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Abstract

Background

Activated protein C (APC) resistance is the most common inherited prothrombotic disorder.

The role of APC resistance in ischemic stroke is controversially discussed.

Objectives

The aim of this single center follow up study was to investigate the effect of APC resistance

on stroke recurrence and survival in stroke patients.

Patients/Methods

We retrospectively identified 966 patients who had had an ischemic stroke or transitory

ischemic attack (TIA) and in whom laboratory tests for APC resistance had been conducted.

These patients were contacted to determine the primary outcomes of recurrent ischemic

stroke or death.

Results

A total of 858 patients with an average follow up time of 8.48 years were included. APC

resistance did not influence cumulative incidence functions for stroke free and total survival.

In multivariate analyses, crude and adjusted hazard ratios for recurrent stroke as well as for

death where not significantly increased in patients with APC resistance. This also applies to

the subgroups of young patients, patients with cryptogenic stroke and patients with atrial

fibrillation.
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Conclusion

APC-resistance is not a risk factor for subsequent stroke or death in patients with a first

ischemic stroke or TIA. Testing for APC-resistance in stroke patients therefore cannot be

routinely recommended.

Introduction
Activated protein C (APC) resistance was first shown to be a possible cause for thrombophilia
approximately 20 years ago. Dahlbäck et al. observed that addition of APC to plasma of
patients with multiple thrombotic events did not result in the expected prolongation of the
coagulation time in an activated partial thromboplastin time (aPTT) assay [1]. In the vast
majority of cases, APC resistance is caused by substitution of adenine for guanine at nucleotide
1691 in the factor V (FV) gene [2], a point mutation referred to as FV Leiden. Currently, FV
Leiden is assumed to be the most common inherited prothrombotic disorder with the highest
carrier frequency of 5.2% in populations of European descent [3].

A distinct association of APC resistance and increased risk for an initial and recurrent
venous thromboembolic events was reported early after the disorders first description and is
well established [4–6]. The role of APC resistance in arterial infarction, however, is less clear.
With respect to stroke, studies yield conflicting results: some found individuals with APC resis-
tance to be more likely to suffer from an ischemic stroke [7–10], others were not able to dem-
onstrate any association [4, 11–30], and yet others only found associations in certain
subgroups such as young patients or patients who had a cryptogenic stroke [31–35]. Crypto-
genic strokes are strokes with no identifiable cause which account for approximately 30–40%
of ischemic strokes [36]. Indications, benefits and drawbacks of testing for inherited thrombo-
philias within the diagnostic work-up of ischemic stroke patients are therefore controversially
discussed [37–41]. Nevertheless, current clinical practice frequently includes testing for FV Lei-
den in patients with a history of stroke [42], particularly in young patients who have suffered
from a cryptogenic stroke.

Deciphering the relationship of APC resistance and stroke is challenging due to the fact,
that both conditions are rather common and that stroke is a multifactorial disease with a
multitude of possible causes. Concomitant occurrence of APC resistance and stroke is there-
fore to be expected. Sorting out, if this observation is causal, correlative owing to a primary
cause or coincidental is a complex undertaking. Beyond these inherent and hence unchange-
able prerequisites, studies performed on APC resistance and stroke generally suffer from
two main weaknesses. First, studies have largely been of classical, cross-sectional design lim-
iting significance and impeding correct inferences. Adequate longitudinal or prospective
works are lacking in this area of medical research. Additionally, studies to date only insuffi-
ciently reflect the actual clinical problem. Whether patients with APC resistance are sub-
jected to higher risks for ischemic strokes is without doubt a question of great theoretical
interest. The clinician however is much more interested in the impact of APC resistance on
prognosis of stroke patients as this might affect further diagnostic procedures or even
therapy.

The effect of APC resistance on stroke recurrence and survival in stroke patients was inves-
tigated. To overcome the previously mentioned limitations, we performed a longitudinal,
observational follow-up study in which only patients with suspected or actual cerebral ischemia
were included.
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Patients/Methods

Patients
966 consecutive patients admitted to our hospital between April 1995 and June 2006 for sus-
pected or actual cerebral ischemia and for whom a complete diagnostic work-up was available,
were considered for the study. All patients had undergone a thorough neurological examina-
tion. Electrocardiography (ECG), a detailed sonography of the extra- and intracranial arteries,
a 24 h ECG as well as cerebral computed tomography or magnetic resonance imaging or both
had been performed. Additionally blood for thrombophilia screening including laboratory
tests for APC-resistance had been drawn. Baseline ischaemic events were classified according
to slightly modified TOAST criteria by a single physician (RF) blinded for the results of APC
resistance testing. The established TOAST criteria [43] were modified in the following way:
strokes with conflicting mechanisms were classified as “other etiology” instead of “crypto-
genic”, the latter subgroup thereby truly representing strokes without any identifiable cause.

Laboratory testing for APC-resistance
Functional clotting tests in citrated plasmas were used to screen for APC resistance. For this
purpose, the ProC APC reagent from Behring (Marburg, Germany) and FV deficient plasma
(FVdp) from Dade (Unterschleißheim, Germany) were used with the Fibrintimer (Behring)
until March 1999 (5 μl patient plasma + 45 μl barbital buffer + 50 μl FVdp + 100 μl aPTT
reagent, 3 min incubation, + 100 μl CaCl2 ± APC). From April 1999 on, the Coatest APC
reagent from Chromogenix (Milano, Italy) was used with FVdP on the BCS device (both from
Dade Behring, Marburg, Germany) (25 μl 1:10 diluted patient plasma in barbital buffer + 25 μl
FVdp + 50 μl aPTT reagent, 3 min incubation, + 50 μl CaCl2 ± APC).

