In this issue: Celebrating the 70th Anniversary of the Hungarian Society of Laboratory Medicine

Deficiencies of the natural anticoagulants –
novel clinical laboratory aspects
of thrombophilia testing
Zsuzsanna Bereczky, Réka Gindele, Marianna Speker, Judit Kállai

University of Debrecen, Division of Clinical Laboratory Research, Department of Laboratory Medicine,
Faculty of Medicine, Debrecen, Hungary

ARTICLE INFO

ABSTRACT

Corresponding author:
Zsuzsanna Bereczky, MD, PhD
Division of Clinical Laboratory Science
Department of Laboratory Medicine
Faculty of Medicine, University of Debrecen
98 Nagyerdei krt. H-4032
Debrecen, Hungary
Phone: +36 52431956
Fax: +36 52340011
E-mail: zsbereczky@med.unideb.hu

Venous thrombosis is a typical common complex disease as acquired and genetic causes play a role in its
development. The different „loss of function“ mutations of the natural anticoagulant system lead to antithrombin (AT), protein C (PC) and protein S (PS) deficiencies. Since thrombophilia testing has high cost
and it has several methodological issues (analytical,
pre-analytical), which makes the interpretation of
results difficult, considerations should be made on
the indications of testing, on the parameters that are
measured and on the best available method to use.
The latest guideline on clinical and laboratory management of thrombophilia kept the relatively old laboratory recommendations unchanged. This is partly
because of the existence of unresolved problems
with the laboratory tests used for diagnosis. Based
on the literature and our previous research here we
discuss the unresolved problems, the recently raised
questions and issues concerning AT, PC and PS laboratory diagnosis and summarize the recent findings
in molecular genetic investigations.
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INTRODUCTION
Thrombosis is a common pathology underlying
atherothrombotic diseases and venous thromboembolism (VTE), which are highly frequent
and the major determinants of morbidity and
mortality (1). Primary and secondary prevention is key to reducing death and disability from
these diseases. VTE is a typical common complex disease as acquired and genetic causes play
a role in its development (2). The different „loss
of function” mutations of the natural anticoagulant system lead to antithrombin (AT), protein C
(PC) and protein S (PS) deficiencies and the “gain
of function” mutations known as Factor V Leiden
(FVL) resulting in activated PC (APC) resistance
and prothrombin 20210A allele (FII20210A) are
responsible for the majority of inherited thrombophilia. Further hereditary factors are non-O
blood group, elevated factor VIII, IX and XI, certain types of dysfibrinogenaemia and hyperhomocysteinaemia, however except for blood
type all of these may have acquired components in their variability. Antiphospholipid syndrome (APS) is an acquired condition (3). The
incidence of thrombosis in individuals having
inherited thrombophilia is variable; it depends
on the particular genotype, the co-existence of
other genetic alterations (polymorphisms) and
environmental factors (4). Moreover, several so
far unidentified genetic factors may contribute
to the risk of VTE, as it is suggested by the different genome-wide –association studies, like
MARTHA or FARIVE (5).
RECOMMENDATIONS
FOR THROMBOPHILIA
TESTING-RECENT STATEMENTS
After the discovery of the above-mentioned hereditary risk factors testing for thrombophilia
became more and more popular and the number of laboratory requests showed a rising tendency. Since thrombophilia testing has high cost

and it has several methodological issues (analytical and pre-analytical ones; mentioned later
in detail) which makes the interpretation of results difficult, considerations should be made on
the indication of testing, on the parameters that
are measured and on the best available method
to use. In recent years, several contradictory papers and recommendations have been released
by experts, different committees and working
groups on the indications for thrombophilia
testing and on the laboratory parameters to
be determined (6-16). One can conclude from
these that thrombophilia testing should be performed in a very carefully selected population
in which the test results have a direct impact
on the clinical decision either on primary or secondary thrombosis prophylaxis. Thrombophilia
testing is not recommended routinely after a
provoked VTE according to most of the guidelines, however the definition of “provoked” itself is not always clear in the different papers.
There are situations, or conditions in which
thrombophilia testing is advisable according to
most of the recommendations. These are idiopathic (unprovoked) VTE, especially below the
age of 50 years, thrombosis in unusual sites, recurrent VTE, first VTE with strong positive family
history, asymptomatic family members of relatives having severe inherited thrombophilia,
pregnancy complications or in women taking
contraceptive pills, or under hormonal replacement. Thrombophilia testing, although its association with arterial thrombosis is uncertain
mainly due to the lack of large population-based
studies, may be considered in young patients
especially without any well-defined risk factors
of arteriosclerosis. A comprehensive review has
been published most recently on the clinical
aspects of thrombophilia testing, in which the
existing guidelines are summarized (17). The
major question is to estimate the risk of recurrence after the first VTE, which influences the
duration (and perhaps the aggressiveness) of
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anticoagulation. The VTE risk for asymptomatic
family members of a proband with thrombophilia is the second important issue, when primary prophylaxis is considered in different risk
situations. If thrombophilia testing helps to answer these questions its execution is definitely
worthwhile.
THE THROMBOPHILIA PANEL
As no single well-standardized and widely accepted method exists for thrombophilia screening a list of investigations should be performed
in a patient suspected for thrombophilia. The
latest guideline kept the old (2001) laboratory recommendations unchanged (8). This is
partly because of the existence of unresolved
problems with the laboratory tests used for diagnosis, especially in the case of AT, PC and PS
deficiencies.
Investigations for thrombophilia usually include
AT, PC and PS assays, tests for APC resistance
and/or FVL and the FII20210A. This panel is
completed by the laboratory investigations for
APS (18). It is advisable to perform the screening tests of coagulation (i.e. prothrombin time,
activated partial thromboplastin time, thrombin
time) to detect the presence of different anticoagulant drugs, which may interfere with certain
laboratory tests. Thrombin time is also useful to
screen for fibrinogen abnormalities, like dysfibrinogenaemia. Some authors also recommend
testing for elevated FVIII and for APC resistance
not due to FVL. Thrombophilia testing should
be completed by measurement of plasma homocysteine and blood typing is also advisable
(19). Besides taking the correct parameters to
be tested into consideration, appropriate timing of investigation is also important (18).

