and up to 80-fold risk increase
for homozygosity as compared to wild type indi-
viduals)'3; however, the role of FVL as a risk fac-
tor for arterial events, and particularly for MI,
remains controversial.

Studies on the role of factor V Leiden mutation in
the development of myocardial infarction Despite
numerous studies and considerable efforts to un-
derstand the association of FVL with MI risk,
conflicting results have been published. As of
January 2019, a comprehensive PubMed search
of the literature on this topic from the past
20 years resulted in more than 100 original
publications. Unfortunately, no clear message
emerges from these papers. Small sample sizes,
heterogeneous genetic and environmental back-
grounds, complicated gene-gene interactions,
confounding factors, and varied methodologi-
cal designs may have contributed to the oppos-
ing findings that were published.

Six meta-analyses were conducted on the sub-
ject (1aLE1). Earlier meta-analyses were incon-
clusive or showed no association between FVL
carriership and the risk of MI.3***> A meta-anal-
ysis by Ye et al,®® including 12 518 patients and
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23374 controls, was the first to provide evi-
dence that the presence of FVL is associated
with a modest risk of MI (odds ratio [OR], 1.22;
95% CI, 1.10-1.35). These results were confirmed
by a more recent meta-analysis, with a similar
estimated risk of MI in FVL carriers (OR, 1.61;
95% CI, 1.30-1.98).36 Thus, based on the 2 latter
studies, the concept of FVL representing a mi-
nor risk for MI in the general population can be
concluded. Nevertheless, questions regarding
the effect of FVL in important subpopulations
(eg, in young individuals, smokers, women) re-
main to be answered. Especially young patients
aged less than 45 years have been in the focus
of the attention based on the assumption that if
MI occurs at an earlier age, atherosclerosis may
play a minor role in the pathomechanism and
any risk related to an inherited prothrombotic
state might be more easily detected.

One of the earliest case-control studies in this
subgroup of interest was published by Rosendaal
et al* who analyzed 84 women with MI young-
er than 45 years of age and 388 control wom-
en. The authors observed that FVL was associ-
ated with a moderate risk of MI in young wom-
en (OR, 2.4; 95% CI, 1.0-5.9). A major finding
of this study was that smoking carriers of FVL
presented a 32-fold higher risk for MI as com-
pared with nonsmoking noncarriers. The strong
synergistic effect of smoking and thrombogen-
ic risk factors (including FVL) was later con-
firmed in young men (<52 years of age) with MI
as well, thus it is not sex specific.”’ The moder-
ately increased risk of MI in younger populations
with FVL was not unequivocally concluded lat-
er by large case-control studies (n >500 cases;
TABLE2).*%4” However, a study including the larg-
est number of young MI patients (n = 1880) did
confirm a significant moderate risk.* Studies on
the risk of MI in young women carrying FVL are
mostly contradictory, and no clear conclusion
can be drawn based on these reports as yet.**4"-4

Prothrombin G20210A and the risk of myo-
cardial infarction Overview of prothrombin
G20210A mutation Prothrombin (FII), the pre-
cursor of thrombin, is a vitamin K-dependent
glycoprotein. Thrombin is the central enzyme
of coagulation. Besides its predominant role of
transforming fibrinogen to fibrin, it enhances its
own generation, it activates factor XIII that leads
to the production of clots that are more resis-
tant to fibrinolysis, but it also displays anticoag-
ulant activity and attenuates its own generation
via the thrombomodulin/PC pathway.*® Dur-
ing primary hemostasis, thrombin activates
platelets via their proteinase-activated recep-
tor 1 (PAR-1) or PAR-4, which provides a proco-
agulant phospholipid surface for coagulation to
occur. Overall, 13 functions of thrombin have
been described in hemostasis, and numerous
nonhemostatic roles are also being discovered
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TABLE2 Summary of large case-control studies (>500 cases) on the association of factor V Leiden mutation with the risk of myocardial infarction of the young

(embryonic development, wound healing, sep-
sis, cancer propagation, fibrosis, inflammation,
etc) (see Posma et al*® for a recent comprehen-
sive review).

A common prothrombin gene mutation (FI-
120210A), identified in 1996, is the second most
common heritable thrombophilic defect.”’ This
gain-of-function mutation results in enhanced
recognition of cleavage site, increased processing
of the 3’ end, increased mRNA stability, mRNA
accumulation and protein synthesis, without al-
tering the structure of the protein.’? As a con-
sequence, the presence of the mutation leads to
moderately increased levels of prothrombin that
can be readily converted to thrombin when nec-
essary. Heterozygous individuals for FII20210A
have approximately 2- to 4-fold increased risk
of VTE, while this risk in homozygotes is some-
what greater than 10-fold.** Similarly to FVL,
the prevalence of the FII20210A mutation is de-
pendent on ethnic background and shows geo-
graphic variability. FII20210A, just as FVL, is al-
most absent in the natives of Africa, America,
Australia, and east Asia, while in northern Eu-
rope, the allele frequency is approximately 1%
to 2% and in Southern Europe it may reach up
to 2% to 4%."33

for MIin youngs?
No significant effect in
women (including
a total of 33 studies
with 13488 cases and
77085 controls)
No significant effect

women

Conclusion: risk factor
Risk factor in young
Yes, moderate risk factor

Risk in nonsmokers

Smoking subgroups
ND
ND
ND

Risk in smokers

95% CI, 5.8-9.6

ND
ND
OR, 7.4;

