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Abstract

Rare bleeding disorders (RBDs) include the hereditary deficiency of fibrinogen, factor (F)IL, FV, FV + FVIIL, FVII, FX, FXI or FXIIIL.
RBDs do not confer a protective effect against atheromatous plaque formation, and thus the need for cardiovascular (CV)
surgery in RBD patients is expected to increase with improved healthcare access (diagnosis and management) and longevity
of the population. Clinical data regarding the management of RBDs in this setting are sparse, but the perioperative care
team is obliged to gain a better understanding on available biological and pharmacological hemostatic agents. Perioperative
management of RBDs in CV surgery is further complicated by heparin anticoagulation, haemodilution, and consumption of

procoagulant and anticoagulant proteins associated with cardiopulmonary bypass (CPB). The aims of this review are to
summarize pathophysiology of RBDs and laboratory monitoring pertinent to CV surgery, available factor replacement
agents, and to provide the framework for perioperative coagulation management of RBD patients.
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Major bleeding requiring re-exploration occurs in about 3-14%
patients undergoing various types of cardiovascular (CV) sur-
gery.’ Coexisting bleeding disorders can further complicate
perioperative coagulation management. Multi-disciplinary
approaches and careful surgical planning are thus crucial to
prevent major bleeding, massive transfusion, and associated
complications after CV surgery.* There have been numerous
reports on the perioperative management of haemopbhilia, and
von Willebrand disease (VWD).> The hereditary deficiency of
fibrinogen, factor (F)II, FV, FV+FVIII, FVII, FX, FXI or FXIII is
considered a rare bleeding disorder (RBD) (Table 1).°%
Diagnostic criteria, replacement therapy, and perioperative
management of RBDs are not as standardized as haemophilia
and VWD.”? In recent years, our knowledge base and clinical
management of RBDs have been significantly improved by
early screening,’® and shared medical information among the

RBD networks.® 7 Although RBDs are presumed to reduce the
risk of thrombotic vascular occlusion, coronary atherosclerosis
and plaque rupture seem to develop similarly between haemo-
philia and non-haemophilia subjects.**™* With the increasing
globalization and longevity of the population, the need for CV
surgery in patients with RBDs is expected to increase. CV proce-
dures are often associated with major blood loss and haemodi-
lution with the use of cardiopulmonary bypass (CPB). Multi-
factorial coagulopathy can develop, and thus it is important to
better understand the bleeding risk and replacement strategies
for RBDs in this setting.

The aims of this review are: i) to discuss the pathophysiology
and laboratory monitoring of RBDs, ii) to review the published
RBD cases pertinent to CV surgery, and iii) to summarize cur-
rently available replacement therapies, and perioperative coag-
ulation management strategies.
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lated based on one patient. Abbreviations: GI, gastrointestinal; CNS, central nervous system. Reprinted with a permission from: What are Rare Clotting Factor Deficiencies? 2009, World
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Federation of Hemophilia. http://www1.wfh.org/publications/files/pdf-1337.pdf (accessed August 3, 2017)

Table 1 Bleeding symptoms of rare bleeding disorders. *Treatment effect could not be ruled out; Percenages were calculated on the basis of the numbers of procedures; *Percentage was calcu-

Heave or prolonged menstrual bleeding

Blood in urine

GI bleeding
Bleeding during pregnancy or childbirth*

Major surgery’’
Minor surgery’

Bleeding from mouth/gums
Other

Umbilical cord bleeding

Symptom
Nosebleed
Easy bruising
Joint bleeding
Muscle bleeds
CNS bleeding

General considerations for RBDs

RBDs are generally inherited in an autosomal recessive fashion.
The majority of RBDs is reported as a homozygous or double het-
erozygous mutation with estimated prevalence from 1:500,000 to
1:2 million. This is in contrast to symptomatic autosomal domi-
nant VWD with a prevalence of 1:10,000 to 1:50,000."” FVII and
FXI deficiencies are the most prevalent RBDs (37.5% and 26.5%,
respectively), followed by deficiencies of fibrinogen, FV, and FX (8
to 9%) and FXIII (6%).°

It is common to make an assumption that residual coagulant
factor activity inversely correlates with bleeding risk, but signifi-
cant variability in symptoms exists among different RBDs (Table
2).° 8 It is thus important to assess each patient with a RBD indi-
vidually by comprehensive history taking, physical examina-
tion, and laboratory testing.

Cardiovascular disease and antithrombotic
therapy in RBDs

Ischaemic heart disease (IHD) has been reported as an impor-
tant cause of morbidity and mortality in the ageing haemophilia
population.****

Early stages of atherosclerotic plaque formation may be
delayed by coagulation factor deficiency,'® ' but it generally
does not prevent CV disease. The presence of typical risk fac-
tors, such as hypertension and diabetes, strongly influences the
incidence of CV disease and subsequent mortality."®

Treatment algorithms for IHD in patients with RBDs should
follow evidence-based guidelines for the general population,
and for haemophilia patients.” ' In haemophilia patients
undergoing percutaneous coronary interventions (PCI), a factor
replacement target greater than 80% is used for 48h to reduce
bleeding risks associated with heparin and dual antiplatelet
therapy.”” Use of bare metal stents is preferred over drug-
eluting stents for a shorter duration of dual antiplatelet therapy
in high bleeding risk patients.” However, drug-eluting stents
with enhanced endothelialisation are currently in development,
and may prove to be safe in RBD patients with IHD.?*

Maintenance of trough factor activity greater than 30% for
the duration of dual antiplatelet therapy, and 5-10% thereafter
are recommended for haemophilia patients.” *° ?* Target factor
activity in RBD should be individualized per case basis because
significant variability in severity and symptoms exists among
different RBDs (Tables 1 and 2).