LABORATORY DIAGNOSIS OF INHERITED
AT, PC AND PS DEFICIENCIES
Two reviews are recommended for interested
readers, which describe the molecular basis and
epidemiology of AT, PC and PS deficiencies and
introduction into the laboratory issues (20, 21).
In this paper we are going to discuss the unresolved problems, the recently raised questions
and issues concerning AT, PC and PS laboratory
diagnosis and summarize the recent findings in
molecular genetic investigations.
STRUCTURE AND FUNCTION
OF ANTITHROMBIN;
ANTITHROMBIN DEFICIENCIES
AT is the most important circulating inhibitor
of blood coagulation proteases, synthesized
by hepatocytes and is a member of the serine
protease inhibitor (serpin) superfamily (20).
The mature AT molecule is a single-chain 58
kDa glycoprotein with half-life of 2.4 days. The
plasma concentration of AT is around 150 mg/L
in the circulation. AT contains an N-terminal
heparin-binding domain, a carbohydrate rich
domain and a COOH-terminal serine proteasebinding domain. It has two isoforms that differ
only in the extent of glycosylation. The major α
isoform, which represents 90-95% of total AT,
is N-glycosylated on 4 Asn residues (127, 167,
187 and 224), while the β isoform (5-10%) is not
glycosylated at Asn167. This latter isoform has
higher affinity to negatively charged glycosaminoglycans, like heparin. The AT encoding gene,
SERPINC1 is located on the chromosome band
1q23-25, has 7 exons and 6 introns. The heparin-binding site of AT is encoded by exon 2 and
exon 3. The reactive site, which is located in the
carboxy-terminal part of the protein, is encoded
by exon 7.
AT primarily inactivates thrombin mediated
fibrin clot formation and the generation of
thrombin by activated FX (FXa). It is also able
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to inhibit activated coagulation factors FXII, FXI
and FIX (FXIIa, FXIa and FIXa) in the intrinsic
and FVIIa-tissue factor complex in the extrinsic
pathway (22).
AT deficiency was first described by Egeberg
in 1965 (23) and the first functional AT defect,
named as AT Budapest, was reported by Sas et
al in 1974 (24). AT deficiency is classified as type
I (quantitative) and type II (qualitative) (25). In
type II deficiency, the defect may involve the reactive site (II RS), the heparin-binding site (II HBS)
or it may exert a pleiotropic effect. Individuals
with inherited AT deficiency have a highly increased thrombotic risk and homozygosity in
type I deficiency and in most type II deficiencies, with notable exception of type II HBS variants, are incompatible with life (26). The type
II HBS deficiency is considered as a lower risk
of VTE (27). The mutation profile of SERPINC1
is highly heterogeneous and the most prevalent
mutations are AT Cambridge II (p.Ala416Ser), AT
Budapest 3 (ATBp3, p.Leu131Phe) and AT Basel
(p.Pro73Leu), which were reported in a number
of studies (28-34). AT Cambridge II is frequent in
the British population; the mutation has a prevalence around 0.5-2.0% in French, Spanish and
German VTE patients. AT Cambridge II, however
was not detected in other populations like in
Hungary and in Southern China (32, 35). The
ATBp3 is a founder mutation in the Hungarian
population with prevalence of 86.5% within
type II HBS deficiency (32).
METHODOLOGICAL PROBLEMS
AND RECENTLY RAISED QUESTIONS
IN ANTITHROMBIN DEFICIENCY
A first-line test for the diagnosis of AT deficiency
is based on a chromogenic functional assay, in
which the inhibition of FIIa or FXa by AT in the
presence of heparin is detected by measuring
the residual enzyme (FIIa or FXa) activity using
their specific chromogenic substrates (20). If

the assay is performed in the presence of heparin, which ensures a fast inhibitory effect of AT,
the assay is named as heparin-cofactor AT test
(hc-anti-FIIa, or hc-anti-FXa AT assay). If heparin is not used in the assay then the so-called
progressive AT activity is measured (p-anti FIIa
or p-anti-FXa AT assay). Several commercially
available reagents can be used for measuring
AT activity and the heparin cofactor AT activity
assays are dedicated to detect all types of AT
deficiency. In case of using hc-anti-FIIa AT activity assay, it is important to choose those with
bovine thrombin instead of human thrombin to
avoid the influencing effect of heparin cofactor
II on AT activity results (36). Human vs. bovine
source of enzyme is not a problem in hc-antiFXa assays, since FXa does not react with heparin cofactor II at all.
According to the latest results of the external
quality control surveys both hc-anti-FIIa and hcanti-FXa assays are used in equal number by the
different laboratories. In the latest UK NEQAS
program 119 and 184 laboratories used hc-antiFIIa and hc-anti-FXa assays, respectively and in
the ECAT program 154 and 145 laboratories reported results by using hc-anti-FIIa and hc-anti-FXa assays, respectively. Among hc-anti-FIIa
assays, Siemens Berichrom AT and Diagnostica
Stago Stachrom AT are the most popular ones.
Among hc-anti-FXa assays Siemens Innovance
AT, Werfen HemosIL (liquid) AT and Chromogenix
Coamatic AT tests are performed by most of the
laboratories. All these kits have very similar performance within the reference interval (i.e. in
the case of non-AT deficient samples). It is of
great importance, however, to realize that despite the numerous functional assays available
on the market, no single one appears to be able
to recognize all defects (37). FXa-based assays in
general are less sensitive to detect AT deficiencies caused by certain mutations around the reactive site, like in the case of AT Cambridge II
(28,29). On the contrary, it was demonstrated
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by some studies that hc-anti-FXa assays had
higher sensitivity to type II HBS AT deficiency
(37, 38). In our study Siemens Berichrom AT
test was inferior to Siemens Innovance AT and
Labexpert AT H+P assays. The latter two tests,
which are based on hc-anti-FXa methodology,
gave practically identical results with all AT deficient patients (n=37) (39). By the investigation
of the highest number of patients with the type
II HBS ATBp3 (n=102), we confirmed that the
Table 1

hc-anti-FXa assay (Innovance AT) was the method of choice in type II HBS AT deficiency (32).
In the study of Puurunen et al. patients with AT
Basel (n=88) were also successfully detected by
Innovance AT reagent (34). It is interesting that
there are big differences in the sensitivity even
among hc-anti-FXa assays to type II HBS AT deficiency (37, 40). According to the results of these
studies the HemosIL AT and the Coamatic AT reagents were less sensitive, while Innovance AT

Standard characteristics of the different commercial heparin cofactor
anti-FXa AT activity assays
Heparin
Substrate Incubation
Chromogenic
concensource
time
substrate
tration

Siemens
Innovance®
Antithrombin
HemosIL®
Liquid
Antithrombin
Chromogenix
Coamatic®
Antithrombin
Hyphen
Biophen
Antithrombin
Labexpert
Antithrombin
H+P

Human
FXa

180-190 s

1500
U/L

Z-D-Leu-GlyArg-ANBAmethylamideacetate

Final
Sample
Dilution dilution
prebuffer
of
dilution
sample

1:4

Tris/HCl
pH 8.0

1:20

1:40

0.15 M
Sodium
Chloride

1:120

1:121

0.15 M
Sodium
Chloride

1:484

1:20

0.15 M
Sodium
Chloride

1:170

S-2765
Bovine
FXa

100-140 s

3000
U/L

(N-α-Z-DArg-Gly-ArgpNA•2HCl)
S-2765

Bovine
FXa

100-140 s

5000
U/L

(N-α-Cbo-DArg-Gly-ArgpNA·2HCl)
SXa-11

Bovine
FXa

60 s

(ready to
use)