1.33-2.88;
0.001

Risk in men
ND

OR, 1.96;
95% (I,

P =

ND

Studies on the role of prothrombin G20210A mu-
tation in the development of myocardial infarc-
tion The association of FII20210A with the risk
of MI has been studied in a number of conflicting
and inconclusive reports. As the allele frequen-
cy of this inherited risk factor of thrombophilia
is fairly low in the general population, only very
large case-control studies or meta-analyses are
expected to reliably assess its association with
Ml risk. Main results of published meta-analyses
on the association of the FIIG20210A polymor-
phism with MI are summarized in msLe3. Earlier
meta-analyses including fewer than 5000 cas-
es found no significant effect of the mutation in
the general population, but pointed out the pos-
sibility that FII20210A might be a potential risk
factor for MI or arterial ischemic events in young
individuals.?4">3 A study by Ye at al,”® including
8211 cases and 12356 controls, confirmed that
the presence of FII20210A represents a signif-
icant, but small risk for MI (OR, 1.25; 95% CI,
1.05-1.50). A more recent report by Li et al** (in-
cluding a total of 33 studies with 13488 cases and
77085 controls) showed a similar, significant as-
sociation between FII20210A and MI in the al-
lele model (A vs G; OR, 1.43; 95% CI, 1.18-1.72)
with almost identical results in the heterozygote
(GA vs GG) or dominant model (GA+AA vs GG) as
well. In this study, authors have performed sub-
group analyses and found that the association re-
mained significant in those of Caucasian origin.
An important conclusion from this work is that
the FII20210A polymorphism is associated with
MIrisk in young patients (<55 years), but not in

Gender subgroups

0.193

95% (I, 0.09-1.63;

95% (I, 2.45-5.49;

P<0.001

=
]
=
=)
H
=
x
2
=

OR, 3.67;
OR, 0.38;

p
ND

Risk in young
individuals

OR, 1.67;

95% (I,
1.16-2.22;

P=0.004

OR, 0.9;

95% (I,
0.5-1.3

NS

Young age
cutoff, y

<45
<45
<45

Women/men in
patient group, n

362/
593

210/
1670
149/
1061

Young cases/
controls, n

955/
909
1880/
1880
1210/
1210

Vascular Biology
Italian Study Group,
20034

Tomaiuolo et al, 20124
Thrombosis and

Mannucci et al, 2010%

Atherosclerosis,

Abbreviations: see TABLE 1
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the elderly (msLe3). It is plausible that MI events
in young people are more likely to be attribut-
able to genetic susceptibility to thrombotic risk
than MI events in the elderly. It must be noted,
however, that as compared with the number of
younger individuals included in the analysis (n
=5294), only approximately half as many elderly
patients with MI were available (n = 2174), dem-
onstrating a possibility that elderly patients are
lost through fatal MI or before the recruitment
into case-control studies. A potential survival
bias, in fact, is an important limitation of most
case-control study designs published on this top-
ic. In order to validate the above findings, large
population (prospective) studies are warranted.

Another important question on the relation
of common inherited thrombophilia risk factors
(eg, FVL and FII20210A) and MI risk is wheth-
er the same risk applies to all forms of ATE (eg,
M]I, IS, peripheral arterial occlusive disease) in
a patient, or is this effect substantially different
between the various manifestations of ATE. In
a systematic review by Maino et al*® most mark-
ers of hypercoagulability (including FVL) had a
larger effect on the risk of IS as compared with
M]I, and this difference was more pronounced in
young patients. Such predominant association
with IS compared with MI was not as evident in
the case of anticoagulant factors (eg, PC) caus-
ing rare inherited thrombophilia.

Deficiencies of antithrombin, protein C, and
protein Sin arterial thrombotic disease An-
tithrombin deficiency Antithrombin is a serine
protease inhibitor (serpin) and is the most im-
portant circulating inhibitor of blood coagula-
tion.’® It primarily inactivates the thrombin-me-
diated formation of fibrin clot and the genera-
tion of thrombin by activated factor X. The ma-
ture form contains an N-terminal heparin-bind-
ing domain, a carbohydrate-rich domain, and
a C-terminal serine protease-binding (reactive
site) domain. According to its posttranslation-
al modification, it has 2 isoforms differing from
each other only in a glycosylation at Asn167.
Antithrombin deficiency was first described
by Egeberg®’ in 1965, and the first functional
AT defect, named AT Budapest, was reported
by Sas et al*® in 1974. The deficiency is classi-
fied as type I (quantitative) and type II (qual-
itative) deficiency. The latter group includes
deficiency of the heparin binding site (IIH-
BS), the reactive site, and mutations leading
to pleiotropic effects are also known.*® Anti-
thrombin deficiency in general is associated
with the highest risk of VTE, with the excep-
tion of the ITHBS type, which may confer a low-
er VTE risk in heterozygous state.’” Molecular
genetic background of AT deficiency is highly
heterogeneous, having more than 200 muta-
tions listed in the HGMD database; however,
there are some prevalent founder mutations,
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such as AT Cambridge II (p.Ala416Ser), AT Bu-
dapest 3 (ATBp3, p.Leul31Phe), and AT Basel
(p.Pro73Leu).5"83

Deficiencies of proteins Cand S Proteins C and
S are vitamin K-dependent plasma glycopro-
teins.® The domain structure of PC and PS is
similar to other vitamin K-dependent coagula-
tion factors, having a pre-pro leader sequence, a
y-glutamyl carboxylic acid domain, and epider-
mal growth factor-like domains. Protein C is
a 2-chain protein in its mature form, and it con-
tains an activation peptide domain and the ser-
ine protease domain. The latter is responsible
for its inactivation effect to activated FV and
EVIIL. Protein S is a single-chain molecule that
has a thrombin-sensitive region and a C-ter-
minal region homologous to the sex hormone-
-binding globulin—like domain. The free form,
approximately 40% of total PS, which is not
bound to its natural binding protein (C4bBP)
acts as a cofactor for APC. Protein S also has
APC-independent anticoagulant effects that are
not routinely tested in laboratories.® ¢ Both APC
and PS have roles in several nonhemostasis pro-
cesses.”’ Protein S is involved in cell proliferation
and survival, apoptosis, regulation of inflamma-
tory cytokine release, atherosclerosis, vasculo-
genesis, and cancer development.®®