Laboratory testing for RBDs

Standard diagnostic tests

Prothrombin time (PT) and activated partial thromboplastin
time (aPTT) are the most common screening tests for RBDs
(Table 2). PT and aPTT are also the basis of 1-stage clotting
assays to quantify residual factor activity (PT-based for FII, FV,
FVII, FX, and aPTT-based for FVIII, FIX, FXI).”> The results of 1-
stage clotting assay is expressed as clotting activity (e.g. FVIL:C)
in %, or international units per dL (IU/dL). Plasma mixing test is
useful when acquired factor inhibitors or non-specific antibod-
ies (lupus anticoagulant) are suspected. In the case of an iso-
lated factor deficiency, 1:1 mixing of the patient’s and normal
plasma corrects PT or aPTT, and non-correction calls for further
testing for factor inhibitors or lupus anticoagulant.”*
Chromogenic and fluorogenic assays are also available for some
factors (e.g. FII, FVIII).>® The distinction of quantitative (type I) us
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Table 2 Haematological abnormalities and coagulant activities associated with bleeding for haemophilia and RBDs. RBD: rare bleeding dis-
order; «<»: no change; |: elevated; |: decreased; U.D., undetectable level. *FI: fibrinogen deficiency includes afibrinogenemia, hypofibrinoge-
nemia and dysfibrinogenemia; PT/aPTT may be normal in hypo- or dysfibrinogenemia. "Trough levels recommended to maintain
asymptomatic state’

Factor deficiency

Test FVIII FI* FII FV FV/VIII FVII FX FXI FXIII
PT i Tore T T T T T i i
aPTT T Tor« « T T - T T PN
TT - Tore - — — — — — —
Fibrinogen — lor— — — — - - - .
Bleeding symptom Coagulant factor activity in % (FI in g/L) associated with symptom

mild" >5 >1 >10 >10 >40 >20 >40 20-65 >30

Moderate 1-5 0.1-1 <10 <10 2040 10-20 1040 15-20 <30

Severe <1 Uu.D. Uu.D. U.D. <20 <10 <10 Uu.D. U.D.

qualitative (type II) deficiency is important for some RBDs (e.g.
dysfibrinogenemia), and enzyme-linked immunosorbent assay
(ELISA) is utilized to quantify antigen concentrations.

The Clauss fibrinogen assay is most commonly used to eval-
uate fibrinogen (FI) deficiency.?® Functional FXIII activity can be
assessed by chromogenic or fluorogenic assay, whereas clot sol-
ubility assay is poorly standardized and is only sensitive to
severe FXIII deficiency.” */

The above tests are central to the diagnosis and treatment of
haemorrhage associated with RBDs. However, they are not well
suited for rapid decision making (<15-20 min) required for peri-
operative replacement therapy. Further, high-dose heparin
(>2 U/ml) during (CPB) renders PT and aPTT impractical.”® *°

Adjunct coagulation assays

Viscoelastic coagulation tests (VCT), thrombelastography (TEG®,
Haemonetics, Niles, IL), and rotational thromboelastometry
(ROTEM®, TEM Innovations, Munich, Germany), have been
extensively used in the haemostasis management during CV
surgery.” *°3? Availability of heparin-neutralized tests makes
VCTs useful in detecting gross coagulation abnormality during
anticoagulation on CPB.?’ VCTs are most applicable in fibrin pol-
ymerization disorders. Thus qualitative and quantitative
defects of fibrinogen can be monitored on these tests.*® Severe
FXIII deficiency also decreases stable fibrin polymerization on
VCTs.” ** However, VCTs are global coagulation tests, and their
utility is limited by non-specificity for most RBDs as a result of
the presence of platelets, and potent coagulation activators
used in different tests.*>*®

Thrombin generation (TG) measurements by quantifying the
cleavage of a fluorogenic thrombin substrate are available to
assess residual coagulation factor activity, and bleeding pheno-
types for various RBDs.**** Assay variables (e.g. tissue factor
concentration, platelet-poor or platelet-rich plasma) are not yet
standardized for RBDs, and it is mainly performed at specialized
haemophilia centres.*

Influences of CPB technique on coagulation
factor levels

Initiation of extracorporeal circulation requires the priming
(pre-filling) of the CPB circuit. The standard volume for adult cir-
cuit priming is about 1000-1800ml.***° Haemodilution of

coagulation factors occurs because of the priming and other
fluid administration (e.g. cardioplegia) during CPB, and coagula-
tion factors are typically decreased by 30-50%.%°*° There are
several techniques to reduce haemodilution associated with
CPB (Table 3). Intraoperative autologous blood collection before
CPB spares the portion of coagulation factors and platelets from
being consumed or damaged during CPB. Preservation of hae-
mostasis by autologous blood collection is volume dependent
(>800ml).>" Retrograde autologous priming is a perfusion tech-
nique to lower the priming volume.’” ** After placement of
aortic cannula, the patient’s own blood is drained into the CPB
reservoir, and the original priming solution is discarded (i.e. net
priming volume, 500-800 ml). Lastly, continuous ultra-filtration
is effective in mitigating haemodilution by removing excess vol-
ume during CPB. Use of cell salvage unit is only effective for the
recovery of erythrocytes from the shed blood, resulting in the
loss of plasma coagulation factors and platelets.”*

Preoperative therapeutic plasma exchange (TPE) can be used
to replace deficient coagulation factor(s) if no factor concentrate
is available, or there is a concern for volume overload from
plasma transfusion.>® °® TPE is also used to remove circulating
inhibitors (antibodies) from the patient’s blood.>® ®” One to 1.5
plasma volume runs of TPE generally remove 63-78% of alloan-
tibodies, and three runs of TPEs can achieve 90% removal of
antibodies.”® Allogeneic plasma is used as an exchange fluid
because TPE using 5% albumin results in the depletion of coagu-
lation factors and inhibitors.>® *©