(Suc-Ile-Glu(γPip)Gly-ArgpNA, HCl)
BIOPHEN CS-11

Bovine
FXa

60 s

1 USP
units/mL

[Suc-IIe-Gly(γPip)Gly-ArgpNA, HCl]
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showed practically 100% sensitivity. This suggests that not only the source of enzyme (FIIa
or FXa) is responsible for the difference in performance of AT functional tests. Table 1 demonstrates the assay characteristics of the most
commonly used hc-anti-FXa AT assays. All but
one reagent contains bovine FXa as enzyme in
the reaction. The different tests differ in plasma
dilution, in the added heparin concentration, in
the source of chromogenic substrate and also
in the incubation time. It can be concluded that
clarification of the situation concerning heparin
Figure 1

cofactor AT functional assays warrants future
research to establish improved recommendation for AT testing.
Progressive AT assay is based on the same principle as heparin cofactor assays, but it is performed in the absence of heparin on less diluted
plasma samples usually with prolonged incubation time. It was demonstrated in several clinical
samples that comparison of p-anti-FXa and hcanti-FXa activities is a useful tool in the diagnosis of type II HBS AT deficiency since in this type
hc-anti-FXa decreases, while p-anti-FXa remains

Laboratory diagnostic algorithm in antithrombin deficiency used
in the authors’ laboratory

AT, antithrombin; type II HBS, heparin-binding site AT deficiency; type II RS, reactive site AT deficiency;
type II PE, AT deficiency with pleiotropic effects; ATBp3, AT Budapest 3 deficiency caused by p.Leu131Phe mutation
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normal, or shows only a slight decrease. The
ratio of p-anti-FXa and hc-anti-FXa therefore
is well above the upper limit of the reference
interval in heterozygous type II HBS patients
and even higher in homozygotes (41). The reagent developed in our laboratory (Labexpert
AT H+P) is able to measure both hc-anti-FXa
and p-anti-FXa AT activities and reference interval has been determined according to CLSI
guidelines for both. A diagnostic algorithm
that is followed in our laboratory is shown in
Figure 1.
MOLECULAR GENETIC DIAGNOSIS
IN AT DEFICIENCY
Molecular genetic testing is a useful diagnostic tool for confirming inherited AT deficiencies especially for patients with borderline activities (31). Moreover, genetic analysis helps to
distinguish among the different AT deficiency
Table 2

subtypes that has of great importance from
the point of view of clinical patient management. The mutation detection rate in the case
of SERPINC1 in general is quite high, more
than 80%. Current evidence shows that not all
SERPINC1 mutations causing AT deficiency lead
to decrease in AT activity in the commercially
available functional assays (42). Genetic analysis has been therefore recently suggested to be
included in clinical practice when screening for
AT deficiency in individuals experiencing unprovoked thrombotic diseases, even if the hc-AT
activity is above 80% (43).
In SERPINC1 215 causative mutations were
found before 2010; since then 61 mutations
were reported in HGMD database (Table 2). It
is to be noted, however, that several novel variants have not been reported in the HGMD, yet
(Table 3) (44-50).

Distribution of different mutations within the genes
for antithrombin, protein C and protein S

Mutation types

SERPINC1

PROC

PROS1

Missense/nonsense

155 (56%)

231 (74.5%)

171 (64%)

Splicing

17 (6%)

25 (8%)

27 (10%)

Regulatory

0 (0%)

12 (4%)

3 (1%)

Small deletions

52 (19%)

24 (8%)

28 (10%)

Small insertions

23 (8%)

13 (4%)

15 (6%)

Small indels

2 (0.8%)

3 (1%)

4 (1.5%)

Gross deletions

24 (9%)

2 (0.5%)

14 (5%)

Gross insertions/
duplications

1 (0.4%)

0 (0%)

4 (1.5%)

Complex rearragements

2 (0.8%)

0 (0%)

2 (1%)

Total

276

310

268

According to HGMD database (The Human Gene Mutation Database http://www.hgmd.cf.ac.uk/ac/search.php),
accessed on 14th December 2015.
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Table 3

Missense/
nonsense

Novel mutations in SERPINC1 published in the last five years
and not indicated in the HGMD database
Nucleotide
exchange

Amino acid exchange

Type of
deficiency

References

c.133 C>T

p.Arg45Trp

I†

Caspers (2012)

c.134 G>A

p.Arg45Gln 1

I

Deng (2013)

c.335 C>G

p.Pro112Arg 2

I

Maruyama (2013)

c.342 T>G

p.Ser114Arg 1

I

Deng (2013)

c.347 C>T

p.Ser116Phe

I†

Caspers (2012)

c.452 T>G

p.Ile151Ser

I†

Caspers (2012)

c.455 A>C

p.His152Pro

I†

Caspers (2012)

c.458 T>A

p.Phe153Tyr

NA

Zeng (2015)

c.464 T>G

p.Phe155Cys

I

Ding (2013)

c.491 G>A

p.Arg164Gln

NA

Zeng (2015)

c.539 G>A

p.Gly180Glu

I†

Caspers (2012)

c.569 A>C

p.Tyr190Ser

I†

Caspers (2012)

c.569 A>G

p.Tyr190Cys

I†

Caspers (2012)

c.598 G>C

p.Ala200Pro

NA

Zeng (2015)

c.883 G>A

p.Val295Met

NA

Zeng (2015)

c.886 G>C

p.Ala296Pro

I†

Caspers (2012)

c.899 A>G

p.Gln300Arg

I†

Caspers (2012)

c.934 A>G

p.Thr312Ala

IIRS

Bhakuni (2015)

c.938 T>C

p.Met313Thr

NA

Zeng (2015)

c.1114 C>T

p.Leu372Phe

I

Ding (2013)

c.1121 A>G

p.Asp374Gly

IIRS

Castaldo (2012)

c.1307 C>G

p.Ala436Gly

I†

Caspers (2012)

c.178 A>T

p.Lys60X

I†

Caspers (2012)

c.203 C>G

p.Ser68X

I

Ding (2013)

c.1016 G>A

p.Tyr339X

I

Ding (2013)

c.1024 G>T

p.Glu342X

I†

Caspers (2012)

c.1394 A>C

p.X465Sext28*X

I

Castaldo (2012)
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Splicing

Small deletions

Small
insertions
Gross deletions

c.408 +1 G>A

-

I†

Caspers (2012)

c.409 -10 G>A

-

I†

Caspers (2012)

c.624 +1 G>T

-

I†

Caspers (2012)

c.1219 -1 G>A

-

I

Castaldo (2012)

c.86_87delinsCT

p.Cys29Ser

NA

Zeng (2015)

c.173del

p.Pro58ArgfsX3

I

Castaldo (2012)

c.412_417del

p.Phe138-139Lysdel

I†

Caspers (2012)

c.457_459del

p.Phe154del

I†

Caspers (2012)

c.462_464del

p.Phe155fs

I†

Caspers (2012)

c.490del

p.Arg164GlufsX8

I

Nadir (2015)

c.614del

p.Leu205fs

I†

Caspers (2012)

c.712_719del

p.Asn240fsX1

I†

Caspers (2012)

c.1332_1333del

p.Ile444MetfsX19

II

Castaldo (2012)

c.1390_1393del

p.X465MetfsX13

I

Castaldo (2012)

c.1172dupG

p.Asp392fs

I†

Caspers (2012)

c.1340_1341insA

p.Pro448SerfsX16

IIHBS

Bhakuni (2015)

c.243_263del

p.80-86del

I

Castaldo (2012)