Starting in August 1996, DNA was extracted from citrate samples exhibiting abnormal
APC-ratios by use of the QIAamp DNA Blood Mini Kit from Qiagen (Hilden, Germany) and
FV-Leiden mutation was confirmed by polymerase chain reaction (PCR). Initially, amplifica-
tion was performed on the Thermocycler GeneAmp PCR System 9700 from Perkin Elmer
(Rodgau, Germany) with 5’-CAG AGC AGT TCA ACC AGG-3’ and 5’-CTG AAA GGT TAC
TTC AAG GAC-3’ (both from Gibco life technologies, Darmstadt, Germany) as forward and
backward primers, respectively. DNA was then fragmented with Mnl I from New England Bio-
labs (Frankfurt amMain, Germany) and separated in a 2.5% agarose gel electrophoresis. From
January 2000 and January 2006 on, confirmation of FV-Leiden however was performed via
PCR and fluorescence resonance energy transfer on the Light Cycler 1.5 and Light Cycler 2.0
(both from Roche, Mannheim, Germany), respectively. Extracted DNA was mixed with the
LightCycler Red 640-labeled forward primer 5’-TAA TCT GTA AGA GCA GAX TCC-3’
(X = label), the unlabeled backward primer 5’-TGT TAT CAC ACT GGT GCT AA-3’ and the
fluorescein-labeled wild type probe 5’-AAT ACC TGT ATT CCT CGC CTG TCX-3’ (all oligo-
nucleotides from Tib Molbiol, Berlin, Germany). After amplification melting curves were
recorded from 45°C to 70°C with 0.1°C/s. The wild type allele exhibited a melting curve maxi-
mum at 64°C whereas the mutated allele had a maximum at 56°C.

Collection of follow-up data
Patients being considered were first compared to the follow-up data from a previous study [44]
as study cohorts partly overlap. For those known to have died, follow-up data from [44] were
used. All “new” patients were initially contacted via mail. If a response was not received, we
tried to call the patient directly or–if not successful–the patients relatives. If this also failed, the
family doctor was contacted by mail and in absence of an answer by telephone. The last step to
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establish communication was to contact the population register. In case a new address was
available, the patient was again contacted by mail. If we did not receive a reply within two
months or in case the population register confirmed the known address, the patient was classi-
fied as alive but lost to follow-up for stroke recurrence. In case the population register reported
the death of a patient, the respective date was documented and the patient was classified as
dead and lost to follow-up for stroke recurrence. Finally, in case the patient could not be found
in the population register, he or she was classified as lost to follow-up with respect to survival
and stroke recurrence.

A total of 966 patients had initially been identified as eligible for the study. During collection
of follow-up data, 20 patients refused to participate and 18 turned out to have moved to an
unknown address and therefore dropped out of the study. Hence, the final study cohort con-
sisted of 928 patients out of which follow-up data were available for 858, whereas 70 were lost
to follow-up.

Due to the retrospective character of the study a written informed consent could not be
obtained in all patients for methodological reasons. Patient information was anonymized and
de-identified prior to analysis. The study was approved by the ethics committee of the faculty
of medicine of the Technische Universität München (project number: 5731/13).

No financial compensation was provided. Disclosure from the population register is permit-
ted by German law.

Statistics
Baseline data were compared with the Mann–Whitney U test for quantitative variables and
with the χ2 test or Fisher’s exact test for qualitative variables as applicable.

Recurrent stroke and death were considered as competing events and the Aalen-Johansen
[45] estimator was used to compute cumulative incidence functions (i.e. the cumulative proba-
bility for a certain event up to a given time) for both APC risk groups. Log-rank tests were used
to compare cause-specific hazard rates between APC risk groups. The effect of APC and prog-
nostic factors on these cause-specific hazard rates was quantified using univariate and multi-
variable Cox proportional-hazard models while the occurrence of a competing endpoint or lost
to follow-up was defined as censored observation [46, 47]. Only prognostic factors that showed
a statistically significant effect were included in multivariable model.

Regression models were also computed in the following patient subgroups: age< 50 years,
initial cryptogenic stroke and atrial fibrillation.

All reported P values are two-sided, with a significance level of 0.05 and have not been
adjusted for multiple testing.

Statistical analyses were performed with SPSS version 21 from IBM (Ehningen, Germany)
and R version 3.0.0 [48] using the packages “cmprsk” [49] and “mstate” [46, 50, 51].

Results

Baseline data of included and excluded patients
The study cohort comprised a total of 928 patients out of which for 858 (92.5%) follow-up data
were available. Average follow up time for participants of the study was 8.48 years, ranging
from 0.03 to 17.67 years.

Baseline data of patients included as well as of the subjects lost to follow-up and comparison
are given in Table 1. Participants included in the study were significantly older (in median 59
vs. 51 years; p< 0.001) and more likely to suffer from hypertension (59.3% vs. 47.1%;
p = 0.047) than those lost to follow-up. With respect to the other baseline data, no significant
differences between included patients and patients lost to follow-up could be demonstrated.
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Baseline data of patients with and without APC resistance
The study cohort was subdivided into two groups according to the presence or absence of APC
resistance. Comparison of baseline data shown in Table 2 did not reveal any significant
differences.