Clinical features of RBDs

Reduced fibrin polymerization

Fibrinogen deficiency

Fibrinogen (Factor I) is the most abundant coagulation factor in
human blood, and it plays crucial roles in haemostasis, fibrinol-
ysis, and wound healing.®® ®> Three polypeptide (Aa, BB, and v)
chains comprising the fibrinogen molecule are encoded by sepa-
rate genes (FGA, FGB, and FGG). Fibrinogen disorders include
both quantitative (afibrinogenemia and hypofibrinogenemia),
and qualitative defect (dysfibrinogenemia).®® Afibrinogenemia
is a RBD with an estimated incidence of one in one million, but
the incidence may be higher in regions with high consanguin-
ity.%® Afibrinogenemia (FI<0.1g/L) is typically diagnosed by
umbilical cord bleeding in the newborn.®® Ecchymosis, epistaxis,
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Table 3 Perioperative management of cardiac surgical patients with coagulation factor deficiency. Abbreviations: RBD, rare bleeding disor-
der; PK, pharmacokinetic; IAB, intraoperative autologous blood collection; RAP, retrograde autologous priming; SCD, sequential compres-
sion device; PLT, platelet concentrate; FC, fibrinogen concentrate; Cryo, cryoprecipitate (limited availability in UK and North America);
POD, postoperative day; LMWH, low-molecular weight heparin; TPE, therapeutic plasma exchange; TEG, thrombelastography; ROTEM,

rotational thromboelastometry; VKA, vitamin K antagonist

Management

Intervention(s)

Preoperative period Anaemia management

Assess bleeding risk

Iron therapy
Coagulation panel

Factor level, inhibitor titre
PK study of factor concentrate or TPE

Multidisciplinary care team
Plasma exchange

Intraoperative period Factor replacement

Detailed plans on surgery/CPB, hemostatic agents, laboratory monitoring
If factor concentrate unavailable, or if inhibitor present
Preop factor concentrate or plasma; top-up dose after CPB to compensate

for haemodilution

Blood conservation for
Surgery/CPB

IAB, cell salvage
RAP, miniaturized circuit, ultrafiltration

Antifibrinolytic therapy
Desmopressin
Topical hemostatics

Transfusion

Postoperative period Factor replacement

TEG/ROTEM during rewarming to guide PLT and FC/Cryo after CPB
High factor level till POD three (removal of drain & pacer leads); lower dose

of factor concentrate till POD7-10

Thromboprophylaxis

Anticoagulation (LMWH) during high-level factor replacement

VKA or alternative anticoagulant for three months after valve replacement
Early ambulation, SCD
Low-dose aspirin if indicated

Follow-up

Factor level, inhibitor titre

oromucosal, muscle and joint bleeds are common (Table 1).
Menorrhagia, spontaneous abortion, and postpartum haemor-
rhage have been reported.®® ®* Paradoxical arterial and venous
thromboembolic events have been reported in afibrinogenemia
with or without fibrinogen replacement or co-inherited throm-
bophilia.®® ®® There is some evidence that lack of fibrinogen or
fibrin increases circulating thrombin, and distal embolization of
platelet aggregates.®” ©®

Bleeding symptoms in hypofibrinogenemia (FI, 0.1-0.8g/L)
tend to be mild, and usually occur after surgery or major trauma.®
There is an association between severity of bleeding, and residual
fibrinogen concentration.? It is recommended to maintain at least
1g/L to prevent spontaneous bleeding.” ** Clinical phenotype of
dysfibrinogenemia is less predictable than hypofibrinogenemia.
Half the patients remain asymptomatic, and the remaining
patients present with either bleeding or thrombosis.*”

Laboratory testing. Afibrinogenemia and severe hypofibrinogene-
mia cause prolongations of PT, aPTT, and TT (Table 2). Results of
these tests should normalize in vitro with 1:1 mixing of normal
plasma and patient plasma in the absence of an inhibitor. ACT
can be infinitely prolonged in the presence of severe hypofibrino-
genemia, but it does not guarantee therapeutic heparin concentra-
tions for CPB. Standard heparin monitoring is feasible when
fibrinogen concentrations are preoperatively corrected to 0.8-1 g/L.
The anti-Xa heparin assay is unaffected by hypofibrinogenemia,
but it is impractical for intraoperative heparin monitoring.
Functional fibrinogen (TEG®) and FIBTEM (ROTEM®) are clinically
useful in monitoring intraoperative fibrinogen changes.” 7° ”*

Perioperative Management. Perioperative bleeding is a major con-
cern during and after CV surgery. Asymptomatic patients with

hypofibrinogenemia or dysfibrinogenemia may develop bleed-
ing after major surgery.® Fresh frozen plasma (FFP), and thawed
plasma are ineffective as a source for fibrinogen,”? and increase
the risk of volume overload in CV patients.”® There are several
human plasma-derived fibrinogen concentrate (FC) products
available (Table 4), and these pathogen-inactivated, lyophilized
products are preferred to non-specific replacement therapy
with allogeneic plasma or cryoprecipitate.”* Development of an
inhibitory antibody to fibrinogen is rare.

An initial FC dose of 60-70 mg/kg achieves plasma concen-
trations of 1.3-1.5g/L in afibrinogenemia and severe hypofibri-
nogenemia with a median half-life of three to five days.>® 7° 7®
Additional FC doses may be given according to plasma concen-
trations as follows;

FC dose(mg/kg) = [target fibrinogen(g/L)
- current level(g/L)] x 100 + 1.7

Acquired fibrinogen deficiency is common in patients with-
out RBDs after CV surgery, but optimal haemostatic fibrinogen
concentrations after CPB remain controversial.””~’® FIBTEM clot
firmness (A1, 8-10mm) has been clinically used to guide fibri-
nogen supplementation with FC or cryoprecipitate.” *> FIBTEM-
Ao of 8-10mm corresponds to a plasma fibrinogen at 1.5-2 g/L,
which appears to reduce the risk of major postoperative
bleeding.