Exon 6-7

-

I

Caspers (2012)

IIHBS

Martínez-Martínez
(2012)

I

Zeng (2015)

p.Glu241_
Leu242del_241_243ins_
Large in-frame c.625_630del_30ins
Val_Leu_Val_Leu_Val_
insertion/
Asn_Thr_Arg_Thr_Ser 3
deletion
c.1066_1083del
p.Arg356_Phe361del 4

These data were collected from publications available on NCBI-PubMed (indexed by MEDLINE) database.
Nucleotide and amino acid numbering follows the HGVS nomenclature.
NA, non applicable (i.e. AT functional assay showed normal result)
These mutations seem to lead to type I deficiency, however they were not confirmed. In vitro expression studies indicated:
decreased AT secretion and heparin affinity
2
impaired secretion and intracellular degradation
3
impaired heparin affinity and the mutation transforms the structure of serpin
4
represented impaired secretion and reduced functional activity
†

1
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STRUCTURE AND FUNCTION OF PROTEIN
C AND S; PROTEIN C AND S DEFICIENCIES
Protein C and S are Vitamin-K-dependent plasma
glycoproteins with molecular masses of about
62 and 71 kDa, respectively (21). Plasma concentrations and half-lives of PC and PS are 3-5
mg/L and 20-25 mg/L, and 8h and 42h, respectively. The domain structure of PC and PS is highly homologous to other vitamin K-dependent
coagulation factors (pre-pro leader sequence,
Gla-domain and epidermal growth factor like
(EGF) domains). PC is a two-chain protein in its
mature form and it contains an activation peptide domain and the serine protease domain,
which is responsible for its anticoagulant effect.
PS is a single-chain molecule having a thrombin-sensitive region (TSR) and a C-terminal region homologous to the sex-hormone-binding
globulin (SHBG-like domain). The gene encoding
PC (PROC) is positioned on chromosome 2q13q14 and contains nine exons, eight of which
encode the protein and the 1.7-kb messenger
RNA (mRNA) and 8 introns (51). The human PS
gene, PROS1, is located on chromosome 3q11.2,
where it spans 80 kb of genomic DNA and contains 14 introns and 15 exons. In addition to the
active gene, a transcriptionally inactive pseudo
gene (PROS2) is located on chromosome 3. It
shows 97% homology to the active gene. This
makes the molecular genetic investigations of PS
deficiency difficult (please see below).
The zymogen PC is activated by the thrombinthrombomodulin (TM) complex on the surface
of endothelial cells, and binding to endothelial
protein C receptor (EPCR) further increases its
activation rate (4). Activated PC (APC) inactivates membrane bound activated factor V (FVa)
and activated factor VIII (FVIIIa). The free form,
approximately 40% of total PS, which is not
bound to its natural binding protein (C4bBP),
acts as a cofactor for APC. It is to be noted that
PS also has APC independent anticoagulation

effects that are not investigated in routine laboratories (52, 53). Both APC and PS have roles in a
variety of physiological processes distinct from
hemostasis. APC has a direct cytoprotective
nature (54). PS is involved in cell proliferation/
survival, apoptosis, regulation of inflammatory
cytokine release, atherosclerosis, vasculogenesis and cancer development (55). This issue,
although very interesting, is beyond the scope
of this review.
In type I PC deficiency, which is more common
(75-80%), both the activity and antigen concentration of PC is decreased, which suggests
defective protein synthesis and/or secretion.
In type II deficiency, normal amount of dysfunctional protein is synthesized, and the functional
defect can be due to abnormalities in substrate,
calcium-ion or receptor binding (56). Type I PS
deficiency is associated with a decrease in the
total PS antigen and free PS antigen, and hence
a decrease in APC cofactor activity; type II is a
qualitative deficiency, characterized by a normal
total and free PS antigen level but a decrease
in the APC cofactor activity; and in type III deficiency there is a normal total PS antigen but
a decrease in free PS antigen and in APC cofactor activity. Several reports have proposed that
types I and III deficiencies may be phenotypic
variants of the same genetic disease (57).
METHODOLOGICAL PROBLEMS
AND RECENTLY RAISED QUESTIONS
IN PROTEIN C AND S DEFICIENCY
For routine screening and classification of PC
and PS deficiencies two types of assays are
available, functional tests and antigen assays
(21). In the diagnosis of PC deficiency, first, a
functional test should be performed and in case
of abnormal results, a PC antigen is measured.
The ratio of PC activity to PC antigen is then calculated, which can distinguish type I from type
II deficiency (58). PC activity can be measured in
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plasma by either a clotting-based assay (mostly
based on APTT measurement) or chromogenic
(amidolytic)-based assay, and PC antigen is usually measured by ELISA. In the diagnosis of PS
deficiency, the clotting-based PS activity assays
are designed to measure APC-dependent anticoagulant activity. PT-, APTT- or FXa-based assays are commercially available. No chromogenic functional assay is available. Free PS antigen
is considered as the “functional” anticoagulant
fraction of PS although it is not a true measure
of activity. Free PS antigen is determined using
ELISA, or immunoturbidimetry. Total PS assays
measure both the free and bound fractions of
PS by immunological methods. The principles of
these assays are detailed elsewhere (21).
Functional assays of PC and PS have several
advantages and disadvantages. Clotting-based
assays of PC can detect all aberrations regarding the activation, activity, cofactor-and phospholipid (PL) binding, while chromogenic PC
assay can analyze only the core function (i.e.
activation and activity) of the protein and can
not detect defects in cofactor binding, PL surface binding, and receptor binding (59). Due to
this phenomenon some cases with mutations
affecting regions, which are responsible for
these interactions (PC deficiency type IIb) are
not detected by the chromogenic functional
assay and remain undiagnosed. Chromogenic
assays are subjected to interference from haemolysis, icterus and lipemia. Results of clotting
tests of PC and PS are influenced by a lot of factors that have an effect on clotting time (i.e. lupus anticoagulant, anticoagulant drugs including direct FXa or thrombin inhibitors and high
FVIII level). Presence of APC resistance (FVL) is
a special issue. In patients having FVL mutation
the PC and PS activity values measured by the
clotting assays (despite diluting the patient’s
plasma in PC or PS deficient plasma wild type
for FVL and using wild type FVa as substrate) are
falsely decreased. Since antigenic assays are not