Deficiencies of PC and PS were first described
by Griffin®® and Comp’ in the 1980s. Both defi-
ciencies may be caused by mutations that lead
to quantitative disease (type I) or qualitative al-
terations (type II). In PS deficiency, a laborato-
ry phenotype of type III deficiency is also con-
sidered, where a normal total PS antigen level is
associated with low free PS antigen and low APC
cofactor activity. Several reports have proposed
that type I and III deficiencies may be phenotyp-
ic variants of the same genetic disease.” Molecu-
lar genetic background of deficiencies of PC and
PS is heterogeneous with a much lower muta-
tion detection rate than it is observed in AT de-
ficiency, at least partly due to methodological
issues.’ Founder mutations are also known in
PC deficiency, and the PS Heerlen is a relatively
frequent variant.”>"*

Studies on deficiencies of antithrombin, protein C,
and protein S in arterial thrombotic diseases As
congenital deficiencies of AT, PC, and PS be-
long to rare diseases according to accepted def-
initions,” well-designed, large clinical studies
with an acceptable statistical power to find as-
sociations with MI risk are still lacking. Multi-
center studies may overcome this problem; how-
ever, they are likely to be subjected to bias due
to heterogeneous ethnicity. For this reason, here
we focus not only on the association between de-
ficiencies of AT, PC, and PS and the risk of MI,
but the risk of other forms of arterial throm-
botic events, mainly on IS as well. Nevertheless,
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as of today, by searching the literature using
the terms “antithrombin or protein C or pro-
tein S deficiency AND myocardial infarction
or stroke or arterial thrombosis or arterial dis-
ease,” the majority of the published studies are
single case reports.

Case reports on deficiencies of antithrombin, pro-
teinC,andproteinS In rare diseases, well-writ-
ten case reports may have an impact on the de-
velopment of recommendations and clinical de-
cision making if clinical and laboratory investi-
gations provide evidence for the association be-
tween the questioned parameter and the disease.
In this review case reports were considered based
on the following selection criteria: objective con-
firmation of MI or IS diagnosis; data on AT, PC,
or PS levels; publishing date is within the last
20 years. Publications on acquired deficiencies
of AT, PC, or PS were excluded. A total of 34 case
reports were consistent with the above criteria,
the most important details of which are sum-
marized in Supplementary material, Table S1.
Practically all patients in these case reports
were young; all but one patient were younger
than 50 years of age at the first presentation
with ATE. This may suggest that hereditary de-
ficiencies of the natural anticoagulants are se-
vere enough to cause early onset of thrombot-
ic complications; however, it may also reflect
the present clinical practice of not investigating
thrombophilia in elderly MI or IS patients. Male
and female patients were equally affected with
ATE according to these reports. The presence of
well-known risk factors of ATE was excluded in
most of the cases. Unfortunately, the timing of
blood sampling for laboratory tests in some case
reports has not been indicated, although it is rec-
ommended that at least 6 weeks should elapse
after the acute event to exclude the influence of
acute phase reaction. In most cases anticoagu-
lant drugs were withdrawn before AT, PC, PS
measurements. In studies without genetic diag-
nosis of deficiencies of AT, PC, or PS, the associa-
tion between ATE and inherited form of the defi-
ciency cannot be reliably confirmed. Family his-
tories of the patients were not recorded in many
cases, but there were some reports on multiple
thrombotic episodes cosegregated with deficien-
cies of AT, PC, or PS, confirming the presence of
hereditary deficiencies in those families. In con-
clusion, in young individuals with ATE, in the ab-
sence of classic risk factors, the chance of detect-
ing underlying deficiencies of AT, PC, or PS was
not negligible. In families with these deficiencies
not only VTE but also ATE might develop, and
combined thrombosis (ie, ATE plus VTE) might
be common. It is to be noted, however, that in
the case of IS, the presence of patent foramen
ovale or arteriovenous fistula (Which may reflect
venous origin of thrombotic complications) was
not unequivocally excluded in these case reports.
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Case-control and cohort studies on deficiencies of
antithrombin, protein C, and proteinS The num-
ber of case-control studies on deficiencies of AT,
PC, and PS is rather low. AT Cambridge II in-
creased the risk of MI by 5.66-fold in a Span-
ish study,’® while it was without effect on IS
in the Chinese population.”’ On the contrary,
the effect of rare thrombophilia was negligible
in a study involving 255 MI cases and 400 con-
trol subjects in a recent study.”® When PC-defi-
cient individuals (n = 34) and nonaffected indi-
viduals (n = 90) with ATE were compared, it was
concluded that congenital PC deficiency contrib-
uted to an earlier onset of the disease.”

There are 2 possible concepts when designing
observational cohort studies in deficiencies of
AT, PC, and PS. First, the detection of deficien-
cies (usually as part of thrombophilia screening)
in ATE cohorts, and second, the detection of ATE
in deficient cohorts. Both approaches have their
rationale. It is to be considered, however, that
the clinical research questions and the conclu-
sions drawn from them are different.

In the first type of cohort studies, only a mi-
nor fraction of ATE patients are expected to
have underlying deficiencies of AT, PC, or PS,
particularly if the study involves a relatively low
number of unselected patients. Therefore, these
studies are often contradictory and inconclu-
sive.?® Only a small proportion of ATE patients
had deficiencies of AT, PC, or PS in most stud-
ies recruiting low number of individuals,®® ex-
cept for young Brazilian individuals with IS (n
= 130), where the prevalence of PS deficiency
was 11.5%.% In the most recent study including
IS patients older than 65 years, 10 out of 89, 5
out of 99, and 8 out of 100 of tested patients
had deficiencies of AT, PC, and PS, respective-
ly. Nevertheless, this laboratory diagnosis led
to a change in patient management in approxi-
mately one-third of the cases.”