Table 1. Baseline data of considered patients.

parameter Included lost to follow-up p

number 858 (100.0%) 70 (100.0%) -

male 540 (62.9%) 37 (52.9%) ‡0.094

median age [years] (range) [years] 59 (14–91) 51 (20–79) †<0.001

TOAST 1 98 (11.4%) 7 (10.0%) ‡0.301

TOAST 2 197 (23.0%) 12 (17.1%)

TOAST 3 184 (21.4%) 12 (17.1%)

TOAST 4 59 (6.9%) 3 (4.3%)

TOAST 5 (cryptogenic) 315 (36.7%) 35 (50.0%)

TOAST 6 5 (0.6%) 1 (1.4%)

APC resistance 72 (8.4%) 4 (5.7%) ‡0.432

heterozygous 68 (7.9%) 4 (5.7%) *0.741

homozygous 4 (0.5%) 0 (0.0%)

hypertension 509 (59.3%) 33 (47.1%) ‡0.047

diabetes mellitus 140 (16.3%) 6 (8.6%) ‡0.087

smoking 362 (42.2%) 32 (45.7%) ‡0.566

hyperlipoproteinaemia 340 (39.6%) 27 (38.6%) ‡0.862

Baseline data of included patients and of patients lost to follow-up.

* Fisher’s exact test

†Mann–Whitney U test

‡ χ²-test

doi:10.1371/journal.pone.0160382.t001

Table 2. Baseline data of included patients.

parameter no APC resistance APC resistance p

number 786 (100.0%) 72 (100.0%) -

Male 492 (62.6%) 48 (66.7%) ‡0.494

median age [years] (range) [years] 60 (14–87) 56 (27–91) †0.514

hypertension 461 (58.7%) 48 (66.7%) ‡0.185

diabetes mellitus 128 (16.3%) 12 (16.7%) ‡0.933

smoking 333 (42.4%) 29 (40.3%) ‡0.731

hyperlipoproteinaemia 313(39.8%) 27 (37.5%) ‡0.700

history of myocardial infarction 48 (6.1%) 7 (9.7%) *0.213

atrial fibrillation 101 (12.8%) 7 (9.7%) ‡0.444

TOAST 5 (cryptogenic) 290 (36.9%) 25 (34.7%) ‡0.714

Baseline data of patients with and without APC resistance.

* Fisher’s exact test

†Mann–Whitney U test

‡ χ²-test

doi:10.1371/journal.pone.0160382.t002
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Cumulative incidence functions
The endpoint “stroke first” was reached by 84 and 5 and the endpoint “death first” by 193 and
12 patients for individuals without and with APC resistance, respectively. Cumulative inci-
dence functions for the two competing endpoints according to the presence or absence of APC
resistance are depicted in Fig 1. After 10 years, 7.6% of the patients with and 10.2% of those
without APC resistance had had a recurrent event. As well after 10 years, 14.6% and 25.3% had
died without experiencing a recurrent stroke in the groups with and without APC resistance,
respectively. Stroke free survival (endpoint “stroke first”) as well as total survival for patients
not suffering from a recurrent stroke (endpoint “death first”) did not differ significantly
between patients with and without APC resistance (log-rank test; p = 0.3187 and p = 0.0761,
respectively).

Cox regression
In univariate analysis, only history of myocardial infarction was associated with a significantly
increased HR regarding the endpoint “stroke first”. With respect to the endpoint “death first”
however age, hypertension, diabetes mellitus and again history of myocardial infarction were
associated with a significantly increased in contrast to female sex and cryptogenic stroke with a
significantly decreased HR (see Table 3). Hence, only the aforementioned variables were con-
sidered for the subsequent multivariate analyses.

Fig 1. Incidence functions. Cumulative incidence functions for the two competing endpoints “stroke first” (solid line) and “death first” (dotted line)
according to the presence (red) or absence (blue) of APC resistance.

doi:10.1371/journal.pone.0160382.g001
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Multivariate analyses demonstrate the HR for recurrent stroke as well as for death without
recurrent stroke in patients with APC resistance not to be significantly increased as compared
to patients without. This observation holds true for crude HR without any adjustments as well
as for HR adjusted for age and sex, for age, sex and presence of cryptogenic stroke and for age,
sex, presence of cryptogenic stroke and cardiovascular risk factors (Table 4).

APC resistance is speculated to play a critical role in young stroke patients, in cryptogenic
stroke and in patients with atrial fibrillation. The aforementioned multivariate analyses where
therefore repeated separately for each of these three subgroups (Tables 5–7). Likewise, presence
of APC resistance did not result in a significantly increased HR for any of the two endpoints
“stroke first” or “death first”, irrespective of the investigated subgroup and of adjustments for
different variables.

Discussion
We investigated a cohort of unselected, adult patients admitted to hospital for suspected or
actual cerebral ischemia. The data gathered suggest, that presence or absence of APC-resistance
does not influence risk for a subsequent stroke episode or death. This finding also applies to
the young, cryptogenic stroke and atrial fibrillation patient subgroups.

Table 3. Univariate analysis.

stroke first death first

parameter HR 95% CI p HR 95% CI p

sex 0.899 0.583–1.386 0.629 0.737 0.603–0.863* <0.001*

age 1.014 0.999–1.030 0.063 1.078 1.064–1.092* <0.001*

hypertension 1.455 0.942–2.247 0.091 2.857 2.056–3.970* <0.001*

diabetes mellitus 1.496 0.880–2.544 0.137 2.849 2.114–3.839* <0.001*

smoking 1.072 0.704–1.632 0.747 1.237 0.940–1.628 0.129

hyperlipoprotein-aemia 1.249 0.821–1.900 0.299 1.001 0.755–1.328 0.992

history of myocardial infarction 2.102 1.054–4.193* 0.035* 2.680 1.762–4.076* <0.001*

atrial fibrillation 1.080 0.588–1.985 0.804 1.407 0.978–2.025 0.066

TOAST 5 (cryptogenic) 0.718 0.459–1.124 0.147 0.555 0.407–0.757* <0.001*

Univariate analysis of the influence of possible confounding factors on the event specific HR of the endpoints “stroke first” and “death first”.