influenced by APC resistance and give normal
result, FVL patients may be misdiagnosed as
type II PC or PS deficiency (60-62). Antigenic assays may be subjects of interferences generally
seen in immunological methods (e.g. rheuma
factor).
According to the experiences in the international external quality control programs there
is no consensus among the laboratories as to
which functional assays are better for detecting PC and PS activity. Several assays (both
chromogenic and clotting based for PC) are
commercially available with different sensitivity, specificity and significant variability. Table 4
demonstrates the most frequently used methods in the routine diagnosis of PC and PS deficiencies as it is indicated in two ECAT surveys.
Concerning PC functional assays, chromogenic
methods that show lower between-laboratory
variability are used by the majority of participants (approximately 75%). In the latest NEQAS
survey n=290 vs. n=14 laboratories preferred
the chromogenic method. PC antigen is not
measured routinely by a large number of laboratories. The ratio of laboratories measuring PS
activity vs. free PS antigen is approximately 0.7
in the ECAT and 0.24 (!) in the NEQAS program,
that reflects the unresolved methodological
problems in PS functional assays. Total PS antigen is measured only by a minority of the laboratories. It is well demonstrated in the table
that presence of FVL influences the results of
clotting-based PC and PS assays, the lowest values are obtained by Siemens reagents. PS activity in general is markedly lower than free PS
antigen. Baron et al analyzed North American
Specialized Coagulation Laboratory Association
(NASCOLA) PC deficiency testing data from six
surveys conducted in 2009 and 2010 (63). They
demonstrated that performance of the assays
showed considerable variety.
Based on the above-mentioned problems there are
controversies in the different recommendations
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Table 4

Most commonly used assays for PC/PS determination and their results
in the latest surveys of ECAT Foundation

Type of assays
n

Plasma of a
patient with a
heterozygous
PS deficiency

Protein C

assigned CV
value (%)

n

Abnormal
Coagulation
Control Plasma

assigned CV
value (%)

n

Normal
Coagulation
Control Plasma

assigned CV
value (%)

n

Plasma of a
patient with a
heterozygous
Factor V
Leiden mutation
assigned CV
value (%)

n

Chromogenic
activity

267

89 5.2

267

20 14.9

255

98 5.0

255

109 5.1

Chromogenix
Coamatic Protein C

25

89 5.2

25

18 20.9

27

97 6.8

27

109 6.4

16

89 4.1

16

21 9.0

14

97 4.6

14

110 4.2

71

88 4.5

71

17 9.4

62

95 3.4

62

107 4.1

94

91 5.7

94

21 10.1

96

98 5.5

96

110 5.5

59

90 5.3

59

21 7.3

54

100 3.3

54

108 4.2

Clotting activity

86

90 10.0

84

18 30.4

77

105 10.9

77

98 15.9

I.L. HemosIL
Proclot C

13

94 8.2

13

12 40.7

14

105 9.4

14

92 10.6

Siemens Prot C
Reagent
(coagulometric)

20

86 6.0

20

25 16.2

18

98 5.6

18

85 9.2

Diagnostica Stago
Staclot Protein C

42

92 9.1

42

16 12.7

35

112 10.0

35

109 12.4

Antigen (Enzyme
Immuno Assays)

70

81 9.8

71

20 13.7

67

96 11.9

67

99 9.8

BioMerieux Vidas
Protein C

13

76 8.3

13

21 ND

13

89 5.5

13

96 2.9

Diagnostica Stago
Asserachrom PC

28

82 8.9

28

20 13.5

28

98 11.6

29

100 10.5

Hyphen Biomed
Biophen Protein C
I.L. HemosIL
Protein C
Siemens Berichrom
Protein C
Diagnostica Stago
Stachrom Protein C
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Activity

155

34 12.7

155

26 19.2

148

76 11.2

148

61 19.8

I.L HemosIL ProS

28

37 8.9

28

19 20.2

28

74 8.3

28

62 12.6

Siemens Protein S Ac

40

35 14.8

40

25 13.1

40

68 10.2

40

45 19.4

Diagnostica Stago
Staclot Protein S

80

33 9.9

80

28 10.6

72

80 6.8

72

68 8.3

Free PS antigen
Latex Immuno
Assays

220

37 10.8

220

31 7.2

211

90 6.4

211

80 6.7

Coamatic Free PS/I.L.
Hemosil Free PS

93

35 11.4

93

31 7.8

92

91 6.7

92

81 8.6

Siemens Innovance
Free Prot. S antigen

53

40 5.5

53

30 5.8

47

91 3.7

47

80 4.4

Diagnostica Stago Liatest Free Protein S

71

37 8.3

71

30 7.3

67

87 6.0

67

80 5.7

Enzyme Immuno
Assays

38

38 22.6

38

29 15.7

37

85 12.1

36

78 9.6

Diagnostica Stago
Asserachrom Free PS

24

35 13.1

24

27 9.1

24

83 6.6

23

76 6.7

The table summarizes the most frequently used (n>10 laboratories provided results) commercially available assays
for PC/PS according to the data provided in ECAT survey 2015-3 and 2014-4. Since CV was not calculated if less than
10 laboratories sent results obtained by a certain method, these methods are not described here. Total PS antigen is
measured by the minority of the laboratories therefore no data is shown here. ND: not determined

for diagnosis of PC and PS deficiencies. Most of
the guidelines recommend the use of chromogenic PC assays because these assays are less
subjected to interference and more specific
than clotting based assays (8, 58). Furthermore,
chromogenic assays seemed to be cost-effective
(64). In the contrary, clotting based assays are
preferred by others since they ensure the diagnosis even in type IIb PC deficiency (65). Since
the prevalence of IIb PC deficiency is not known
and may show differences in different populations the ratio of undiagnosed cases remains
uncertain by using chromogenic assay alone.
For example, the p.Asn44Ile (c.131 C>T) causative mutation in the Gla-domain of PC was detected only by clotting assays, moreover there

