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Congenital fibrinogen disorders (CFDs) encompass a heterogeneous group of fibrino-
gen defects with a wide spectrum of biological and clinical features. An accurate
diagnosis is thus essential to assure the optimal management for the patient. Diagnosis
involves a multistep approach starting with routine coagulation assays and assessment
of functional and antigenic fibrinogen followed by identification of the molecular
anomaly. However, the diagnosis of CFD can be challenging as the sensitivity and
specificity of coagulation assays depend on the fibrinogen level as well as on the
fibrinogen variant. In addition, patients suffering from CFD have a heterogeneous
clinical course which is often unpredictable by routine coagulation assays. To better
determine the patient’s clinical phenotype, global hemostasis assays and an assess-
ment of the fibrin clot properties are performed in research laboratories. In this review,
we summarize the fibrinogen work-up highlighting some common pitfalls and provide

Y

diagnosis

Introduction

Fibrinogen is a complex protein with multiple physiologic
roles.! Each fibrinogen molecule consists of two identical
subunits, formed by three chains termed Aa, Bj, and Y.Z The
fibrinogen structure comprises two terminal D regions both
with seven structural domains and one central E region with
four structural domains.? The complexity of fibrinogen mol-
ecule is reflected by the wide biological and clinical spectrum
of congenital fibrinogen disorders (CFDs).

CFDs are characterized by deficiency and/or dysfunctional
fibrinogen resulting from monoallelic or biallelic mutations in
FGA, FGB, and FGG genes on chromosome 4.* Classically, CFDs
have been classified into quantitative fibrinogen disorders
(afibrinogenemia and hypofibrinogenemia) or qualitative
fibrinogen disorders (dysfibrinogenemia and hypodysfibrino-
genemia).” Prevalence of afibrinogenemia is estimated to be
around 1:1,000,000 of persons but is more common in countries
where consanguineous marriages are common. A systematic
analysis of exome/genome data from approximately 140,000
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an update of the research on CFD.

individuals belonging to the genome Aggregation Database
estimated that hypofibrinogenemia or dysfibrinogenemia rep-
resents a far more frequent condition in the population than
initially thought.® Recently, the Factor XIII and Fibrinogen SSC
Subcommittee of the International Society of Thrombosis and
Haemostasis (ISTH) has updated the classification of CFD taking
into account the fibrinogen levels, the genotype, and the clinical
phenotype of the patients. Several types and subtypes of
fibrinogen disorders have been identified, each with specific
biological and clinical features’ (= Table 1). The main symptom
of patients with quantitative CFD is bleeding, which is strongly
dependent on the fibrinogen level. Indeed, fibrinogen levels
>0.7 g/Lseems to protect from spontaneous bleeding.® Bleeding
is the principal symptom of afibrinogenemia, but the severity is
broad ranging from recurrent life-threatening cerebral bleeding
to minor occasional bleeding.’ Furthermore, patients with
afibrinogenemia are paradoxically at increased risk of arterial
and venous thromboses.'? Patients with dysfibrinogenemia are
often diagnosed after an incidental finding, for instance in
routine hemostasis work-up before surgery.'" If the majority
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Table 1 Classification of congenital fibrinogen disorders, adapted from Casini et al’

Type and subtypes

1. Afibrinogenemia

1A. Patients with a bleeding phenotype or asymptomatic

1B. Patients with a thrombotic phenotype

2. Hypofibrinogenemia

2A. Severe: functional fibrinogen level <0.5 g/L

2B. Moderate: functional fibrinogen level between 0.5 and 0.9 g/L

2C. Mild: functional fibrinogen level between 1 g/L and lower limit of normal value

2D. Fibrinogen storage disease: familial hypofibrinogenemia with histologically proven accumulation of fibrin in hepatocytes

3. Dysfibrinogenemia

3A. Patients with bleeding or with thrombotic phenotype not fulfilling criteria for 3B

3B. Thromboticrelated dysfibrinogenemia: carriers of a thrombotic fibrinogen mutation® or suffering from thrombotic events
with a first-degree familial thrombotic history (relatives with the same genotype) without any other thrombophilia