* significant values

doi:10.1371/journal.pone.0160382.t003

Table 4. Multivariate analysis for all included patients.

endpoint adjusted for HR 95% CI p

stroke first - 0.568 0.230–1.402 0.220

age & sex 0.574 0.233–1.417 0.229

age & sex & cryptogenic stroke 0.572 0.232–1.412 0.226

age & sex & cryptogenic stroke & cardiovascular risk factors* 0.546 0.221–1.348 0.189

death first - 0.592 0.330–1.060 0.078

age & sex 0.701 0.390–1.259 0.234

age & sex & cryptogenic stroke 0.696 0.388–1.251 0.226

age & sex & cryptogenic stroke & cardiovascular risk factors* 0.613 0.340–1.103 0.103

Cox proportional hazard model: subjects with vs. subjects without APC resistance for all included patients.

*hypertension, diabetes mellitus, history of myocardial infarction

doi:10.1371/journal.pone.0160382.t004
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Since the discovery of APC-resistance, association with arterial ischemic events and in par-
ticular stroke has been investigated intensively. All of these studies employed a cross-sectional
setup. Yet, to the best of our knowledge, the presented study is the only one of longitudinal and
observational design on APC-resistance and stroke.

Previously published studies report in part conflicting results as compared to the presented
work. Amongst them, some demonstrated that in consecutive stroke patients prevalence of
APC-resistance is generally higher than in controls [7–10]. Others failed to show a significant
association within the total, unselected study cohort and in this regard were comparable to our
study. They were, however, contrary to the presented work, able to establish a correlation in
defined subgroups such as young patients with cryptogenic stroke [31], women using oral con-
traceptives [32], young female smokers [33] or patients exhibiting several prothrombotic
genetic risk factors [34, 35].

The vast majority of the aforementioned studies included less than half of the subjects
enrolled in our study and all of them were cross-sectional analyses–both factors impairing the
studies statistical relevance. Two of the studies finding an association in the total study cohort
investigated individuals with ethnicities different from the population of European descent
studied in the presented work [9, 10]. APC-resistance may be caused more frequently by muta-
tions other than FV Leiden in these populations [9]. Finally, different risk factors for stroke
exhibit varying risks for recurrence (e. g. high for arterio-arterial etiologies and for cardioem-
bolism due to atrial fibrillation, low for cryptogenic strokes). A high prevalence of APC-resis-
tance in stroke patients therefore does not necessarily contradict our finding of a low risk for
stroke recurrence. If APC-resistance is a slight risk factor for a first stroke, risk for recurrence
might be minimal in this subgroup.

Table 5. Multivariate analysis for young patients.

endpoint adjusted for HR 95% CI p

stroke first - 0.043 0.000–53.720 0.387

death first - 1.825 0.404–8.245 0.434

age & sex 1.579 0.338–7.385 0.561

age & sex & cryptogenic stroke 1.509 0.325–6.97 0.599

age & sex & cryptogenic stroke & cardiovascular risk factors* 1.853 0.309–8.795 0.438

Cox proportional hazard model: subjects with vs. subjects without APC resistance for patients < 50 years (n = 232). Due to numerical reasons, no adjusted

models were fitted for the endpoint “stroke first”.

*hypertension, diabetes mellitus, history of myocardial infarction

doi:10.1371/journal.pone.0160382.t005

Table 6. Multivariate analysis for cryptogenic stroke patients.

endpoint adjusted for HR 95% CI p

stroke first - 0.333 0.045–2.464 0.281

age & sex 0.336 0.045–2.495 0.287

age & sex & cardiovascular risk factors* 0.355 0.048–2.647 0.313

death first - 0.601 0.187–1.928 0.392

age & sex 0.766 0.237–2.481 0.657

age & sex & cardiovascular risk factors* 0.724 0.233–2.348 0.590

Cox proportional hazard model: subjects with vs. subjects without APC resistance for patients with cryptogenic stroke (n = 315).

*hypertension, diabetes mellitus, history of myocardial infarction

doi:10.1371/journal.pone.0160382.t006
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Consistent with our follow-up data, several cross-sectional original studies [4, 11–18] as
well as one large-scale meta-analysis [19] examined unselected cohorts of adult stroke patients
and found prevalences of APC-resistance comparable to healthy controls. Consequently, as in
our study, odds ratios for stroke were not increased by the presence of APC-resistance. Fur-
thermore, a considerable number of studies analysed distinctly defined subgroups of stroke
patients. Whereas only one study explicitly investigated the relationship of APC-resistance and
stroke in elderly patients [20], extensive research on this topic was conducted in young adult
populations [21–27] as a more pronounced effect was hypothesized. None of these aforemen-
tioned, cross-sectional studies could demonstrate a significant impact of APC-resistance on
stroke risk even when considering only young patients. This finding is consistent with our
results when analysing patients younger than 50 years. Finally, a few studies specifically focus-
ing on young adults with cryptogenic stroke again were not able to establish a significant asso-
ciation between APC-resistance and stroke [28–30]. Our results are well in line with these
studies as analysis of patients with cryptogenic stroke only provided no evidence for a peculiar
role of APC-resistance in this subgroup.

The presented work not only confirms the findings of the majority of studies but also sub-
stantiates and extends knowledge on APC-resistance and stroke with regard to several aspects.
The follow-up character of the study provides superior data compared to the commonly
applied cross-sectional approach. Our study further simulates the actual scenario in patient
care, i.e. the question not being if subjects with APC-resistance suffer from strokes more often
but if patients with a first stroke episode differ in their prognosis dependent on the presence or
absence of APC-resistance. With exception of the meta-analyses, considerably more patients
were included than in all other publications. Additionally, the exceptionally long follow-up
time of 8.5 years with only 7.9% of patients lost to follow-up add to the quality. Finally, we not
only investigated the role of APC-resistance with respect to the endpoint stroke but also with
respect to survival as the most rigorous endpoint possible.