Perioperative thromboembolic risks should be carefully con-
sidered in fibrinogen-deficient patients. In one 22-yr-old male
with afibrinogenemia who underwent CPB for suspected aortic
valve vegetation, fibrinogen was preoperatively normalized
with 10 g of FC to > 2 g/L (Table 5).*° Heparin anticoagulation was
concurrently administered because of acute aphasia and right
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Table 4 Commercially available factor concentrates for factor replacement. Abbreviations: N.A., not applicable; N.R., not reported; S/D, sol-
vent-detergent treatment; nanofilt, nanofiltration; AT, antithrombin; PC, protein C; PS, protein S. *Only available in the form of prothrom-
bin complex concentrate which contains therapeutic amounts of factors II, IX, and X, and various amounts of factor VII

Unit dose Reconstituted Bolus dose for Recovery Half-life Storage Pathogen Anticoagulant
per vial concentration major bleed % per (h) temp (°C) reduction content(s)
unit/kg
Fibrinogen concentrate
RiaStap CSL Behring 900-1300mg 18-26 mg/ml 70 mg/kg 1.7mg/dL 78.7 2-25 Pasteurized No heparin
FibClot LFB 1500 mg 15mg/ml 50mg/kg 2.3mg/dL 69.3 2-25 S/D No heparin
Fibryna Octapharma 700-1300mg 14-26 mg/ml  70mg/kg 1.8mg/dL 75.9 2-25 S/D, nanofilt No heparin
Factor XIII concentrate
Corifact CSL Behring 250 or 12501U 62.51U/ml 401U/kg 2.0% 137-170 2-8 Pasteurized No heparin
Tretten NovoNordisk 2000-31251U 667-10421U/ml 35IU/kg 1.7% 122-170 2-8 N.A. No heparin
Factor VII concentrate
NovoSeven NovoNordisk 1,2,50r8mg 1mg/ml 15-20 pg/kg 3.8% 2.1 2-25 N.A. No heparin
Factor FVII  Shire 6001IU 601U/ml 20-301U/kg 1.5% 3.2 2-8 Vapor heat  Trace heparin
Factor XI concentrate
Hemoleven LFB 10001U 1001U/ml 151U/kg 2.0% 45.5 2-8 S/D, nanofilt Heparin 4.5/AT
4U/ml
Factor XI BPL 1000IU 1001U/ml 151U/kg 2.2% 52 2-8 Dry heat Heparin 10/AT
102 U/ml
Factor X concentrate
Coagadex  BPL 250 0r 500IU  1001U/ml 25-401U/kg 2.1% 29.4 2-30 S/D, nanofilt No heparin
Factor XP  CSL Behring 600-1200IU  30-601IU/ml 20-401U/kg 3.3% 24.1 2-8 Pasteurized Trace
heparin/AT
Factor II concentrate *
Kcentra CSL Behring 250, 500 311U/ml 20-401U/kg 2.1% 59.7 2-25 Pasteurized, PC/PS, trace
or 1000 IU nanofilt Heparin/AT
Octaplex  Octapharma 500 or 1000IU 31.41U/ml 20-401U/kg 2.0% N.R. 2-25 S/D, nanofilt PC/PS; Heparin
6U/ml
Cofact Sanquin 250 0r 500IU  30.41U/ml 20-401U/kg 2.0% N.R. 2-8 S/D, nanofilt PC/PS/AT;
no heparin
Bebulin Shire 50010 N.R. 20-401U/kg N.R. N.R. 2-8 Vapor heat, Trace heparin
nanofilt
Profilnine  Grifols 500,1000or  N.R. 20-401U/kg N.R. N.R. 2-8 S/D No heparin

150010

haemiplegia. This patient suffered from intraoperative coronary
thrombosis under full heparinization, and antifibrinolytic ther-
apy (aprotinin), and later catheter-related thrombosis and
amaurosis fugax. Co-administration of multiple haemostatic
agents should be cautioned, and early thromboprophylaxis (e.g.
aspirin, LMWH) should be considered during the high-intensity
factor replacement therapy.”

FXIII deficiency
FXIII is a precursor of transglutaminase that is found in plasma
and platelets. Plasma FXIII circulates as a tetramer (FXIII-A,B,)
of two A subunits and two B subunits. Each A subunit contains a
catalytic domain, and B subunits serve as a carrier. FXIII in pla-
telets is a dimer of A subunits (FXIII-A,), which amounts to 50%
of total FXIII activity.?* Once activated by thrombin, FXIIla cross-
links fibrin fibers via peptide bond formation on adjacent o and
v chains of fibrin. Clots formed in the absence of FXIII are per-
meable to FXa,*” and prone to fibrinolysis.** In addition to clot
stabilization, FXIIIa is known to reduce endothelial permeabil-
ity.84 85

The majority of FXIII deficiency is related to A-subunit defi-
ciency, and inherited as a rare autosomal recessive disorder (1
in 1 to 2 million).®*® Umbilical cord bleeding is the typical

manifestation of severe FXIII deficiency (<1% activity) in the
newborn.?” Intracranial haemorrhage is the most serious, and
relatively common complication (25-30%) of FXIII deficiency
(Table 1). Ecchymosis, epistaxis, oromucosal and joint bleeds
are also common. Spontaneous abortion, and postpartum hae-
morrhage are common unless FXIII replacement is imple-
mented.”” Delayed wound healing is reported in 30% of patients
with FXIII deficiency.®®

There is an association between severity of bleeding and
residual FXIII activity, and it is recommended to maintain the
activity above 30% to prevent spontaneous bleeding.® However,
no additional haemostatic benefit was observed when plasma
FXIII was increased to 140% using the FXIII concentrate when
compared with the untreated post-CPB patients maintaining
FXIII activity of 80%.*®

Laboratory testing. Anaemia is reported in 24% of FXIII deficient
patients.® FXIII deficiency does not affect PT, aPTT, TT or fibrino-
gen concentration (Table 2). Heparin anticoagulation can be
managed by ACT per routine. Available FXIII assays (urea clot
solubility, photometric assay, or ELISA) are time consuming,®
and thus impractical for titration assessment of FXIII concen-
trate during surgery. Preoperative FXIII pharmacokinetic (PK)
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analysis may be wuseful to assess individual therapeutic
response to FXIII replacement.”

Congenital FXIII deficiency may be detected as delayed and
reduced clot formation on TEG® or ROTEM®.?” °* °? However,
intraoperative coagulation changes are multi-factorial, and it is
not feasible to specifically diagnose FXIII deficiency using
VCTs.>

Perioperative Management. Perioperative bleeding is common in
patients with FXIII deficiency (Table 1), and it is important to
maintain FXIII activity of at least 50% in patients undergoing
major surgery.”” Commercially available FXIII concentrates
include plasma-derived FXIII (pdFXIII; Corifact, CSL Behring) and
recombinant FXIII A-subunit (rFXIIIA; Tretten, NovoNordisk)
(Table 4). The latter is not for use in patients with FXIII B-subunit
deficiency. Clinically tested doses are 401U/kg and 351U/kg for
pdEXIII and rFXIIIA, and the recovery rates (per IU/kg dose) are
2% and 1.7%, respectively.®® > The half-lives of pdFXIII and
rFXIIIA are 9.3 days and 11.8 days, respectively, and both are
dosed every 28 days in non-surgical prophylaxis.