4. Hypodysfibrinogenemia

4A. Severe: antigenic fibrinogen level <0.5 g/L

4B. Moderate: antigenic fibrinogen level between 0.5 and 0.9 g/L

4C. Mild: antigenic fibrinogen level between 1 g/L and lower limit of normal value

Fibrinogen Dusart, Fibrinogen Caracas V, Fibrinogen Ijmuiden, Fibrinogen New York 1, Fibrinogen Nijmegen, Fibrinogen Naples at homozygous

state, Fibrinogen Melun.

of patients are asymptomatic or suffer from mild bleeding at
diagnosis, the clinical course can sometimes be complicated by
major bleeding (cumulative incidence estimated to 2.5 per 1,000
patient-years) and/or thromboses (cumulative estimated to
18.7 per 1,000 patient—years).12

In view of the heterogeneity of CFD, management of
patients is challenging and an accurate diagnosis is manda-
tory.'® However, the segregation of the clinical phenotype is
poor even in relatives with the same mutation. A more
sophisticated approach is often needed to explain the rela-
tionship between fibrinogen genotype and phenotype.'* In

Table 2 Laboratory diagnosis of congenital fibrinogen disorders®

this review, we summarize the fibrinogen work-up highlight-
ing some common pitfalls and provide an update of the
research on CFD.

Laboratory Diagnosis of Congenital
Fibrinogen Disorders

As indicated in ~Table 2, the initial fibrinogen work-up
should include the measurement of the activated partial
thromboplastin time (aPTT) and prothrombin time (PT).'> In
afibrinogenemia, aPTT and PT are indefinitely prolonged

Type aPTT PT

Functional fibrinogen Antigen

fibrinogen

Clauss PT-derived

Undetectable | Undetectable Undetectable

Afibrinogenemia

Indefinitely prolonged

Indefinitely prolonged

according to the
fibrinogen level, the
method, and the
fibrinogen variant

according to the
fibrinogen level, the
method, and the
fibrinogen variant

Hypofibrinogenemia Normal or prolonged Normal or prolonged Decreased Usually decreased Decreased
according to the according to the depending on the PT
fibrinogen level fibrinogen level

Dysfibrinogenemia Normal or prolonged Normal or prolonged Usually Usually normal® Normal
according to the according to the decreased
fibrinogen level, the fibrinogen level, the
method, and the method, and the
fibrinogen variant fibrinogen variant

Hypodysfibrinogenemia | Normal or prolonged Normal or prolonged Decreased Usually decreased Decreased

depending on the PT

Abbreviations: aPTT, activated partial thromboplastin time; PT, prothrombin time.

“In addition to the proposed procedure, thrombin time can be performed as initial work of congenital fibrinogen disorder.
®The PT-derived assay can be used as an alternative if immunoassays for fibrinogen antigen are unavailable.
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while in hypofibrinogenemia they are prolonged according
to the fibrinogen level.'? In qualitative fibrinogen disorders
they are variably prolonged. Shapiro et al showed in a study
on 35 dysfibrinogenemic patients that the PT and aPTT are
inconsistently normal or reduced, and dependent on the
coagulometer and the activator chosen (further detailed
below).'® Similar results have been reported in a recent
exercise across 86 laboratories participating in the United
Kingdom National External Quality Assessment Scheme for
Blood Coagulation and the Prospective Rare Bleeding Dis-
orders Database. According to the fibrinogen variant, the
coefficients of variation of PT and aPTT were 71.8% and 40.8%,
respectively.'”

As a second step, both activity and antigen of fibrinogen
should be assessed. Fibrinogen activity is measured by the
Clauss method or from the PT (i.e., PT-derived fibrinogen).
Gravimetric assays such as clottable assays have long been
considered as the gold standard to assess the fibrinogen
concentration. However, they are time consuming and require
acertain degree of expertise. A variety of immunological assays
are available to assess the fibrinogen antigen.'® In afibrinoge-
nemia fibrinogen levels will be undetectable while in hypofi-
brinogenemia a proportional decrease of both activity and
antigen fibrinogen is observed.'? Dysfibrinogenemia s defined
by the discrepancy between a normal antigen fibrinogen level
and a decreased activity.'® The cut-off of 0.7 for the ratio
Clauss/antigen is generally used for the screening of dysfibri-
nogenemia,?? even though it has never been properly validat-
ed?! Hypodysfibrinogenemia is characterized by the
discrepancy between decreased antigen and functional
fibrinogen.?