Some limitations of the study presented herein have to be mentioned. First, though consid-
ering consecutive patients with cerebral ischemia, only those with APC-resistance test results
were included—thereby creating a certain preselection. Second, included patients and patients
lost to follow-up differed with respect to age and prevalence of hypertension. A possible effect
of the incomplete follow-up on the results cannot be excluded. Furthermore, for 210 patients
only data on survival were available and not on a possible recurrent stroke. In the chosen statis-
tical approach, those patients were considered to not have suffered from recurrent stroke. The
results therefore constitute a best case scenario. We accepted this drawback as alternative

Table 7. Multivariate analysis for atrial fibrillation patients.

endpoint adjusted for HR 95% CI p

stroke first - 1.115 0.141–8.796 0.918

age & sex 0.851 0.102–7.100 0.882

age & sex & cryptogenic stroke 0.805 0.096–6.726 0.841

age & sex & cryptogenic stroke & cardiovascular risk factors* 0.963 0.112–8.286 0.972

death first - 1.079 0.329–3.542 0.900

age & sex 1.159 0.347–3.877 0.810

age & sex & cryptogenic stroke 1.188 0.354–3.987 0.780

age & sex & cryptogenic stroke & cardiovascular risk factors* 1.347 0.390–4.654 0.638

Cox proportional hazard model: subjects with vs. subjects without APC resistance for patients with atrial fibrillation (n = 108).

*hypertension, diabetes mellitus, history of myocardial infarction

doi:10.1371/journal.pone.0160382.t007
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approaches would not have allowed taking into account the information included in these 210
patients. Finally, information on stroke recurrence was mainly provided by the patients them-
selves or relatives. Erroneous data due to limited retrospection and lack of documentation may
have occurred.

In conclusion, our data suggest that APC-resistance is not a risk factor for a subsequent
stroke or death in patients with a first stroke episode–in the unselected cohort as well as in
young patients, in patients with cryptogenic stroke and in patients with atrial fibrillation. Cost
effectiveness of thrombophilia screening in patients with ischemic stroke has been generally
questioned due to lack of therapeutic consequences [52, 53]. Our results strongly support the
opinion, that testing for APC-resistance and Factor V Leiden in stroke patients is dispensable
for pure medical reasons. The utility of testing for other thrombophilic risk factors in stroke
patients remains a question for further research.

Supporting Information
S1 File. Raw data underlying the findings described.
(CSV)

S2 File. Description of the raw data.
(TXT)

Acknowledgments
We thank Dr. Evangeline Thaler for carefully reviewing the manuscript.

Author Contributions

Conceived and designed the experiments: CT RF HP.

Performed the experiments: CT NS MS.

Analyzed the data:MT RF IR.

Contributed reagents/materials/analysis tools:HP.

Wrote the paper:MT RF IR HP.

References
1. Dahlback B, Carlsson M, Svensson PJ. Familial thrombophilia due to a previously unrecognized mech-

anism characterized by poor anticoagulant response to activated protein C: prediction of a cofactor to
activated protein C. Proceedings of the National Academy of Sciences of the United States of America.
1993; 90: 1004–1008. PMID: 8430067

2. Bertina RM, Koeleman BP, Koster T, Rosendaal FR, Dirven RJ, de Ronde H, et al. Mutation in blood
coagulation factor V associated with resistance to activated protein C. Nature. 1994; 369: 64–67.
PMID: 8164741

3. Ridker PM, Miletich JP, Hennekens CH, Buring JE. Ethnic distribution of factor V Leiden in 4047 men
and women. Implications for venous thromboembolism screening. Jama. 1997; 277: 1305–1307.
PMID: 9109469

4. Ridker PM, Hennekens CH, Lindpaintner K, Stampfer MJ, Eisenberg PR, Miletich JP. Mutation in the
gene coding for coagulation factor V and the risk of myocardial infarction, stroke, and venous thrombo-
sis in apparently healthy men. N Engl J Med. 1995; 332: 912–917. PMID: 7877648

5. Simioni P, Prandoni P, Lensing AW, Scudeller A, Sardella C, Prins MH, et al. The risk of recurrent
venous thromboembolism in patients with an Arg506—>Gln mutation in the gene for factor V (factor V
Leiden). N Engl J Med. 1997; 336: 399–403. PMID: 9010145

APC Resistance, Recurrent Stroke and Death

PLOS ONE | DOI:10.1371/journal.pone.0160382 August 10, 2016 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160382.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160382.s002
http://www.ncbi.nlm.nih.gov/pubmed/8430067
http://www.ncbi.nlm.nih.gov/pubmed/8164741
http://www.ncbi.nlm.nih.gov/pubmed/9109469
http://www.ncbi.nlm.nih.gov/pubmed/7877648
http://www.ncbi.nlm.nih.gov/pubmed/9010145


6. Rosendaal FR, Koster T, Vandenbroucke JP, Reitsma PH. High risk of thrombosis in patients homozy-
gous for factor V Leiden (activated protein C resistance). Blood. 1995; 85: 1504–1508. PMID: 7888671

7. Grossmann R, Geisen U, Merati G, MullgesW, Schambeck CM, Walter U, et al. Genetic risk factors in
young adults with 'cryptogenic' ischemic cerebrovascular disease. Blood Coagul Fibrinolysis. 2002; 13:
583–590. PMID: 12439143