According to the second concept of study de-
sign, in which AT-, PC- or PS-deficient cohorts
are investigated for ATE, the majority of pub-
lished reports focus on AT deficiency. In this
field, large cohort studies of 5 study groups are
available.t0638-% Ipy the study by Alhenc-Gelas et
al,® 330 probands in France with AT deficiency
and their relatives were recruited, and the prev-
alence of ATE was 4.8% in the whole population
at a mean age of 38 years at the first presenta-
tion. The frequency of ATE was somewhat high-
er in type IITHBS (ATBp3, AT Basel, and AT Toya-
ma), as compared with other types. In a Finnish
study, where AT Basel was a frequent variant,
nearly 12% of patients had experienced ATE and
among them 5 patients had IS before the age of
45 years.® Orlando registered ATE in 16 out of
82 individuals with type IIHBS AT deficiency,
and AT Basel showed the strongest association
with the disease as well.”’ In a study from Ger-
many, 72 type IIHBS patients were registered



out of 236 patients with AT deficiency and ATE
was associated with type ITHBS (7 out of 72 in-
dividuals) more often than with other types
(14 out of 236 individuals).® In a Hungarian co-
hort of 246 AT-deficient individuals, ATE was
associated more often with AT Basel (43%) and
ATBp3 (10.5%) than with type I AT deficiency;
the median age at first presentation was only
29 years in AT Basel and 33 years in AT Bp3 het-
erozygotes.® In this cohort, ATE was reported in
3 children; 2 of them had IS and in one of them
both MI and IS were found in the case history.
In 2 smaller cohort studies involving 26 patients
from southern Italy, only 4 patients were regis-
tered with type ITHBS AT deficiency and one of
them had IS.”" In a study of 29 children from
North America, no ATE was registered during
the follow-up.”

One can conclude from these studies that in
patients with AT deficiency, ATE presents no-
tably (approximately 20 years) earlier as com-
pared with the general population. Another
observation is that AT deficiency is a hetero-
geneous disease from the point of view of clin-
ical manifestations, as the association with
ATE seems to be the strongest in the case of
type ITHBS.

As for PC deficiency, only 2 papers includ-
ing a small number of patients were pub-
lished.”? History of ATE was present in a con-
siderable proportion of PC-deficient individuals
in these studies. Moreover, PC deficiency signif-
icantly decreased the age at onset of symptoms
of ATE in one of the studies. In hereditary PS de-
ficiency, no association was found with ATE ac-
cording to the single study available.”

In a large family cohort study recruiting
552 individuals belonging to 84 different kin-
dreds and having deficiencies of AT, PC, or PS,
the hazard ratio for ATE was significantly higher
in individuals with deficiency as compared with
those who were nonaffected (HR, 2.3; 95% CI,
1.2-4.5).% The risk of ATE was especially pro-
nounced in young patients. When a subgroup
analysis was performed, only deficiencies of PC
and PS remained significant predictors of ATE
under the age of 55 years.

In a cohort study including pooled data from
4 independent family cohort studies, the preva-
lence of ATE among 308 individuals with either
AT, PC, or PS deficiency was 14%, which is high,
although lower than that of VTE in the same
group (56%).” PC and PS deficiencies seemed to
be more pronounced as compared with AT defi-
ciency in ATE, and the risk conferred by deficien-
cies of AT, PC, and PS was only slightly higher
than in the case of FVL or FII20210A. According
to these results, inherited thrombophilia showed
an association with ATE. Moreover, the study
draws attention to a possible synergistic effect
of traditional risk factors and thrombophilia in
the pathogenesis of ATE.
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Meta-analyses on deficiencies of antithrombin, pro-
tein C, and protein S  Performing meta-analysis
in any rare disease is a challenging task. This is
at least in part caused by the difficulties of de-
termining the predictors and outcome variables,
which vary considerably throughout the individ-
ual studies. The heterogeneity in ethnicity is an-
other issue, which makes the pooling of studies
problematic. Literature search revealed only
2 meta-analyses on the association between defi-
ciencies of AT, PC, or PS and the risk of ATE (IS).
The first study concluded that thrombophilia is
more common in children who had IS as com-
pared with healthy ones. Protein C deficiency
increased the risk of IS with an OR of 6.49 (95%
CI, 2.95-14.27).°% In a more recent meta-analy-
sis that investigated 1764 children with IS (in-
cluding cerebral venous sinus thrombosis) and
2799 controls, a significant association was found
between IS and each studied rare thrombophilia
trait (AT deficiency, OR, 7.06; 95% CI, 2.44-22.42;
PC deficiency, OR, 8.76; 95% CI, 4.53-16.96, and
PS deficiency, OR, 3.20; 95% CI, 1.22-8.40).*°

In summary, based on the available case re-
ports and results of population studies, laborato-
ry investigation of rare inherited thrombophilia
might be reasonable in selected patients with MI
or IS. Factors that suggest underlying thrombo-
sis risk factors are young age (<50 years), the lack
of (or well-treated) risk factors of atherosclero-
sis, the lack of angiographic evidence of athero-
sclerosis (ie, the presence of a coronary or cere-
bral artery thrombus without major vessel ste-
nosis), family member(s) with confirmed defi-
ciencies of AT, PC, or PS, and family member(s)
who had VTE or ATE at a young age.