Thrombin and batroxobin clotting time (reptilase time)
are variably prolonged and provide additional information
on the polymerization defects.”> In large series of dysfibri-
nogenemia (n=101), 13.4 and 11.3% had normal thrombin
and reptilase time, respectively.'> When available, thrombin
and reptilase time can complete the initial fibrinogen work-
up even though they are not mandatory for the diagnosis.

Pitfalls in Diagnosis of Congenital
Fibrinogen Disorders

Diagnosis of afibrinogenemia is relatively easy by combining
the clinical history (typically bleeding diathesis in childhood)
with the characteristic infinitely prolonged coagulation assay.
Nevertheless, distinguishing between afibrinogenemia and
severe hypofibrinogenemia can be difficult due to the limited
sensitivity of assays in case of fibrinogen levels <0.5 g/L.2* This
distinction is clinically relevant as patients with severe hypo-
fibrinogenemia are still able to secrete a small amount of
fibrinogen in specific clinical settings such as pregnancy or
trauma, compared with patients with afibrinogenemia. Sim-
ilarly, based on coagulation assays it can be difficult to differ-
entiate hypofibrinogenemia from hypodysfibrinogenemia. The
ratio activity/antigen fibrinogen <0.7 has a sensitivity of
approximately 85% to diagnosis of hypodysfibrinogenemia
from hypofibrinogenemia.’? The difference between hypofi-
brinogenemia and hypodysfibrinogenemia is critical, since in
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the latter the fibrinogen variant is incorporated into the fibrin
clot leading to an increased risk of bleeding and/or thrombo-
sis.2% In such cases, mass spectrometry is useful to detect very
small amount of fibrinogen and to determine whether the
fibrinogen variant is secreted into the circulation.?”

Diagnosis of dysfibrinogenemia is also complex. The
fibrinogen activity can be either measured by the Clauss
assay or derived from the change in light scatter or trans-
mission during measurement of the PT time (I’T—derived).18
The Clauss method gives markedly different results when
various reagents are used.’® The wide variability of Clauss
depends on the method of detection of fibrin clot formation
(using optical or mechanical end-point detection systems).!”
For some rare fibrinogen variants (e.g., Fibrinogen Longmont,
Fibrinogen Bordeaux), fibrin polymerization is affected
enough to modify the light scatter interpretation, while there
is enough polymerization to increase plasma viscosity
detected by an electromechanical analyzer.>® Several meth-
ods have been established for the assessment of the quantity
of fibrinogen. If the heat precipitation method is considered
the “gold standard,” it is no more widely used due to
technical difficulties. A variety of immunological assays
provide an accurate estimation of the fibrinogen level.'®

The PT-derived is not suitable for evaluation of the dysfi-
brinogenemia since it overestimates fibrinogen activity by a
factor of 5 or 6.3° On the contrary, the PT-derived method has a
good correlation with the fibrinogen antigen (r=0.923) and
could be used as an alternative if immunoassays for fibrinogen
antigen are not available’ Discrepancy between PT-derived
and Clauss suggests a dysﬁbrinogenemia.31 Recently, it has
been reported that the clot wave form analysis could also be a
good surrogate for the fibrinogen antigen.>? However, this
innovative method needs to be validated in large cohorts
before to be considered as a novel screening test.

Genotype

The genotype is mandatory to confirm the diagnosis and to
identify types and subtypes of CFD.” Studies aiming to identify
causative mutations have relied on polymerized chain reaction
amplification of coding regions and intron-exon junctions of
the fibrinogen genes FGA, FGB, and FGG followed by Sanger
sequencing.>? This approach is still valid, especially in the case
of familial screening or in countries with limited resource, but
Next Generation Sequencing technologies, in particular Whole
Exome Sequencing, are becoming more readily accessible. It is
anticipated that they will very soon become the method of
choice.3* To date, more than 250 causative mutations have
been recorded in open-access databases.>> All afibrinogene-
mia mutations are null mutations, including two recurrent
mutations (11 kb deletion of FGA and the splice site mutation
¢.510 + 1G > T of FGA).3® Most of hypofibrinogenemia muta-
tions are heterozygous and distributed across the three fibrin-
ogen genes’ Four hotspot mutations are prevalent in
dysfibrinogenemia (¢.103C>T and c.104G > A in FGA and
€.901C > T and ¢.902G > A in FGG).3® Hypodysfibrinogenemia
is often composite heterozygous with most of mutations
in FGG.%2