8. Margaglione M, D'Andrea G, Giuliani N, Brancaccio V, De Lucia D, Grandone E, et al. Inherited pro-
thrombotic conditions and premature ischemic stroke: sex difference in the association with factor V
Leiden. Arterioscler Thromb Vasc Biol. 1999; 19: 1751–1756. PMID: 10397694

9. Biswas A, Ranjan R, Meena A, Akhter S, Sharma V, Yadav BK, et al. Prothrombotic factors and the risk
of acute onset non-cardioembolic stroke in young Asian Indians. Thromb Res. 2009; 124: 397–402.
doi: 10.1016/j.thromres.2009.02.015 PMID: 19560187

10. Mojiminiyi OA, Marouf R, Al Shayeb AR, QurtomM, Abdella NA, Al Wazzan H, et al. Determinants and
associations of homocysteine and prothrombotic risk factors in Kuwaiti patients with cerebrovascular
accident. Med Princ Pract. 2008; 17: 136–142. doi: 10.1159/000112968 PMID: 18287798

11. Sanchez J, Roman J, de la Torre MJ, Velasco F, Torres A. Low prevalence of the factor V Leiden
among patients with ischemic stroke. Haemostasis. 1997; 27: 9–15. PMID: 9097081

12. Hankey GJ, Eikelboom JW, van Bockxmeer FM, Lofthouse E, Staples N, Baker RI. Inherited thrombo-
philia in ischemic stroke and its pathogenic subtypes. Stroke. 2001; 32: 1793–1799. PMID: 11486107

13. Rey RC, de Larranaga G, Lepera S, Cohen M, Saposnik G, Alonso B, et al. Activated protein C resis-
tance in patients with arterial ischemic stroke. J Stroke Cerebrovasc Dis. 2001; 10: 128–131. PMID:
17903813

14. Zunker P, Hohenstein C, Plendl HJ, Zeller JA, Caso V, Georgiadis D, et al. Activated protein C resis-
tance and acute ischaemic stroke: relation to stroke causation and age. J Neurol. 2001; 248: 701–704.
PMID: 11569900

15. Moskau S, Smolka K, Semmler A, Schweichel D, Harbrecht U, Muller J, et al. Common genetic coagu-
lation variants are not associated with ischemic stroke in a case-control study. Neurol Res. 2010; 32:
519–522. doi: 10.1179/016164109X12464612122533 PMID: 19660184

16. Bolaman Z, Ozkul A, Kiylioglu N, Kadikoylu G, Erturk A, Batun S, et al. Hereditary thrombophilic factors
in stroke due to cerebral infarct. Am J Med Sci. 2009; 337: 11–13. PMID: 19263510

17. They-They TP, Battas O, Slassi I, Rafai MA, Katumbay DT, Nadifi S. Prothrombin G20210A and factor
V Leiden polymorphisms in stroke. J Mol Neurosci. 2012; 46: 210–216. doi: 10.1007/s12031-011-9580-
9 PMID: 21701789

18. Kontula K, Ylikorkala A, Miettinen H, Vuorio A, Kauppinen-Makelin R, Hamalainen L, et al. Arg506Gln
factor V mutation (factor V Leiden) in patients with ischaemic cerebrovascular disease and survivors of
myocardial infarction. Thromb Haemost. 1995; 73: 558–560. PMID: 7495058

19. Hamzi K, Tazzite A, Nadifi S. Large-scale meta-analysis of genetic studies in ischemic stroke: Five
genes involving 152,797 individuals. Indian J HumGenet. 2011; 17: 212–217. doi: 10.4103/0971-6866.
92105 PMID: 22345995

20. CushmanM, Rosendaal FR, Psaty BM, Cook EF, Valliere J, Kuller LH, et al. Factor V Leiden is not a
risk factor for arterial vascular disease in the elderly: results from the Cardiovascular Health Study.
Thromb Haemost. 1998; 79: 912–915. PMID: 9609219

21. De Stefano V, Chiusolo P, Paciaroni K, Casorelli I, Rossi E, Molinari M, et al. Prothrombin G20210A
mutant genotype is a risk factor for cerebrovascular ischemic disease in young patients. Blood. 1998;
91: 3562–3565. PMID: 9572989

22. Longstreth WT Jr., Rosendaal FR, Siscovick DS, Vos HL, Schwartz SM, Psaty BM, et al. Risk of stroke
in young women and two prothrombotic mutations: factor V Leiden and prothrombin gene variant
(G20210A). Stroke. 1998; 29: 577–580. PMID: 9506595

23. Voetsch B, Damasceno BP, Camargo EC, Massaro A, Bacheschi LA, Scaff M, et al. Inherited thrombo-
philia as a risk factor for the development of ischemic stroke in young adults. Thromb Haemost. 2000;
83: 229–233. PMID: 10739378

24. Lopaciuk S, Bykowska K, Kwiecinski H, Mickielewicz A, Czlonkowska A, Mendel T, et al. Factor V Lei-
den, prothrombin gene G20210A variant, and methylenetetrahydrofolate reductase C677T genotype in
young adults with ischemic stroke. Clin Appl Thromb Hemost. 2001; 7: 346–350. PMID: 11697722

25. Madonna P, de Stefano V, Coppola A, Cirillo F, Cerbone AM, Orefice G, et al. Hyperhomocysteinemia
and other inherited prothrombotic conditions in young adults with a history of ischemic stroke. Stroke.
2002; 33: 51–56. PMID: 11779888

26. Dragoni F, Chiarotti F, Rosano G, Simioni P, Tormene D, Mazzucconi MG, et al. Thrombophilic screen-
ing in young patients (< 40 years) with idiopathic ischemic stroke: a controlled study. Thromb Res.
2011; 127: 85–90. doi: 10.1016/j.thromres.2010.11.013 PMID: 21172722