Conclusion In conclusion, the risk of MI in
the case of a patient with common inherited
thrombophilia (FVL and FII202104) is low or
moderate at most. In patients with deficiencies
of AT, PC, or PS, the risk of MI or other ATEs is
not negligible, and seem to occur at a younger
age as compared with the general population. In
general, a personalized clinical approach is sug-
gested when testing for inherited thrombophil-
iain a patient with MI. If the diagnosis of inher-
ited thrombophilia influences the clinical man-
agement of the patient and helps avoid the recur-
rence of thrombosis, it is definitely worth test-
ing. Whether or not the patient would benefit
from antithrombotic prophylaxis must be decid-
ed on the total thrombotic risk. The concept of
combined antiplatelet and anticoagulant agents
for the secondary prevention of atherothrom-
botic events have been revisited in the era of di-
rect oral anticoagulants as they have lower risk
of intracerebral bleeding as compared with vi-
tamin K antagonists. Nevertheless, future stud-
ies and guidance are warranted to help identify
patients who will benefit most from thrombo-
philia testing and altered secondary prevention.

Inherited thrombophilia and the risk of myocardial infarction 421



428

SUPPLEMENTARY MATERIAL

Supplementary material is available at www.mp.pl/kardiologiapolska.

ARTICLE INFORMATION

ACKNOWLEDGMENTS Supported by grants from the National Re-
search, Development and Innovation Fund (FK128582, K120042, to Z. Bagoly;
K116228, to . Bereczky); by GINOP-2.3.2.-15-2016-00 043 (to Z. Bagoly); and GI-
NOP-2.3.2.-15-2016-00039 (to Z. Bereczky); and the Hungarian Academy of Scienc-
es (MTA-DE Cerebrovascular and Neurodegenerative Research Group). Z. Bagoly is
the recipient of Jdnos Bélyai fellowship.

CONFLICT OF INTEREST  None declared.

HOW TO CITE Bereczky Z, Balogh L, Bagoly Z. Inherited thrombophilia and
the risk of myocardial infarction: current evidence and uncertainties. Kardiol Pol.
2019; 77: 419-429. doi:10.33963/KP.14804

REFERENCES

1 ISTH Steering Committee for World Thrombosis day. Thrombosis: a major con-
tributor to the global disease burden. ] Thromb Haemost. 2014; 12: 1580-1590.

2 Nygaard KK, Brown GE. Essential thrombophilia. Report of five cases. Arch In-
tern Med (Chic). 1937; 59: 82-106.

3 Middeldorp S. Inherited thrombophilia: a double-edged sword. Hematology
Am Soc Hematol Educ Program. 2016; 2016: 1-9.

4 Reitsma PH, Rosendaal FR. Past and future of genetic research in thrombosis.
J Thromb Haemost. 2007; 5 Suppl 1: 264-269.

5 BaglinT, Gray E, Greaves M, et al. Clinical guidelines for testing for heritable
thrombophilia. Br ] Haematol. 2010; 149: 209-220.

6 Nicolaides A, Hull RD, Fareed J. Thrombophilia. Clin Appl Thromb Hemost.
2013;19:177-187.

7 De Stefano V, Rossi E. Testing for inherited thrombophilia and consequenc-
es for antithrombotic prophylaxis in patients with venous thromboembolism and
their relatives. A review of the guidelines from scientific societies and working
groups. Thromb Haemost. 2013; 110: 697-705.

8 Kearon C, Akl EA, Comerota AJ, et al. Antithrombotic therapy for VTE dis-
ease: antithrombotic therapy and prevention of thrombosis, 9th ed: American col-
lege of chest physicians evidence-based clinical practice guidelines. Chest. 2012;
141(2 Suppl): e4195-e496S.

9 Hicks LK, Bering H, Carson KR, et al. The ASH Choosing Wisely(R) campaign:
five hematologic tests and treatments to question. Blood. 2013; 122: 3879-3883.

10  Favaloro EJ. The futility of thrombophilia testing. Clin Chem Lab Med. 2014;
52: 499-503.

11 Franchini M. The utility of thrombophilia testing. Clin Chem Lab Med. 2014;
52:495-497.

12 Linnemann B, Hart C. Laboratory diagnostics in thrombophilia. Hamostase-
ologie. 2019; 39: 49-61.

13 Montagnana M, Lippi G, Danese E. An overview of thrombophilia and associ-
ated laboratory testing. Methods Mol Biol. 2017; 1646: 113-135.

14 Walker ID, Jennings 1. Quality issues in heritable thrombophilia testing. In:
Kitchen S, Olson JD, Preston FE, eds. Quality in laboratory hemostasis and throm-
bosis, 2nd ed. Hoboken, NJ: Wiley-Blackwell, 2013, 219-232.

15 Moll S. Thrombophilia: clinical-practical aspects. ] Thromb Thrombolysis.
2015; 39: 367-378.

16 Connors JM. Thrombophilia testing and venous thrombosis. N Engl | Med.
2017;377: 1177-1187.

17  Boekholdt SM, Kramer MH. Arterial thrombosis and the role of thrombophil-
ia. Semin Thromb Hemost. 2007; 33: 588-596.

18  Franchini M, Mannucci PM. Association between venous and arterial throm-
bosis: clinical implications. Eur | Intern Med. 2012; 23: 333-337.

19  Lippi G, Favaloro EJ. Venous and arterial thromboses: two sides of the same
coin? Semin Thromb Hemost. 2018; 44: 239-248.

20 Silvain), Collet JP, Nagaswami C, et al. Composition of coronary thrombus in
acute myocardial infarction. | Am Coll Cardiol. 2011; 57: 1359-1367.

21 Zalewski J, Bogaert J, Sadowski M, et al. Plasma fibrin clot phenotype inde-
pendently affects intracoronary thrombus ultrastructure in patients with acute
myocardial infarction. Thromb Haemost. 2014; 113: 1258-1269.

22 Stein PD, Evans H. An autopsy study of leg vein thrombosis. Circulation. 1967;
35:671-681.

23 Quarmby], Smith A, Collins M, et al. A model of in vivo human venous throm-
bosis that confirms changes in the release of specific soluble cell adhesion mol-
ecules in experimental venous thrombogenesis. ] Vasc Surg. 1999; 30: 139-147.