was a great discrepancy among the PC activity
values of the different clotting assays (66, 67).
Recommendations concerning PS deficiency
are also heterogeneous, free PS antigen is considered as superior over clotting functional
assay, however, type II PS deficiency is misdiagnosed by the exclusive usage of it. The
Plasma Coagulation Inhibitor Subcommittee
of the International Society of Thrombosis and
Hemostasis (ISTH) is now working on exploring
the background of the discrepancies in PS activity results obtained by the different reagents.
Until the development of a reliable PS functional assay that is free from FVL (and other) interferences the PS activity assay alone is definitely
not suitable for the laboratory diagnosis of PS
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deficiency and the investigation of free PS antigen and sometimes, molecular genetic tests are
also suggested.
A Japanese study group developed a novel assay system for precise simultaneous determination of total PS activity and total PS antigen
level, allowing PS specific activity (ratio of total
PS activity to total PS antigen level) to be calculated (68). In this assay, first PS in the patient’s
plasma and C4bBP are dissociated by high dilution and adding liposome A that has high affinity to PS. PS is then activated by APC in the
presence of PL and calcium and human FVa as
substrate is added. The degradation of FVa is
followed by a chromogenic reaction in which
bovine FXa, prothrombin and S-2238, the chromogenic substrate of thrombin is added in the
presence of PL and the change in absorbance
is detected at 405 nm. To measure total PS antigen levels, first purified C4bBP is mixed with
free PS in plasma and the concentration of total
PS is then measured using a latex agglutination
method. This assay showed good performance
in detecting type II PS deficiency caused by PS
Tokushima, p.Lys155Glu, a frequent mutation
in the Japanese population. Interference of
factors that make the results of commercial PS
clotting assays difficult to interpret, especially
FVL, however has not been evaluated with this
reagent, yet.
MOLECULAR GENETIC DIAGNOSIS
IN PC AND PS DEFICIENCY
Molecular genetic analysis of PC and PS deficiencies is also seemed to be useful like in the case
of AT deficiency, but testing of patients with PC
levels above 70% and with PS levels above 55%
may not be indicated (31). The mutation detection rate by Sanger sequencing in the cases of
PROC (69%) and PROS1 (43%) is rather low. It is
important to mention, that in the case of PS deficiency the presence of PROS2 requires careful

primer design to avoid amplification of pseudogene fragments. As second line test multiplex
ligation-dependent probe amplification (MLPA)
is suggested to detect large rearrangements
and increase the mutation detection rate.
In PROC and PROS1 299 and 147 causative mutations were found before 2010; since then 11
mutations within PROC and 24 mutations within
PROS1 were reported in HGMD database (Table
2). It should be mentioned that several novel
variants have not been reported in the HGMD,
yet (e.g. ref. 69-72).
CONCLUSIONS
The majority of recommendations concerning
AT/PC/PS deficiencies are based on low-quality
evidence or on experts’ opinions because they
belong to the group of rare diseases (17) and it
is impossible to conduct large clinical trials to
explore the impact of diagnosis and treatment
(prevention) in VTE patients, in asymptomatic
affected individuals and in patients with arterial
thrombosis. As in all rare diseases the impact
of well-documented case reports and high quality research on genotype-phenotype associations and structural-functional studies is highly
important in these diseases. More research is
warranted in method development concerning well-established risk factors, like AT, PC
and PS deficiencies and in clarifying so far unknown functional aspects of them. Due to the
heterogeneous background of thrombosis and
the different gene-gene, gene-environment interactions, population-based guidelines maybe
helpful for thrombophilia testing regarding the
patients’ selection, the parameters to be tested
and the correct methodology.
REFERENCES
1. ISTH Steering Committee for World Thrombosis day.
Thrombosis: a major contributor to the global disease
burden. J Thromb Haemost. 2014;12 (10):1580-90.

Page 143

eJIFCC2016Vol27No2pp130-146

Zsuzsanna Bereczky, Réka Gindele, Marianna Speker, Judit Kállai
Deficiencies of the natural anticoagulants – novel clinical laboratory aspects of thrombophilia testing

2. Reitsma PH, Rosendaal FR. Past and future of genetic
research in thrombosis. J Thromb Haemost. 2007;5(Suppl
1):264-9.
3. Miyakis S, Lockshin MD, Atsumi T, Branch DW, Brey RL,
Cervera R, et al. International consensus statement on an
update of the classification criteria for definite antiphospholipid syndrome (APS). J Thromb Haemost. 2006; 4 (2):
295–306.
4. Dahlback B. Advances in understanding pathogenic
mechanisms of thrombophilic disorders. Blood. 2008;
112 (1):19-27.
5. Trégouët DA, Heath S, Saut N, Biron-Andreani C, Schved
JF, Pernod G, et al. Common susceptibility alleles are unlikely to contribute as strongly as the FV and ABO loci to
VTE risk: results from a GWAS approach. Blood. 2009; 113
(21):5298-303.
6. Favaloro EJ, McDonald D, Lippi G. Laboratory investigation of thrombophilia: the good, the bad, and the ugly.
Semin Thromb Hemost. 2009;35 (7):695-710.
7. Pernod G, Biron-Andreani C, Morange PE, Boehlen F,
Constans J, Couturaud F, et al. French Group on hemostasis, thrombosis, French Society of Vascular Medicine.
Recommendations on testing for thrombophilia in venous
thromboembolic disease: a French consensus guideline. J
Mal Vasc. 2009;34 (3):156-203.
8. Baglin T, Gray E, Greaves M, Hunt BJ, Keeling D, Machin
S, et al. Clinical guidelines for testing for heritable thrombophilia. Br J Haematol. 2010;149 (2):209-220.
9. Nicolaides A, Hull RD, Fareed J. Thrombophilia. Clin Apl
Thromb Hemost. 2013;19 (2):177-87.
10. De Stefano V, Rossi E. Testing for inherited thrombophilia and consequences 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
(4):697-705.
11. Kearon C, Akl EA, Comerota AJ, Prandoni P, Bounameaux H, Goldhaber SZ, et al. Antithrombotic therapy for
VTE disease: Antithrombotic Therapy and Prevention of
Thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines. Chest.
2012;141 (suppl 2):e419S-e494S.
12. National Institute for Health and Clinical Excellence:
Guidance. In: Venous thromboembolic diseases: the
management of venous thromboembolic diseases and
the role of thrombophilia testing. London, National Institute for Health and Clinical Excellence: Guidance. 2012.
13. Hicks LK, Bering H, Carson KR et al. The ASH Choosing
Wisely® campaign: five hematologic tests and treatments
to question. Blood. 2013;122 (24):3879-83.