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



CFD Diagnosis: From Routine to Research Laboratory Casini

Some mutations are strongly correlated with clinical
symptoms in hypofibrinogenemia and dysfibrinogenemia.
A few mutations clustered in exon 8 and exon 9 of FGG
cause the hepatic storage disease (CFD subtype 2D accord-
ing to the ISTH classification, = Table 1), characterized by a
variable degree of histologically proven chronic liver
disease and familial hypofibrinogenemia.>® Immunocyto-
chemical analyses are necessary to confirm the diagnosis
by revealing hepatocyte cytoplasmic inclusions immuno-
reactive to antifibrinogen antibodies.*® Several rare
fibrinogen variants (e.g., Fibrinogen Dusart, Fibrinogen
Caracas V or Nijmegen) confer a strong thrombotic
risk (CFD subtype 3B according to the ISTH
classification, =Table 1).41 Different mechanisms, often
overlapping, participate to the increased risk of thrombo-
sis in such dysfibrinogenemia.'® Failure of thrombin bind-
ing to fibrin leads to elevated levels of circulating
thrombin.*> An abnormal structure of the fibrin affects
the properties of the fibrin network.* Impaired binding of
plasminogen and tissue-type plasminogen activator to
fibrin results in decreased fibrinolysis.** It should be noted
that all other fibrinogen variants can also contribute at
different degrees to the overall patient’s thrombotic phe-
notype, especially in the presence of coexisting inherited
or acquired plasma hypercoagulability.*! In the case of
identification of a new causative mutation, a proper
experimental validation is necessary to evaluate the path-
ogenic role.*> The expression of the variant in transiently
or stably transfected cells provides additional information
and confirms, for instance, whether the fibrinogen mutant
is fully assembled or secreted from the cell.®

Research on Congenital Fibrinogen
Disorders

Specialized research laboratories perform additional func-
tional, structural, and molecular investigations (=Table 3).
Besides the scientific interest, these could also potentially
help to predict the clinical course for a given patient.'® One of
the most peculiar characteristics of afibrinogenemia is the
tendency to thrombosis. The underlying pathogenesis of
thrombosis in patients with afibrinogenemia remains to be
elucidated.*’ Thrombin, which is not entrapped by the fibrin
clot,*® is hence available for platelet activation and smooth
muscle cell migration and proliferation, particularly in the
arterial vessel wall.*? Subsampling studies (i.e., measure-
ment of free thrombin in the fluid phase only) have shown an
excess of thrombin in patients with afibrinogenemia,®
which can be normalized with fibrinogen substitution.”’
The determination of a global hemostatic profile by throm-
bin generation assay in patients with afibrinogenemia could
help to identify patients with increased thrombotic risk.>2
Point-of-care viscoelastic tests such as the rotational throm-
boelastometry or the thromboelastography are used as
surrogate endpoints in randomized trials on fibrinogen
concentrates> or to guide the hemostatic management in
high bleeding risk surgeries.>* However, they could have a
limited sensitivity to certain changes in fibrin network
structure and function, reducing their utility to a small
number of patients.”>> Further studies are needed to define
whether these tests could be used to monitor the fibrinogen
replacement® or whether they could be of diagnosis or
prognostic value.>”->8

Table 3 Examples of functional, structural, and molecular investigations performed in research laboratories working on congenital

fibrinogen disorders

Fibrin polymerization and lysis

Turbidimetry

Plotting light absorbance against time during clot formation; ?rovide data on protofibril growth,
lateral fibril aggregation, internal fiber density, and fibrin lysis 0

Thrombodynamics

Automated optical analyzer to continuously track spatial fibrin formation”’

Fibrin network

Scanning electron
microscopy
Confocal microscopy

Accurate visualization of the fibrin network and quantification of fibrin fiber diameter'®

Atomic force microscopy

Fibrin formation at the molecular level under physiological conditions allowing study of early fibrin
oligomer and protofibril formation®’

Permeability
between fibrin fibers'?