In a FXIII-deficient male (FXIII activity, 17%) undergoing
aortic valve replacement, a dose of 40IU/kg FXIII concentrate
was administered to achieve an 80% increase in FXIII activity
before surgery (Table 5).°° Urgent institution of CPB because of
haemodynamic instability resulted in extensive haemodilution,
and measured FXIII activity was only 40% after the initial dose.
Profuse intraoperative bleeding was reported in this case,
requiring massive transfusion (9U RBCs, 3U platelets, and 7U
FFP), and the use of rFVIIa (90 pg/kg). A repeat dose of FXIII
(401U/kg) was given eight h after the initial FXIII dose. Before his
discharge, a half-dose (201U/kg) was administered on postoper-
ative day (POD) eight, but he was readmitted for ischaemic coli-
tis and anaemia (haemoglobin, 7.5 g/dL) on POD14.”° Additional
RBCs and plasma were transfused, and 201U/kg of FXIII was
administered. This case highlights the importance of re-dosing
FXIII soon after CPB to compensate for 30-50% dilution of coagu-
lation factors.”” *® °* The half-dose regimen of FXIII (20IU/kg)
and rFXIIIA (17.51U/kg) should suffice to increase FXIII activity
by 30-40%.

Cryoprecipitate is an additional source for FXIII, but it is not
universally available. It may be useful in the correction of co-
existing fibrinogen and FXIII deficiencies after CPB. A pooled
unit (~90 ml) of cryoprecipitate contains approximately 100-
2501U of FXIII, and 1-1.5 g of fibrinogen.”®

RBD in extrinsic pathway

FVII deficiency

Plasma FVII (FVII) is a vitamin K dependent zymogen with a
short half-life (three to six h). One % of FVII circulates in plasma
in activated serine protease (FVIIa), which plays a crucial role in
triggering a procoagulant response via FX activation in the pres-
ence of tissue factor (TF).”® Congenital FVII deficiency is a rare
autosomal recessive disorder (1 in 500,000). In general, FVII
activity below 8-10% is likely to exhibit bleeding symptoms, but
clinical presentations of FVII deficiency vary among affected
patients.”” The majority of patients have quantitative defects
(low activity and low antigen). However, it is not uncommon to
observe qualitative defects (low activity and normal antigen)
partly as a result of variable sensitivities of TF reagents to FVII
variants.”® Common bleeding sites include nose, oral cavity, sur-
gical wound, and in female patients, menorrhagia and postpar-
tum haemorrhage are reported (Table 1). Severe FVII deficiency
below 1% activity may exhibit bleeding episodes similar to

haemophilia, including haemarthrosis, and intracranial hae-
morrhage. Paradoxical thrombotic events have been reported in
FVII-deficient patients, but these are mostly explained by coex-
isting thrombophilia trait(s) or replacement therapy.”

Laboratory testing. Anaemia is reported in about 20% of FVII defi-
cient patients.® Isolated FVII deficiency only affects PT, and
other tests including aPTT, TT and fibrinogen concentration
remain normal (Table 2). Heparin anticoagulation can be man-
aged by ACT per routine. A major discrepancy between low FVII
activity and lack of bleeding is in part attributed to the source of
TF. Some FVII variants give erroneous quantitation using TF
derived from ox or rabbits, but demonstrate improved activity
in the presence of human TF.”®

Perioperative Management. Plasma FVII activity can be specifically
restored by using rFVIIa or plasma-derived FVII (pdFVII) (Table
4).'° Availability of pdFVII is limited to Canada and some
European countries. The cross-over study data in congenital FVII
deficiency (<2% baseline activity) demonstrated that 20 pg/kg of
rFVIla or 25-301U/kg of pdFVII is clinically useful in correcting
delayed TF-triggered thrombin generation.*’ Peak level of rFVIla
(FVIL:C, 59-138%) is achieved immediately (five min), lasting for
four h, while peak level of pdFVII (FVIL:C, 19-45%) appears in
60min, lasting for six h.** **

In one patient with severe FVII deficiency (<2%; INR 3.9)
undergoing mitral valve surgery, no preoperative FVII replace-
ment was given because the patient had no previous bleeding
incident (Table 5).'°° Valve repair or bioprosthetic valve replace-
ment is preferred in this setting because titration of vitamin K
antagonist therapy is difficult with FVII deficiency. After the
mitral repair on CPB, 18001U of pdFVII was administered before
heparin neutralization. FVIL:C was increased from 3% to 36%,
and it remained between 15-20% in the following 12h. An addi-
tional 600IU of pdFVII was repeated twice at 12h interval. No
serious bleeding was reported after stopping FVII replacement
despite plasma FVII activity of 2-5% (INR 4.6-5.0).

Preoperative FVII replacement with rFVIIa was described for
elective CABG in a 71-yr-old patient with FVII deficiency (8%; INR
1.8) (Table 5).'> The initial dose of rFVIIa, 15 ug/kg was given
before surgery, and FVII activity was increased to 210%. High
concentrations of heparin (>2 U/ml) used during CPB potentiates
the inhibition of rFVIla by AT,'” and residual FVII activity was
36% at six h post-surgery. Additional doses of rFVIIa, 7 pg/kg
were repeated at six, 24, 48, and 56 h after surgery, maintaining
trough FVII:C of 9-12%.