14. Favaloro EJ. The futility of thrombophilia testing. Clin
Chem Lab Med. 2014;52 (4):499-503.
15. Franchini M. The utility of thrombophilia Testing. Clin
Chem Lab Med. 2014;52 (4):495-7.
16. Stevens SM. Role of thrombophilia testing: con. J
Thromb Thrombolysis. 2015; 39 (3):379-91.
17. Moll S. Thrombophilia: clinical-practical aspects. J
Thromb Thrombolyis. 2015;39 (3):367-78.
18. Walker ID, Jennings I. Quality issues in heritable
thrombophilia testing. In: Kitchen S, Olson JD, Preston FE.
(eds.). Quality in Laboratory Hemostasis and Thrombosis
2nd ed. Wiley-Blackwell; 2013.pp.219-232.
19. Mannucci PM, Franchini M. Classic thrombophilic
gene variants. Thromb Haemost. 2015;114 (5):885-9.
20. Muszbek L, Bereczky Z, Kovács B, Komáromi I. Antithrombin deficiency and its laboratory diagnosis. Clin
Chem Lab Med. 2010;48(suppl 1): S67-78.
21. Bereczky Z, Kovács KB, Muszbek L. Protein C and Protein S deficiencies: similarities and differences between
two brothers playing in the same game. Clin Chem Lab
Med. 2010; 48 (suppl 1): S53-66.
22. Rao LV, Rapaport SI, Hoang AD. Binding of factor VIIa
to tissue factor permits rapid antithrombin III/heparin inhibition of factor VIIa. Blood. 1993;81(10):2600–7.
23. Egeberg O. Inherited antithrombin deficiency causing
thrombophilia. Thromb Diath Haemorrh. 1965;13:516–30.
24. Sas G, Blasko G, Banhegyi D, Jako J, Palos LA. Abnormal antithrombin III (antithrombin III ‘‘Budapest’’) as a
cause of a familial thrombophilia. Thromb Diath Haemorrh. 1974; 32 (1): 105–15.
25. Lane DA, Bayston T, Olds RJ, Fitches AC, Cooper DN,
Millar DS, et al. Antithrombin mutation database: 2nd
(1997) update. For the Plasma Coagulation Inhibitors
Subcommittee of the Scientific and Standardization Committee of the International Society on Thrombosis and
Haemostasis. Thromb Haemost. 1997; 77 (1):197–211.
26. Bock SC. Antithrombin and the Serpin Family. In:
Marder VJ, Aird WC, Bennett JS, Schulman S, White GC
II.,editors. Hemostasis and Thrombosis, basic principles
and clinical practice. Philadelphia: Lippincott and Williams and Wilkin; 2013. p. 286–96.
27. Luxembourg B, Pavlova A, Geisen C, Spannagl M, Bergmann F, Krause M, et al. Impact of the type of SERPINC1
mutation and subtype of antithrombin deficiency on the
thrombotic phenotype in hereditary antithrombin deficiency. Thromb Haemost. 2014; 111 (2):249–57.
28. Perry DJ, Daly ME, Tait RC, Walker ID, Brown K, Beauchamp NJ, et al. Antithrombin cambridge II (Ala384Ser):
clinical, functional and haplotype analysis of 18 families.
Thromb Haemost. 1998;79 (2):249–53.

Page 144

eJIFCC2016Vol27No2pp130-146

Zsuzsanna Bereczky, Réka Gindele, Marianna Speker, Judit Kállai
Deficiencies of the natural anticoagulants – novel clinical laboratory aspects of thrombophilia testing

29. Corral J, Hernandez-Espinosa D, Soria JM, GonzalezConejero R, Ordonez A, Gonzalez-Porras JR, et al. Antithrombin Cambridge II (A384S): an underestimated genetic risk factor for venous thrombosis. Blood. 2007;109
(10):4258–63.
30. Sanchez C, Alessi MC, Saut N, Aillaud MF, Morange PE.
Relation between the antithrombin Cambridge II mutation, the risk of venous thrombosis, and the endogenous
thrombin generation. J Thromb Haemost. 2008; 6 (11):
1975-7.
31. Caspers M, Pavlova A, Driesen J, Harbrecht U, Klamroth R, Kadar J, et al. Deficiencies of antithrombin, protein
C and protein S - practical experience in genetic analysis
of a large patient cohort. Thromb Haemost. 2012; 108
(2):247-57.
32. Gindele R, Oláh Z, Ilonczai P, Speker M, Udvari Á,
Selmeczi A, et al. Founder effect is responsible for the
p.Leu131Phe heparin-binding-site antithrombin mutation common in Hungary; phenotype analysis in a large
cohort. J Thromb Haemost. 2016; doi: 10.1111/jth.13252.

measured using five commercially available functional
assays. Thromb Res. 2013;132 (1):132–7.
41. Kovács B, Bereczky Z, Selmeczi A, Gindele R, Oláh Z,
Kerényi A, et al. Progressive chromogenic anti-factor Xa
assay and its use in the classification of antithrombin deficiencies. Clin Chem Lab Med. 2014; 52 (12): 1797-806.
42. Zeng W, Tang L, Jian XR, et al. Genetic analysis should
be included in clinical practice when screening for antithrombin deficiency. Thromb Haemost. 2015; 113
(2):262-271.
43. Corral J, Vicente V. Puzzling questions on antithrombin: Diagnostic limitations and real incidence in venous
and arterial thrombosis. Thromb Res. 2015; 135 (6):
1047-8.
44. Deng H, Chen J, Xie H, Gu Y, Yuan K, Wang P, et al.
Rare double heterozygous mutations in antithrombin
underlie hereditary thrombophilia in a Chinese family. J
Thromb Thrombolysis. 2013;36 (3):300-6.

33. Olds RJ, Lane DA, Chowdhury V, Sas G, Pabinger I,
Auberger K, et al. (ATT) Trinucleotide repeats in the antithrombin gene and their use in determining the origin
of repeated mutations. Hum Mutat. 1994; 4 (1): 31–41.

45. Maruyama K, Morishita E, Karato M, Kadono T, Sekiya
A, Goto Y, et al. Antithrombin deficiency in three Japanese families: one novel and two reported point mutations in the antithrombin gene. Thromb Res. 2013;132
(2): e118-23

34. Puurunen M, Salo P, Engelbarth S, Javela K, PerolaM.
Type II Antithrombin deficiency caused by a founder mutation Pro73Leu in the Finnish population - clinical picture. J Thromb Haemost. 2013;11(10):1844–9.

46. Ding Q, Wang M, Xu G, Ye X, Xi X, Yu T, et al. Molecular
basis and thrombotic manifestations of antithrombin deficiency in 15 unrelated Chinese patients. Thromb Res.
2013; 132 (3): 367-73.

35. Zhang GS, Tang YM, Tang MQ, Qing ZJ, Shu C, Tang
XQ, et al. Antithrombin Cambridge II (A384S) mutation
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(6):588-91.

47. Bhakuni T, Sharma A, Rashid Q, Kapil C, Saxena R, Mahapatra M, et al. Antithrombin III deficiency in Indian patients with deep vein thrombosis: identification of first
India based AT variants including a novel point mutation (T280A) that leads to aggregation. PLoS One. 2015;
10 (3): e0121889.

36. Tran Tri H, Duckert F. Influence of heparin cofactor
II (HCII) on the determination of antithrombin III (AT).
Thromb Res. 1985;40 (4):571–6.