24 Burches B, Karnicki K, Wysokinski W, McBane RD, 2nd. Immunohistochemis-
try of thrombi following iliac venous stenting: a novel model of venous thrombo-
sis. Thromb Haemost. 2006; 96: 618-622.

25 Undas A. Fibrin clot properties and their modulation in thrombotic disorders.
Thromb Haemost. 2014; 112: 32-42.

KARDIOLOGIA POLSKA  2019; 77 (4)

26 Becattini C, Vedovati MC, Ageno W, et al. Incidence of arterial cardiovascular
events after venous thromboembolism: a systematic review and a meta-analysis. |
Thromb Haemost. 2010; 8: 891-897.

27 Roach RE, Lijfering WM, Flinterman LE, et al. Increased risk of CVD after VT is
determined by common etiologic factors. Blood. 2013; 121: 4948-4954.

28  Dahlback B, Carlsson M, Svensson P). Familial thrombophilia due to a previ-
ously unrecognized mechanism characterized by poor anticoagulant response to
activated protein C: prediction of a cofactor to activated protein C. Proc Natl Acad
Sci USA. 1993; 90: 1004-1008.

29  Bertina RM, Koeleman BP, Koster T, et al. Mutation in blood coagulation fac-
tor V associated with resistance to activated protein C. Nature. 1994; 369: 64-67.

30 Greengard ]S, Sun X, Xu X, et al. Activated protein C resistance caused by Ar-
¢506GIn mutation in factor Va. Lancet. 1994; 343: 1361-1362.

31 Voorberg J, Roelse ], Koopman R, et al. Association of idiopathic venous
thromboembolism with single point-mutation at Arg506 of factor V. Lancet. 1994;
343:1535-1536.

32 Zoller B, Dahlback B. Linkage between inherited resistance to activated
protein C and factor V gene mutation in venous thrombosis. Lancet. 1994; 343:
1536-1538.

33 Monkovic DD, Tracy PB. Activation of human factor V by factor Xa and throm-
bin. Biochemistry. 1990; 29: 1118-1128.

34 Seligsohn U, Lubetsky A. Genetic susceptibility to venous thrombosis. N Engl
J Med. 2001; 344: 1222-1231.

35 Dahlback B. Advances in understanding pathogenic mechanisms of thrombo-
philic disorders. Blood. 2008; 112: 19-27.

36  Dowaidar M, Settin A. Risk of myocardial infarction related to factor V Leiden
mutation: a meta-analysis. Genet Test Mol Biomarkers. 2010; 14: 493-498.

37 Baloghl, Poka R, Losonczy G, Muszbek L. High frequency of factor V Leiden
mutation and prothrombin 20210A variant in Romanies of Eastern Hungary.
Thromb Haemost. 1999; 82: 1555-1556.

38 Holm J, Zoller B, Berntorp E, et al. Prevalence of factor V gene mutation
amongst myocardial infarction patients and healthy controls is higher in Sweden
than in other countries. ] Intern Med. 1996; 239: 221-226.

39  Boekholdt SM, Bijsterveld NR, Moons AH, et al. Genetic variation in coagu-
lation and fibrinolytic proteins and their relation with acute myocardial infarction:
a systematic review. Circulation. 2001; 104: 3063-3068.

40 Kim RJ, Becker RC. Association between factor V Leiden, prothrombin
G20210A, and methylenetetrahydrofolate reductase C677T mutations and events
of the arterial circulatory system: a meta-analysis of published studies. Am Heart
J.2003; 146: 948-957.

41 Juul K, Tybjaerg-Hansen A, Steffensen R, et al. Factor V Leiden: the Copenha-
gen City Heart Study and 2 meta-analyses. Blood. 2002; 100: 3-10.

42 Middendorf K, Gohring P, Huehns T, et al. Prevalence of resistance against
activated protein C resulting from factor V Leiden is significantly increased in myo-
cardial infarction: investigation of 507 patients with myocardial infarction. Am
Heart J. 2004; 147: 897-904.

43 YeZ Liu EH, Higgins P, et al. Seven haemostatic gene polymorphisms in cor-
onary disease: meta-analysis of 66,155 cases and 91,307 controls. Lancet. 2006;
367: 651-658.

44  Rosendaal FR, Siscovick DS, Schwartz SM, et al. Factor V Leiden (resistance
to activated protein C) increases the risk of myocardial infarction in young wom-
en. Blood. 1997; 89: 2817-2821.

45 Inbal A, Freimark D, Modan B, et al. Synergistic effects of prothrombot-
ic polymorphisms and atherogenic factors on the risk of myocardial infarction in
young males. Blood. 1999; 93: 2186-2190.

46  Atherosclerosis, Thrombosis and Vascular Biology Italian Study Group. No
evidence of association between prothrombotic gene polymorphisms and the de-
velopment of acute myocardial infarction at a young age. Circulation. 2003; 107:
1117-1122.

47  Tomaiuolo R, Bellia C, Caruso A, et al. Prothrombotic gene variants as risk fac-
tors of acute myocardial infarction in young women. | Trans| Med. 2012; 10: 235.

48 Mannucci PM, Asselta R, Duga S, et al. The association of factor V Leiden
with myocardial infarction is replicated in 1880 patients with premature disease. |
Thromb Haemost. 2010; 8: 2116-2121.

49  Tanis BC, Bloemenkamp DG, van den Bosch MA, et al. Prothrombotic coagu-
lation defects and cardiovascular risk factors in young women with acute myocar-
dial infarction. Br ] Haematol. 2003; 122: 471-478.

50 Posma ), Posthuma J}, Spronk HM. Coagulation and non-coagulation effects
of thrombin. ] Thromb Haemost. 2016; 14: 1908-1916.