The use of low molecular weight heparin has been reported
for long-term thromboprophylaxis in FVII-deficient patients
with baseline activity of at least 10-15%."%*

RBDs in intrinsic pathway

FXI deficiency (haemophilia C)

FXI circulates in plasma in complex with high molecular weight
kininogen (HMWK). FXI attaches to anionic surfaces (e.g. CPB
circuit) via HMWK, and undergoes enzymatic cleavages by
surface-activated FXIla or FXIa (self-activation).’® Another acti-
vation pathway of FXI involves FXI binding to activated platelets
via prothrombin,’*® with subsequent activation by thrombin in
the absence of FXIla.'”” '°® Platelets also contribute to FXI activa-
tion in vivo by expressing anionic polyphosphates, which trigger
FXII activation, and serve as a cofactor in thrombin- and FXIa-
mediated activations of FXI."%° ™% Multiple FXI activation path-
ways explain why FXII deficiency is not associated with clinical
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bleeding. Amplified thrombin generation by FXIa confers antifi-
brinolytic activity via activation of thrombin activatable fibrinol-
ysis inhibitor (TAFI)."**

Severe FXI deficiency is a rare autosomal recessive disorder
(1 in 1 million), but it is more prevalent among the Ashkenazi
Jewish population (gene frequency, 4.3%)."*? *** There are two
frequently reported mutations among Ashkenazi Jews; type II
(nonsense mutation) with undetectable FXI activity, and type III
(missense mutation) with about 10% FXI activity. Heterozygosity
among Ashkenazi Jews is estimated to be 8%, resulting in a par-
tial FXI deficiency (FXI:C, 15-65%)."** ***

Bleeding as a result of FXI deficiency is generally mild, and
there is a poor correlation between bleeding and the residual
activity, even in FXI deficiency below 15-20% activity).® *°
Spontaneous bleeding is infrequent, and usually preceded by
major injury or surgery, particularly involving sites with high
fibrinolytic activity (e.g. oropharynx; Table 1)."'® Women with
FXI deficiency are at increased risk for post-partum haemor-
rhage and menorrhagia.***

Laboratory testing. Normal FXI activity ranges from 70 to 150%.**
Severely decreased FXI activity below 15% affects contact-
activated aPTT and ACT, but PT and TT remain normal (Table 2).
Heterozygous patients with partial deficiency are often undiag-
nosed because of normal aPTT."** Baseline ACT prolongation in
severe FXI deficiency complicates heparin management unless
FXI is preoperatively corrected. A practical alternative is to run
ACTs after 1:1 in vitro mixing of normal plasma and patient’s
whole blood.'” *# In vitro plasma supplementation provides
sufficient intrinsic pathway factors, and normalizes ACT
responses to heparin. This technique can be used for CPB cases
with non-haemorrhagic contact pathway factor deficiencies
(FXI1L, high molecular weight kininogen, etc.)."”” ** The anti-Xa
activity assay is unaffected by FXI deficiency, but it is not suit-
able for intraoperative heparin titration. Thromboelastometry
with no or minimal TF may be used to assess FXI levels, or hae-
mostatic interventions.?” *® The TG assay has been shown to be
useful in the bleeding risk assessment of FXI-deficient patients,
but the technique is not standardized.*® **

Perioperative management. The indication and need for FXI
replacement should be carefully assessed before CV surgery.
Perioperative bleeding because of FXI deficiency seems to
increase with fibrinolytic activity of surgical sites,’”® and thus
the use of antifibrinolytic agent is important in CV surgery
prone to profibrinolytic state during CPB. Preoperative FXI
replacement is indicated in patients with significant bleeding
history, but exposure to FXI may pose a risk of inhibitor devel-
opment in severe FXI deficiency.’

Two commercial plasma-derived FXI (pdFXI) concentrates
are currently available in the UK, France and Canada;
Hemoleven (LFB, France), and Factor XI concentrate (Bio
Products Laboratory, UK). Both products are relatively similar
except for the higher heparin/AT contents in the BPL product
(Table 4).

The recommended initial dose of FXI concentrate is 151U/kg,
achieving 30-45% activity in severe deficiency. A repeat dose
(10-151U/kg) can be given every 72h to maintain 30-40% FXI
activity.'”” Normalization of FXI above 70% is not recommended
because of the risk of thrombosis.'*

In one patient with severe FXI deficiency (2.9%) and aPTT
59.4s undergoing aortic valve surgery, 15IU/kg of FXI concen-
trate (Hemoleven) was given before surgery, normalizing aPTT
and FXI level (36s, and 54.2%, respectively; Table 5). A

bioprosthetic aortic valve replacement was performed during
CPB (total 143 min) under full heparinization (300 units/kg, ACT
460s). This patient also received tranexamic acid, 4U of plasma,
2g of fibrinogen, and a platelet concentrate for haemostasis
after CPB. FXI activity was maintained above 60% until POD
three, when 15IU/kg of FXI concentrate was repeated.
Postoperative thromboprophylaxis was started after POD three
using acenocoumarol (vitamin K antagonist) without bleeding
complications.

Preoperative therapeutic plasma exchange (TPE) may be con-
sidered in a patient with a FXI inhibitor (observed in about 6% of
severe FXI deficiency).”® Three runs of TPEs generally remove
90% of antibodies,® but the peak FXI levels after TPEs remain in
the 20% range, and additional plasma administration and/or
TPE are often required to sustain FXI activity.>”

The use of rFVIIa has been reported in the perioperative
management of severe FXI deficiency,’”* or FXI inhibitor."*
Enhanced activations of FX and FIX theoretically reduces FXI
requirement in thrombin generation. The doses of 15-30 pg/kg
seem to be effective when given at 2-4 h intervals with antifibri-
nolytic therapy.”” '** Anti-inhibitor coagulant complex (AICC)
also contains FVIIa, and it has been used in severe FXI defi-
ciency, but there is concern for increased thrombosis in CV
patients outside the labeled indications.*?® **’

RBDs in common pathway

FX deficiency
Plasma FX (FX) is a vitamin K-dependent zymogen with a long
half-life (40-60h). Upon vascular injury, a small fraction of FX is
converted to FXa by the extrinsic tenase complex comprised of
FVIIa and tissue factor (TF). This initial FXa formation supports
thrombin generation, and ensuing platelet activation near the
vessel wall. Subsequently, FXa activation is mainly sustained by
intrinsic tenase, a complex of FIXa and FVIIIa on activated plate-
lets. Propagation of thrombin generation takes place when FXa
is in complex with FVa and substrate prothrombin on activated
platelets.’*®