48. Castaldo G, Cerbone AM, Guida A, Tandurella I, Ingino R, Tufano A, et al. Molecular analysis and genotypephenotype correlation in patients with antithrombin deficiency from Southern Italy. Thromb Haemost. 2012; 107
(4): 673-80.

37. Orlando C, Heylen O, Lissens W, Jochmans K. Antithrombin heparin binding site deficiency: A challenging
diagnosis of a not so benign thrombophilia. Thromb Res.
2015;135 (6):1179-85.
38. Merz M, Bohm-Weigert M, Braun S, Cooper PC, Fischer R, Hickey K, et al. Clinical multicenter evaluation of a
new FXa-based Antithrombin assay. Int J Lab Hematol.
2011;33 (5):498–506.
39. Kovács B, Bereczky Z, Oláh Z, Gindele R, Kerényi A, Selmeczi A, et al. The superiority of anti-FXa assay over antiFIIa assay in detecting heparin-binding site antithrombin
deficiency. Am J Clin Pathol. 2013; 140 (5): 675-9.
40. Javela K, Engelbarth S, Hiltunen L, Mustonen P, Puurunen M. Great discrepancy in antithrombin activity

49. Nadir Y, Hoffman R, Corral J, Barak Y, Hasin T, KerenPolitansky A, et al. A novel mutation of antithrombin
deficiency in six family siblings and the clinical combat.
Thromb Haemost. 2015; 114 (4): 859-61.
50. Martínez-Martínez I, Johnson DJ, Yamasaki M, Navarro-Fernández J, Ordóñez A, Vicente V, et al. Type II antithrombin deficiency caused by a large in-frame insertion: structural, functional and pathological relevance. J
Thromb Haemost. 2012; 10 (9): 1859-66.
51. Plutzky J, Hoskins JA, Long GL, Crabtree GR. Evolution
and organization of the human protein C gene. Proc Natl
Acad Sci USA. 1986; 83 (3): 546-50.

Page 145

eJIFCC2016Vol27No2pp130-146

Zsuzsanna Bereczky, Réka Gindele, Marianna Speker, Judit Kállai
Deficiencies of the natural anticoagulants – novel clinical laboratory aspects of thrombophilia testing

52. Heeb MJ, Mesters RM, Tans G, Rosing J, Griffin JH.
Binding of protein S to factor Va associated with inhibition of prothrombinase that is independent of activated
protein C. J Biol Chem. 1993; 268 (4): 2872–7.

62. Deitcher SR, Kottke-Marchant K. Pseudo-protein S
deficiency due to activated protein C resistance. Thromb
Res. 2003; 112 (5-6): 349–53.

53. 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 USA.
2006; 103 (9): 3106–11.

63. Baron JM, Johnson SM, Ledford-Kraemer MR, Hayward CP, Meijer P, Van Cott EM. Protein C assay performance: an analysis of North American specialized coagulation laboratory association proficiency testing results.
Am J Clin Pathol. 2012; 137 (6): 909-15.

54. Wildhagen KC, Lutgens E, Loubele ST, ten Cate H,
Nicolaes GA. The structure-function relationship of activated protein C. Lessons from natural and engineered
mutations. Thromb Haemost. 2011; 106 (6): 1034-45.

64. Marlar RA, Gausman JN. Laboratory testing issues for
protein C, protein S, and antithrombin. Int J Lab Hematol.
2014; 36(3):289-95.

55. Suleiman L, Négrier C, Boukerche H. Protein S: A multifunctional anticoagulant vitamin K-dependent protein
at the crossroads of coagulation, inflammation, angiogenesis, and cancer. Crit Rev Oncol Hematol. 2013; 88 (3):
637-54.
56. Johnson NV, Khor B, Van Cott EM. Advances in laboratory testing for thrombophilia. Am J Hematol. 2012; 87
(suppl. 1): S108-12.
57. Castoldi E, Maurissen LF, Tormene D, Spiezia L, Gavasso S, Radu C, 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 (9):1563-71.
58. Mackie I, Cooper P, Lawrie A, Kitchen S, Gray E, Laffan M. British Committee for Standards in Hematology.
Guidelines on the laboratory aspects of assays used in
haemostasis and thrombosis. Int J Lab Hematol. 2013; 35
(1): 1-13.
59. Marlar RA, Adcock DM, Madden RM. Hereditary dysfunctional protein C molecules (Type II): assay characterization and proposed classification. Thromb Haemost.
1990; 63 (3): 375-9.
60. Ireland H, Bayston T, Thompson E, Adami A, Goncalves C, Lane DA, et al. Apparent heterozygous type II
protein C deficiency caused by the factor V 506 Arg to Gln
mutation. Thromb Haemost. 1995; 73(4):731–2.
61. Jennings I, Kitchen S, Cooper PC, Rimmer JE, Woods
TA, Preston FE. Further evidence that activated protein
C resistance affects protein C coagulant activity assays.
Thromb Haemost. 2000; 83 (1):171–2.

65. Khor B, Van Cott EM. Laboratory tests for protein C
deficiency. Am J Hematol. 2010; 85 (6): 440-2.
66. Preston RJ, Morse C, Murden SL, Brady SK, O’Donnell
JS, Mumford AD. The protein C omega-loop substitution
Asn2Ile is associated with reduced protein C anticoagulant activity. Br J Haematol. 2009; 144 (6): 946-53.
67. Cooper PC, Siddiq S, Morse C, Nightingale J, Mumford
AD. Marked discrepancy between coagulometric protein
C activity assays with the pro-thrombotic protein C Asn2Ile substitution. Int J Lab Hematol. 2011; 33 (5): 451-6.
68. Tsuda T, Jin X, Tsuda H, Ieko M, Morishita E, Adachi
T, et al. New quantitative total protein S-assay system for
diagnosing protein S type II deficiency: clinical application
of the screening system for protein S type II deficiency.
Blood Coagul Fibrinolysis. 2012; 23 (1): 56-63.
69. Yamanouchi J, Hato T, Niiya T, Hayashi T, Yasukawa M.
Novel causative and neutral mutations in a patient with
protein C deficiency. Thromb Res. 2013;131(5):466-8.
70. Tang L, Jian XR, Hamasaki N, Guo T, Wang HF, Lu X, et
al. Molecular basis of protein S deficiency in China. Am J
Hematol. 2013; 88 (10): 899-905.
71. Kovács KB, Pataki I, Bárdos H, Fekete A, Pfliegler G, Haramura G, et al. Molecular characterization of p.Asp77Gly
and the novel p.Ala163Val and p.Ala163Glu mutations
causing protein C deficiency. Thromb Res. 2015; 135 (4):
718-26.
72. Jang MA, Kim SH, Kim DK, Kim HJ. A novel nonsense
mutation Tyr301* of PROS1 causing protein S deficiency.
Blood Coagul Fibrinolysis. 2015; 26 (2): 223-4.

Page 146

eJIFCC2016Vol27No2pp130-146