APC Resistance, Recurrent Stroke and Death

PLOS ONE | DOI:10.1371/journal.pone.0160382 August 10, 2016 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/7888671
http://www.ncbi.nlm.nih.gov/pubmed/12439143
http://www.ncbi.nlm.nih.gov/pubmed/10397694
http://dx.doi.org/10.1016/j.thromres.2009.02.015
http://www.ncbi.nlm.nih.gov/pubmed/19560187
http://dx.doi.org/10.1159/000112968
http://www.ncbi.nlm.nih.gov/pubmed/18287798
http://www.ncbi.nlm.nih.gov/pubmed/9097081
http://www.ncbi.nlm.nih.gov/pubmed/11486107
http://www.ncbi.nlm.nih.gov/pubmed/17903813
http://www.ncbi.nlm.nih.gov/pubmed/11569900
http://dx.doi.org/10.1179/016164109X12464612122533
http://www.ncbi.nlm.nih.gov/pubmed/19660184
http://www.ncbi.nlm.nih.gov/pubmed/19263510
http://dx.doi.org/10.1007/s12031-011-9580-9
http://dx.doi.org/10.1007/s12031-011-9580-9
http://www.ncbi.nlm.nih.gov/pubmed/21701789
http://www.ncbi.nlm.nih.gov/pubmed/7495058
http://dx.doi.org/10.4103/0971-6866.92105
http://dx.doi.org/10.4103/0971-6866.92105
http://www.ncbi.nlm.nih.gov/pubmed/22345995
http://www.ncbi.nlm.nih.gov/pubmed/9609219
http://www.ncbi.nlm.nih.gov/pubmed/9572989
http://www.ncbi.nlm.nih.gov/pubmed/9506595
http://www.ncbi.nlm.nih.gov/pubmed/10739378
http://www.ncbi.nlm.nih.gov/pubmed/11697722
http://www.ncbi.nlm.nih.gov/pubmed/11779888
http://dx.doi.org/10.1016/j.thromres.2010.11.013
http://www.ncbi.nlm.nih.gov/pubmed/21172722


27. Hamedani AG, Cole JW, Cheng Y, Sparks MJ, O'Connell JR, Stine OC, et al. Factor V leiden and ische-
mic stroke risk: the Genetics of Early Onset Stroke (GEOS) study. J Stroke Cerebrovasc Dis. 2013; 22:
419–423. doi: 10.1016/j.jstrokecerebrovasdis.2011.10.007 PMID: 22100829

28. Austin H, Chimowitz MI, Hill HA, Chaturvedi S, Wechsler LR, Wityk RJ, et al. Cryptogenic stroke in rela-
tion to genetic variation in clotting factors and other genetic polymorphisms among young men and
women. Stroke. 2002; 33: 2762–2768. PMID: 12468767

29. Aznar J, Mira Y, Vaya A, Corella D, Ferrando F, Villa P, et al. Factor V Leiden and prothrombin
G20210Amutations in young adults with cryptogenic ischemic stroke. Thromb Haemost. 2004; 91:
1031–1034. PMID: 15116266

30. Kheradmand E, Pourhossein M, Amini G, Saadatnia M. Factor V Leiden does not have a role in crypto-
genic ischemic stroke among Iranian young adults. Adv Biomed Res. 2014; 3: 80. doi: 10.4103/2277-
9175.127993 PMID: 24761388

31. Nabavi DG, Junker R, Wolff E, Ludemann P, Doherty C, Evers S, et al. Prevalence of factor V Leiden
mutation in young adults with cerebral ischaemia: a case-control study on 225 patients. J Neurol. 1998;
245: 653–658. PMID: 9776464

32. Slooter AJ, Rosendaal FR, Tanis BC, Kemmeren JM, van der Graaf Y, Algra A. Prothrombotic condi-
tions, oral contraceptives, and the risk of ischemic stroke. J Thromb Haemost. 2005; 3: 1213–1217.
PMID: 15946211

33. LalouschekW, Schillinger M, Hsieh K, Endler G, Tentschert S, LangW, et al. Matched case-control
study on factor V Leiden and the prothrombin G20210Amutation in patients with ischemic stroke/tran-
sient ischemic attack up to the age of 60 years. Stroke. 2005; 36: 1405–1409. PMID: 15947254

34. Pezzini A, Grassi M, Del Zotto E, Archetti S, Spezi R, Vergani V, et al. Cumulative effect of predisposing
genotypes and their interaction with modifiable factors on the risk of ischemic stroke in young adults.
Stroke. 2005; 36: 533–539. PMID: 15692115

35. Supanc V, Sonicki Z, Vukasovic I, Solter VV, Zavoreo I, Kes VB. The role of classic risk factors and pro-
thrombotic factor gene mutations in ischemic stroke risk development in young and middle-aged indi-
viduals. J Stroke Cerebrovasc Dis. 2014; 23: e171–176. doi: 10.1016/j.jstrokecerebrovasdis.2013.09.
025 PMID: 24189452

36. Yaghi S, Elkind MS. Cryptogenic stroke: A diagnostic challenge. Neurology Clinical practice. 2014; 4:
386–393. PMID: 25317376

37. Bushnell CD, Goldstein LB. Diagnostic testing for coagulopathies in patients with ischemic stroke.
Stroke. 2000; 31: 3067–3078. PMID: 11108774

38. Morris JG, Singh S, Fisher M. Testing for inherited thrombophilias in arterial stroke: can it cause more
harm than good? Stroke. 2010; 41: 2985–2990. doi: 10.1161/STROKEAHA.110.595199 PMID:
20947844