Congenital FX deficiency is an autosomal recessive RBD with
an estimated incidence of 1 in 500,000-one million. FX defi-
ciency was traditionally classified based on FX activity less than
1% as severe, and 1-5% as moderate deficiency,"* but the recent
European registry indicates that FX activity below 10% is associ-
ated with Grade III bleeding including intracranial haemor-
rhage, GI bleeding and haemarthrosis, while above 40% activity
is typically symptom-free (Table 1).” Acquired FX deficiency as a
result of amyloid protein adsorption of FX may be severe
enough to cause haemarthrosis."*°

Laboratory testing. Anaemia is frequently reported (34%) in
homozygous FX deficiency.® Moderate to severe FX deficiency
prolongs both PT and aPTT, but TT and fibrinogen remain nor-
mal (Table 2). Plasma FX levels can be measured by PT-based
one-stage clotting assay (FX:C) or chromogenic FX assay.’**"*?
Standard heparin management with ACT monitoring can be
used when FX activity is normalized using FX concentrate
before surgery.'* Heparin activity measured by anti-Xa assay is
unaffected by FX deficiency as exogenous FXa is used to quan-
tify heparin concentrations. The dose of protamine should be
optimized to minimize residual anti-Xa activity of heparin, and
to avoid the potential anticoagulant activity of protamine, as
discussed below.”® '*® TF-activated thromboelastometry
(EXTEM) is sensitive to moderate FX deficiency (<5% activity),
which demonstrates a prolonged clotting time (CT).** ***
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Perioperative management. There are 2 commercially available
plasma-derived (pd) FX concentrates; one is a high-purity FX
concentrate (pd-FX; Coagadex, BPL, UK), and the other is a mix-
ture of FX and FIX (pd-FX/FIX; Factor X P; CSL Behring, Germany)
(Table 4). Effective haemostasis was reported after a median pd-
FX dose of 48.91U/kg in five FX deficient subjects (FX:C <8%)
undergoing surgery (Table 5)."*? In CABG surgery, pd-FX was
repeated (median, 16.11U/kg) twice daily for three days, and
then once daily until discharge. In this CABG patient, the peak
FX:C and post-operative trough levels were reported to be 91%,
and 42-58%, respectively. The dose of pd-FX can be calculated
as follows:

FX dose (IU) = [target FX: C (%) — current
FX:C (%)] x weight(kg) + 2

Plasma transfusion has been commonly used for FX replace-
ment when pd-FX is unavailable. A loading dose of 15-20 ml/kg
of body weight is followed by 5-10 ml/kg every 24 h. TPE is pref-
erable than transfusion if volume overload is a concern.'*
Plasma FX activity of 10-20% appears to be sufficient for the
treatment of minor bleeding."*® Most prothrombin complex con-
centrate (PCC) products are considered to be an alternative
source (Table 4), because they contain therapeutic amounts of
FX in addition to FII and FIX."*” Target FX levels with PCCs are in
the range of 35-50% for major surgery, and 10-20% after surgery
to avoid accumulation of prothrombin, which is associated with
venous thrombosis.'* 13

FV deficiency

FV is a labile glycoprotein (half-life, 13-15h) which plays multiple
regulatory functions in coagulation as a cofactor for FXa and acti-
vated protein C (aPC)."*° ** Plasma FV is endocytosed by mega-
karyocytes, and stored as a proteolyzed (partially activated) form
in platelet o granules (20-25% of total FV).'*? ** Upon vascular
injury and platelet activation, thrombin-activated FV (FVa) pri-
marily serves as a cofactor for FXa in thrombin generation.

Congenital FV deficiency is inherited as an autosomal recessive
RBD (1 in 1 million), and severe FV deficiency (undetectable activ-
ity) is usually caused by homozygous or double heterozygous
mutations. A relatively poor association between residual FV activ-
ity, and bleeding severity has been attributed to platelet-derived
FV,** 3 and coexisting lower tissue factor pathway inhibitor (TFPI)
levels.*” Spontaneous bleeds are infrequent when FV is above
10%.”#

Common bleeding symptoms include ecchymosis, epistaxis,
oropharyngeal bleed, and in female patients, menorrhagia
(Table 1). GI and postsurgical bleeds may also occur.

Acquired FV deficiency has been reported after exposure to
bovine thrombin which contains bovine FV, inducing autoanti-
bodies against human FV.*** Bovine thrombin is no longer in
use, but an anti-FV antibody should be in the differential diag-
nosis of FV deficiency after surgery."*

Laboratory testing. Anaemia is frequently reported (36%) in homo-
zygous FV deficiency.® Severe FV deficiency prolongs the PT and
aPTT, but the TT remains normal.*® TF-activated and contact-
activated clotting time (EXTEM and INTEM) on thromboelastome-
try were two to three-fold prolonged over the normal values in
nine patients with reduced plasma FV activity [mean, 1.7(2.2%)].*
However, the bleeding phenotype exhibits rather poor correla-
tions with PT, aPTT or thromboelastometry profiles.*” **

ACT prolongation in FV deficiency complicates heparin man-
agement after haemodilution on CPB, and thus preoperative
TPE should be considered.”® Protamine overdose should be
avoided because it inhibits FVa, thereby reducing thrombin gen-
eration.”® '

Perioperative management. No commercial FV concentrate is
available, and plasma transfusion or TPE is the main therapy. A
loading dose of 15-20ml/kg of plasma is followed by 3-6 ml/kg
every 24 h to achieve 25% of normal activity. TPE is preferred to
achieve higher FV levels (40-60%), especially when there are
concerns for volume overload or FV inhibitor.>® *¢ **/ FFP and
solvent-detergent (SD) plasma are similar as a source of FV, but
thawed FFP or thawed SD-plasma may yield lower FV recovery
when stored at 4-6°C for 5 days."*® **° Transfused FV is endocy-
tosed by megakaryocytes, and proteolyzed FV appears in plate-
let a-granules within 6h, and peaks at 24h. TPE or plasma
transfusion 24 h before surgery may be thus effective in restor-
ing platelet-derived FV. Allogeneic platelet transfusion is also
effective in the case of FV inhibitors,”® but repeated transfu-
sions of platelets carry the risk of alloantibody formation.