Measured by the Darcy constant (Ks), clot permeability gives an indication of the average pore size

Viscoelastic properties

Rheometry

Measurement of clot rigidity and mechanical properties’’

Thromboelastography

Basic information regarding the overall mechanical strength of the blood clot®’

Magnetic tweezers

The fibrin (with embedded paramagnetic bead) is imaged and displacement of the bead due to the
application of pulsating magnetic fields is tracked for the calculation of viscoelastic parameters67

Molecular characterization

Mutant expression

Experimental validation and interpretation of the pathogenic role of genetic variants*®
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To better assess the phenotype of patients with qualitative
fibrinogen disorders, an assessment of the properties of the
fibrin clot can be performed.25 Accumulating evidence sug-
gests that the fibrin clot plays a major role in the occurrence
of thrombotic events and bleeding.”® The structure of the
fibrin is a key determinant of the mechanical properties of
the clot and of the resistance to fibrinolysis by the tissue
plasminogen activator and the plasmin system.®® Among
several research investigations, the polymerization and lysis
assessment by turbidimetry, the measurement of perme-
ability, and the evaluation of the fibrin clot structure by
microscopy are often investigated in CFD.®! The turbidity
curve is measured by plotting light absorbance with a
selected wavelength against time during in vitro fibrin clot
formation and lysis.®> The maximum absorbance directly
relates to the fibrin-fiber cross-sectional area in a purified
system and to the overall clot density in a plasma system.®>
The clot lysis time is defined as the time from the midpoint of
the ascending curve to the midpoint of the descending curve
after the addition of a lytic activator.®* In a functional study
on dysfibrinogenemia, all patients (n =24) showed an ab-
normal fibrin polymerization compared with healthy con-
trols. The clot lysis time was prolonged in patients with a
thrombotic history while an increased permeability was
statistically associated with a bleeding phenotype.®®> The
fibrin clot permeability is a measure of the porosity of the

fibrin network reflecting the pore size between fibrin
fibers.?® More permeable fibrin clots have larger pores and
thicker fibrin fibers, which enhance the interaction between
fibrin and plasmin leading to an increased fibrinolysis.'*
Several imaging techniques are available to assess the fibrin
clot structure, including scanning electron microscopy (SEM)
and laser scanning confocal microscopy (LSCM).%” SEM gives
a precise visualization and quantification of the fibrin-fiber
diameter, even though with potential alteration due to
fixation and drying procedures. LSCM obviates the need to
add fixative chemicals but the fibrin-fiber diameters cannot
reliably be measured.®' Such images can help to describe the
fibrin clot network in patients with qualitative fibrinogen
disorders. As an example, = Fig. 1 (A, B) provides an images of
SEM in a patient with dysfibrinogenemia and a bleeding
phenotype. Compared with the healthy control, the patient
has a looser network composed of thicker fibers with larger
pores. =Fig. 1 (C, D) shows a highly branched, tighter, and
denser fibrin network in a patient carrier of the Fibrinogen
Dusart with a thrombotic phenotype as compared with
normal pool plasma. In the near future, more sophisticated
imaging technologies including the thrombodynamics,®® or
the high-resolution atomic force microscopy, or magnetic
tweezers will enhance the knowledge of the structure-
function relations of fibrinogen variants.®® The evaluation
of interplay between fibrinogen variants, coagulation

Fig. 1 Scanning electron microscopy in healthy control (A) and a patient with dysfibrinogenemia and a bleeding phenotype (B). Laser scanning
confocal microscopy in healthy control (C) and a patient with dysfibrinogenemia and a thrombotic phenotype (D) (personal data).
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factors, blood cells, and endothelium will also provide a
more global assessment of the determinants of the patient’s
clinical phenotype.®°

Conclusion

An accurate diagnosis of CFDs is fundamental to optimize the
patient’s management. Translational research, from the eval-
uation of the molecular anomaly to the functional assess-
ment of the biological phenotype, can eventually lead to a
better estimation of the patient’s hemostatic balance and
finally to an individualized treatment.
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