51 Poort SR, Rosendaal FR, Reitsma PH, Bertina RM. A common genetic varia-
tion in the 3"-untranslated region of the prothrombin gene is associated with el-
evated plasma prothrombin levels and an increase in venous thrombosis. Blood.
1996; 88: 3698-3703.

52 Gehring NH, Frede U, Neu-Yilik G, et al. Increased efficiency of mRNA 3" end
formation: a new genetic mechanism contributing to hereditary thrombophilia.
Nat Genet. 2001; 28: 389-392.

53 Burzotta F, Paciaroni K, De Stefano V, et al. G20210A prothrombin gene poly-
morphism and coronary ischaemic syndromes: a phenotype-specific meta-analy-
sis of 12 034 subjects. Heart. 2004; 90: 82-86.



54 LiC,RenH, Chen H, etal. Prothrombin G20210A (rs1799 963) polymorphism
increases myocardial infarction risk in an age-related manner: a systematic review
and meta-analysis. Sci Rep. 2017; 7: 13550.

55 Maino A, Rosendaal FR, Algra A, et al. Hypercoagulability is a stronger risk
factor for ischaemic stroke than for myocardial infarction: a systematic review.
PLoS One. 2015; 10: 0133523.

56 Muszhek L, Bereczky Z, Kovacs B, Komaromi I. Antithrombin deficiency and its
laboratory diagnosis. Clin Chem Lab Med. 2010; 48(Suppl 1): S67-S78.

57 Egeberg 0. Inherited antithrombin deficiency causing thrombophilia.
Thromb Diath Haemorrh. 1965; 13: 516-530.

58 Sas G, Blasko G, Banhegyi D, et al. Abnormal antithrombin III (antithrom-
bin III “Budapest”) as a cause of a familial thrombophilia. Thromb Diath Haem-
orrh. 1974; 32: 105-115.

59 Lane DA, Bayston T, Olds RJ, et al. Antithrombin mutation database: 2nd
(1997) update. For the Plasma Coagulation Inhibitors Subcommittee of the Sci-
entific and Standardization Committee of the International Society on Thrombosis
and Haemostasis. Thromb Haemost. 1997; 77: 197-211.

60 Luxembourg B, Pavlova A, Geisen C, et al. Impact of the type of SER-
PINC1 mutation and subtype of antithrombin deficiency on the thrombotic pheno-
type in hereditary antithrombin deficiency. Thromb Haemost. 2014; 111: 249-257.

61 Perry DJ, Daly ME, Tait RC, et al. Antithrombin cambridge II (Ala384Ser): clin-
ical, functional and haplotype analysis of 18 families. Thromb Haemost. 1998; 79:
249-253.

62  Gindele R, Olah Z, Ilonczai P, et al. Founder effect is responsible for the p.Le-
u131Phe heparin-binding-site antithrombin mutation common in Hungary: pheno-
type analysis in a large cohort. | Thromb Haemost. 2016; 14: 704-715.

63 Puurunen M, Salo P, Engelbarth S, et al. Type II antithrombin deficiency
caused by a founder mutation Pro73Leu in the Finnish population: clinical picture.
] Thromb Haemost. 2013; 11: 1844-1849.

64  Bereczky Z, Kovacs KB, Muszbek L. Protein C and protein S deficiencies: sim-
ilarities and differences between two brothers playing in the same game. Clin
Chem Lab Med. 2010; 48(Suppl 1): S53-566.

65 Heeb M), Mesters RM, Tans G, et al. Binding of protein S to factor Va associ-
ated with inhibition of prothrombinase that is independent of activated protein C.
) Biol Chem. 1993; 268: 2872-2877.

66 Hackeng TM, Sere KM, Tans G, Rosing J. Protein S stimulates inhibition of
the tissue factor pathway by tissue factor pathway inhibitor. Proc Natl Acad Sci U
SA. 2006; 103: 3106-3111.

67 Wildhagen KC, Lutgens E, Loubele ST, et al. The structure-function rela-
tionship of activated protein C. Lessons from natural and engineered mutations.
Thromb Haemost. 2011; 106: 1034-1045.

68  Suleiman L, Negrier C, Boukerche H. Protein S: a multifunctional anticoagu-
lant vitamin K-dependent protein at the crossroads of coagulation, inflammation,
angiogenesis, and cancer. Crit Rev Oncol Hematol. 2013; 88: 637-654.

69  Griffin JH, Evatt B, Zimmerman TS, et al. Deficiency of protein Cin congenital
thrombotic disease. ] Clin Invest. 1981; 68: 1370-1373.

70 Comp PC, Esmon CT. Recurrent venous thromboembolism in patients with
a partial deficiency of protein S. N Engl) Med. 1984; 311: 1525-1528.

71  Castoldi E, Maurissen LF, Tormene D, et al. Similar hypercoagulable state and
thrombosis risk in type I and type III protein S-deficient individuals from families
with mixed type I/III protein S deficiency. Haematologica. 2010; 95: 1563-1571.

72 Levo A, Kuismanen K, Holopainen P, et al. Single founder mutation (W380G)
in type II protein C deficiency in Finland. Thromb Haemost. 2000; 84: 424-428.

73 Tsay W, Shen MC. R147W mutation of PROC gene is common in venous
thrombotic patients in Taiwanese Chinese. Am | Hematol. 2004; 76: 8-13.

74  Giri TK, Yamazaki T, Sala N, et al. Deficient APC-cofactor activity of protein S
Heerlen in degradation of factor Va Leiden: a possible mechanism of synergism be-
tween thrombophilic risk factors. Blood. 2000; 96: 523-531.

75 Baldovino S, Moliner AM, Taruscio D, et al. Rare diseases in europe: from
awide to a local perspective. Isr Med Assoc |. 2016; 18: 359-363.

76  RoldanV, Ordonez A, Marin F, et al. Antithrombin Cambridge II (A384S) sup-
ports a role for antithrombin deficiency in arterial thrombosis. Thromb Haemost.
2009; 101: 483-486.