FV + FVIII deficiency

Combined FV and FVIII deficiency (FV + FVIII deficiency) is a rare
autosomal recessive RBD (1 in 1 million), characterized by con-
comitantly low FV and FVIII (activities between 5% and 20%).
The estimated prevalence is higher (~1:100,000) among the
Middle Eastern Jewish, and non-Jewish Iranian populations.™*
Congenital FV + FVIII deficiency is caused by a defect in intracel-
lular transport of FV and FVIII proteins from endoplasmic retic-
ulum to Golgi apparatus. The mutations in the genes encoding
LMANT1 (Lectin Mannose Binding Protein), and MCFD2 (Multiple
Coagulation Factor Deficiency 2) which is a cofactor for LMANT1,
have been associated with this transport defect.*? *** There is
insufficient data on the FV content of platelet o granules in com-
bined FV + FVIII deficiency.

Bleeding tendency is not worsened by combined FV + FVIII
deficiency relative to the separate defects. Common bleeding
symptoms include ecchymosis, epistaxis, oropharyngeal and
post-trauma/surgery bleeds (Table 1).

Laboratory testing. Combined FV + FVIII deficiency prolongs both
PT and aPTT, but the TT remains normal (Table 2). Specific clot-
ting activity and antigen measurements should be performed
for FV and FVIII along with a genetic testing for LMAN1 and
MCFD2 mutations.

Preoperative PK evaluation can be useful to assess therapeu-
tic responses to TPE (FV), DDAVP (FVIII) or various FVIII concen-
trates.”® '** Intraoperative heparin management should follow
the standard protocol when FV and FVIII levels are corrected
before CV surgery.

Perioperative management. Although bleeding symptoms from
combined FV +FVIII deficiency are generally mild, the bleeding
risk is higher after CV surgery as a result of the loss and dilution
of multiple procoagulant factors and platelets. Perioperative
replacement regimens thus follow the protocol for isolated FV
deficiency as above, and haemophilia A."*

One case of CV surgery in a combined FV +FVIII deficiency
has been reported in the literature (Table 5).°° A 33-yr-old male
previously diagnosed with combined FV +FVIII deficiency (FV
11%, FVIII 9%; no inhibitors) presented for redo mitral valve (MV)
replacement because of bioprosthetic MV stenosis. Perioperative
TPE was performed to achieve 50% FV activity using 15U of FFP
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immediately before surgery, along with FVIII concentrate (50 1U/
kg; Hemofil M, Baxter). Platelets were empirically administered
after CPB. TPE was repeated on the evening of surgery, on PODs
one, two, three and five. FVIII infusion (501U/kg) was repeated
every eight h (target FVIII>85%) till POD three, and tapered off
over the subsequent four days. Thromboprophylaxis should be
considered during the period of FVIII replacement.”

Prothrombin deficiency
Prothrombin (FII) is a vitamin K-dependent factor with a long
half-life (three to four days). As a precursor of thrombin, it plays
pivotal roles in fetal survival, haemostasis, wound healing, and
pathological thrombosis."****® Congenital FII deficiency is an
autosomal recessive RBD (1 in 2 million), and most cases are
“dysprothrombinemias” caused by a missense mutation.
Homozygous and double heterozygous patients show lower FII
activity, and severe symptoms while heterozygous patients
remain asymptomatic or have minor bleeding tendency.* *°
Common bleeding patterns include ecchymosis, epistaxis,
muscle and joint bleeds, and in female patients, menorrhagia
(Table 1). Umbilical cord and GI bleeds may occur in severe FII
deficiency.

Laboratory testing. Homozygous FII deficiency affects both PT
and aPTT, but the TT remains normal (Table 2). PT-based coagu-
lant activity of FIl is decreased in dysprothrombinemia, but anti-
genic FII level may be normal or mildly decreased. TF-triggered
thrombin generation assay is highly sensitive to prothrombin
concentrations,'®" and it has been used to monitor prophylactic
FII replacement with PCC.**

Perioperative management. There is a paucity of clinical data on
FII replacement as a result of the rarity of the disease. FFP, SD-
plasma, and thawed plasma can be used for FII replacement
because prothrombin remains stable at 4-6°C for five days."®?
Pathogen-reduced SD-plasma is preferred for repeated adminis-
tration.” A loading dose of 15-20 ml/kg of plasma is followed by
3-6 ml/kg every 12-24 h, in order to achieve 25% of normal activ-
ity. Currently there is no available purified prothrombin concen-
trate, but there are several PCCs that contain therapeutic
amounts of prothrombin and other vitamin K dependent factors
(Table 4). PCCs are packaged according to the content of FIX, and
one should be aware of FII content relative to FIX in each prod-
uct. Plasma half-life of prothrombin is about three days, and
prophylactic dosing of 40 IU/kg every fifth day has been reported
to prevent spontaneous bleeding episodes in severe type I defi-
ciency with baseline FIL.C of 8%.** Another regimen is to use an
initial PCC dose of 201U/kg, followed by 51U/kg every 24 h."®°

To date, no reported case of FII deficiency undergoing CPB is
available. In theory, a preoperative dose of 40 IU/kg should increase
FII level from<10% to nearly 100% before CPB. Intraoperative loss
of FII as a result of haemorrhage and haemodilution can lower FII
levels to 20-40%,* '® ** and thus an additional dose of PCC at 10~
201U/kg may be required to correct FIL:C above 50%.

Conclusion

Improved healthcare access and medical informatics have
expanded the knowledge on diagnosis and treatment of RBDs
around the globe. Neither haemophilia nor RBDs impart any inher-
ent decreased risk of CV disease. The need for CV procedures for
patients with RBDs is likely to increase, as witnessed by the ageing
haemophilia population who have received factor replacement

over several decades. Available replacement therapies for RBDs are
not only plasma transfusion, but also factor concentrates that are
manufactured with several pathogen reduction steps. For each
RBD patient undergoing CV procedure, the perioperative care team
needs to develop an individualized plan for surgery and concurrent
factor replacement strategy (Table 3). Comprehensive patient blood
management strategies for the general population are also applica-
ble to patients with RBDs, which include preoperative anaemia
correction, intraoperative blood conservation, optimized postoper-
ative care and thromboprophylaxis.
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