39. Soare AM, Popa C. Deficiencies of proteins C, S and antithrombin and activated protein C resistance—
their involvement in the occurrence of Arterial thromboses. J Med Life. 2010; 3: 412–415. PMID:
21254740

40. Zeller JA, Eschenfelder Ch C, Stingele R. [Coagulation disorders and stroke]. Hamostaseologie. 2006;
26: 309–315. PMID: 17146544

41. de Lau LM, Leebeek FW, de Maat MP, Koudstaal PJ, Dippel DW. Screening for coagulation disorders
in patients with ischemic stroke. Expert Rev Neurother. 2010; 10: 1321–1329. doi: 10.1586/ern.10.104
PMID: 20662756

42. Blinkenberg EO, Kristoffersen AH, Sandberg S, Steen VM, Houge G. Usefulness of factor V Leiden
mutation testing in clinical practice. Eur J HumGenet. 2010; 18: 862–866. doi: 10.1038/ejhg.2010.33
PMID: 20332812

43. Adams HP Jr., Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, et al. Classification of subtype
of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in
Acute Stroke Treatment. Stroke. 1993; 24: 35–41. PMID: 7678184

44. Feurer R, Sadikovic S, Sepp D, Esposito L, Schleef M, Bockelbrink A, et al. Patent foramen ovale is not
associated with an increased risk of stroke recurrence. Eur J Neurol. 2010; 17: 1339–1345. doi: 10.
1111/j.1468-1331.2010.03015.x PMID: 20412294

45. Aalen O. Nonparametric Estimation of Partial Transition Probabilities in Multiple Decrement Models.
Ann Statist. 1978; 6: 534–545.

46. Putter H, Fiocco M, Geskus RB. Tutorial in biostatistics: competing risks and multi-state models. Stat
Med. 2007; 26: 2389–2430. PMID: 17031868

47. Haller B, Schmidt G, Ulm K. Applying competing risks regression models: an overview. Lifetime Data
Anal. 2013; 19: 33–58. doi: 10.1007/s10985-012-9230-8 PMID: 23010807

APC Resistance, Recurrent Stroke and Death

PLOS ONE | DOI:10.1371/journal.pone.0160382 August 10, 2016 12 / 13

http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22100829
http://www.ncbi.nlm.nih.gov/pubmed/12468767
http://www.ncbi.nlm.nih.gov/pubmed/15116266
http://dx.doi.org/10.4103/2277-9175.127993
http://dx.doi.org/10.4103/2277-9175.127993
http://www.ncbi.nlm.nih.gov/pubmed/24761388
http://www.ncbi.nlm.nih.gov/pubmed/9776464
http://www.ncbi.nlm.nih.gov/pubmed/15946211
http://www.ncbi.nlm.nih.gov/pubmed/15947254
http://www.ncbi.nlm.nih.gov/pubmed/15692115
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2013.09.025
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2013.09.025
http://www.ncbi.nlm.nih.gov/pubmed/24189452
http://www.ncbi.nlm.nih.gov/pubmed/25317376
http://www.ncbi.nlm.nih.gov/pubmed/11108774
http://dx.doi.org/10.1161/STROKEAHA.110.595199
http://www.ncbi.nlm.nih.gov/pubmed/20947844
http://www.ncbi.nlm.nih.gov/pubmed/21254740
http://www.ncbi.nlm.nih.gov/pubmed/17146544
http://dx.doi.org/10.1586/ern.10.104
http://www.ncbi.nlm.nih.gov/pubmed/20662756
http://dx.doi.org/10.1038/ejhg.2010.33
http://www.ncbi.nlm.nih.gov/pubmed/20332812
http://www.ncbi.nlm.nih.gov/pubmed/7678184
http://dx.doi.org/10.1111/j.1468-1331.2010.03015.x
http://dx.doi.org/10.1111/j.1468-1331.2010.03015.x
http://www.ncbi.nlm.nih.gov/pubmed/20412294
http://www.ncbi.nlm.nih.gov/pubmed/17031868
http://dx.doi.org/10.1007/s10985-012-9230-8
http://www.ncbi.nlm.nih.gov/pubmed/23010807


48. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2014. Available: http://www.R-project.org/.

49. Gray B. cmprsk: Subdistribution Analysis of Competing Risks. R package version 2.2–6. 2013.

50. deWreede LC, Fiocco M, Putter H. The mstate package for estimation and prediction in non- and semi-
parametric multi-state and competing risks models. Comput Methods Programs Biomed. 2010; 99:
261–274. doi: 10.1016/j.cmpb.2010.01.001 PMID: 20227129

51. deWreede LC, Fiocco M, Putter H. mstate: an R package for the analysis of competing risks and multi-
state models. J Stat Softw. 2011; 38: 1–30.

52. Bushnell CD, Datta SK, Goldstein LB. Cost implications of specialized coagulation testing for acute
ischemic stroke. J Stroke Cerebrovasc Dis. 2001; 10: 279–283. PMID: 17903839

53. Weber R, Busch E. [Thrombophilias in patients with ischemic stroke. Indication and calculated costs for
evidence-based diagnostics and treatment]. Nervenarzt. 2005; 76: 193–201. PMID: 15338141

APC Resistance, Recurrent Stroke and Death

PLOS ONE | DOI:10.1371/journal.pone.0160382 August 10, 2016 13 / 13

http://www.R-project.org/
http://dx.doi.org/10.1016/j.cmpb.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20227129
http://www.ncbi.nlm.nih.gov/pubmed/17903839
http://www.ncbi.nlm.nih.gov/pubmed/15338141