77 1hang GS, Tang YM, Tang MQ, et al. Antithrombin Cambridge IT (A384S) mu-
tation frequency and antithrombin activity levels in 120 of deep venous thrombosis
and 150 of cerebral infarction patients in a single center in Southern China. Blood
Coagul Fibrinolysis. 2010; 21: 588-591.

78 Rallidis LS, Gialeraki A, Tsirebolos G, et al. Prothrombotic genetic risk factors
in patients with very early ST-segment elevation myocardial infarction. | Thromb
Thrombolysis. 2017; 44: 267-273.

79 Sakata T, Kario K, Katayama Y, et al. Analysis of 45 episodes of arterial oc-
clusive disease in Japanese patients with congenital protein C deficiency. Thromb
Res. 1999; 94: 69-78.

80 Ranzan), Rotta NT. Ischemic stroke in children: a study of the associated al-
terations. Arq Neuropsiquiatr. 2004; 62: 618-625.

81 ChenWH, Lan MY, Chang YY, et al. The prevalence of protein C, protein S, and
antithrombin III deficiency in non-APS/SLE Chinese adults with noncardiac cere-
bral ischemia. Clin Appl Thromb Hemost. 2003; 9: 155-162.

REVIEW ARTICLE

82 Amiri M, Schmidley JW, Fink LM, Nazarian SM. Is testing for inherited coagu-
lation inhibitor deficiencies in young stroke patients worthwhile? Clin Neurol Neu-
rosurg. 2000; 102: 219-222.

83  KimS, Song I, Kim HK, Huh S. Thrombophilia in Korean patients with arterial
or venous thromboembolisms. Ann Surg Treat Res. 2016; 90: 340-345.

84 Abid L, Bahloul A, Frikha Z, et al. Myocardial infarction and normal coronary
arteries: the experience of the cardiology department of Sfax, Tunisia. Intern Med.
2012; 51: 1959-1967.

85  Alakbarzade V, Taylor A, Scully M, et al. Utility of current thrombophil-
ia screening in young patients with stroke and TIA. Stroke Vasc Neurol. 2018; 3:
231-236.

86  Carod-Artal FJ, Nunes SV, Portugal D, et al. Ischemic stroke subtypes and
thrombophilia in young and elderly Brazilian stroke patients admitted to a reha-
bilitation hospital. Stroke. 2005; 36: 2012-2024.

87 Omran SS, Lerario MP, Gialdini G, et al. Clinical impact of thrombophilia
screening in young adults with ischemic stroke. ] Stroke Cerebrovasc Dis. 2018;
pii: $1052-3057(18)30705-5.

88  Alhenc-Gelas M, Plu-Bureau G, Hugon-Rodin J, et al. Thrombotic risk accord-
ing to SERPINC1 genotype in a large cohort of subjects with antithrombin inherit-
ed deficiency. Thromb Haemost. 2017; 117: 1040-1051.

89  Gindele R, Selmeczi A, Olah Z, et al. Clinical and laboratory characteristics
of antithrombin deficiencies: A large cohort study from a single diagnostic center.
Thromb Res. 2017; 160: 119-128.

90 Orlando C, Heylen O, Lissens W, Jochmans K. Antithrombin heparin binding
site deficiency: a challenging diagnosis of a not so benign thrombopbhilia. Thromb
Res. 2015; 135: 1179-1185.

91 (Castaldo G, Cerbone AM, Guida A, et al. Molecular analysis and geno-
type-phenotype correlation in patients with antithrombin deficiency from South-
ern Italy. Thromb Haemost. 2012; 107: 673-680.

92 Kumar R, Chan AK, Dawson JE, et al. Clinical presentation and molecular ba-
sis of congenital antithrombin deficiency in children: a cohort study. Br ] Haema-
tol. 2014; 166: 130-139.

93  Limperger V, Klostermeier UC, Kenet G, et al. Clinical and laboratory char-
acteristics of children with venous thromboembolism and protein C-deficiency:
an observational Israeli-German cohort study. Br | Haematol. 2014; 167: 385-393.

94 SakataT, Kario K, Katayama Y, et al. Studies on congenital protein C deficien-
cy in Japanese: prevalence, genetic analysis, and relevance to the onset of arterial
occlusive diseases. Semin Thromb Hemost. 2000; 26: 11-16.

95  Brouwer JL, Veeger NJ, van der Schaaf W, et al. Difference in absolute risk of
venous and arterial thrombosis between familial protein S deficiency type I and
type I1L. Results from a family cohort study to assess the clinical impact of a labora-
tory test-based classification. Br | Haematol. 2005; 128: 703-710.

96 Mahmoodi BK, Brouwer JL, Veeger NJ, van der Meer ). Hereditary deficiency
of protein C or protein S confers increased risk of arterial thromboembolic events
at a young age: results from a large family cohort study. Circulation. 2008; 118:
1659-1667.

97 Mahmoodi BK, Veeger NJ, Middeldorp S, et al. Interaction of hereditary
thrombophilia and traditional cardiovascular risk factors on the risk of arterial
thromboembolism: pooled analysis of four family cohort studies. Circ Cardiovasc
Genet. 2016; 9: 79-85.

98 Haywood S, Liesner R, Pindora S, Ganesan V. Thrombophilia and first arterial
ischaemic stroke: a systematic review. Arch Dis Child. 2005; 90: 402-405.

99  Kenet G, Lutkhoff LK, Albisetti M, et al. Impact of thrombophilia on risk of
arterial ischemic stroke or cerebral sinovenous thrombosis in neonates and chil-
dren: a systematic review and meta-analysis of observational studies. Circulation.
2010; 121: 1838-1847.

Inherited thrombophilia and the risk of myocardial infarction 429



