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ABSTRACT

Background: There is a high risk of bleeding complications in cardiac surgery.
Fibrinogen and platelet concentrates are often used to treat perioperative bleeding,
but there is little information about its efficacy. The overall aim of this thesis
project was to study the effects of fibrinogen, platelet and factor XIII concentrates

on markers of hemostasis in blood samples from cardiac surgery patients.

Methods: Increasing doses of fibrinogen, platelets, and factor XIIT were added to
blood samples from patients or healthy volunteers (study I, III-V). In study II,
blood samples from cardiac surgery patients with ongoing bleeding were analyzed
before and after transfusion of fibrinogen and/or platelet concentrates. In all
studies, platelet function was assessed with impedance aggregometry, and clot
formation with thromboelastometry.

Results: Supplementation with fibrinogen improved clot formation while platelets
improved both platelet aggregation and clot formation in blood samples form
cardiac surgery patients (I). Fibrinogen to patients with ongoing bleeding improved
clot formation and platelets improved platelet aggregation (II). Factor XIII
supplementation to blood samples from cardiac and scoliosis surgery patients
improved clot formation moderately (III). Supplementation with platelets improved
platelet aggregation independently of antiplatelet therapy (IV). Time-dependent
changes in platelet concentrates were detected with impedance aggregometry in
vitro (V). The results predicted with moderate accuracy changes in aggregation

after addition of the platelet concentrates to whole blood samples.

Conclusions: The results suggest that transfusion with fibrinogen or platelets
improve hemostasis, whereas factor XIII should remain a secondary tool in the
treatment of perioperative bleeding. Impedance aggregometry may be used to

monitor the quality of stored platelet concentrates in vitro.

Keywords: Fibrinogen, platelets, factor XIII, platelet aggregation, clot formation,
cardiac surgery.
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POPULARVETENSKAPLIG SAMMANFATTNING

Inom hjartkirurgi dr det dessvérre ganska vanligt att patienten drabbas
av en omfattande blodning i samband med operationen. Fem procent
av patienterna bloder sd mycket att de behdver tas tillbaka till
operationssalen efterat, och ungefiar hélften av alla patienter behover
blodtransfusion. Stora blédningar Okar patagligt risken fér déd och
andra allvarliga komplikationer under och efter operationen.

Vid stora blédningar ar det vanligt att man behandlar patienterna med
transfusion av fibrinogen- eller trombocytkoncentrat for att minska
blédningen, men det finns fa studier som undersokt vad som hénder i
blodet nér fibrinogen och trombocyter tillsdtts. Fibrinogen ar ett
protein i blodet och en trombocyt &r en celliknande bestandsdel av
blodet, som bada hjélper till att levra blodet om det skulle uppsta en
skada pa ett blodkérl. Fibrinogen- och trombocytkoncentrat framstélls
av blod donerat av blodgivare. Fibrinogenkoncentrat har en lang
hallbarhetstid, medan trombocytkoncentrat endast kan forvaras i upp
till en wvecka. Detta beror pa att trombocyter har en begrénsad
overlevnadstid (i blodet lever de i 8-9 dagar) och att deras funktion
forsimras under forvaringen. Syftet med detta doktorandprojekt var att
studera vad som héander med koagelbildningen (levringsforméagan) och
trombocytfunktion (trombocyternas formaga att binda samman till
varandra) i blodprover efter tillsats av fibrinogen, trombocyter och
faktor XIIT (ett annat koagulationsframjande protein i blodet).

I den forsta studien tillsattes fibrinogen- och/eller trombocytkoncentrat
till blodprover fran patienter som just hjéartopererats. I studie II
samlades blodprover vid tva tillfillen fran hjartkirurgipatienter med
pagaende blodning; fore och efter transfusion av fibrinogen- och/eller
trombocytkoncentrat. I studie III tillsattes faktor XIII-koncentrat,
ensamt eller tillsammans med fibrinogen eller trombocyter, till
blodprover fran hjart- och ryggkirurgipatienter som just genomgatt sin
operation. I studie IV tillsattes trombocytkoncentrat till blodprover fran
patienter behandlade med olika ldkemedel som hdmmar trombocyterna.
I studie V studerades trombocytkoncentrat vid olika tidpunkter under
forvaringstiden. Dessutom studerades vad som hiénder med
trombocytfunktionen i blodprover fran friska frivilliga férsdkspersoner,
néir trombocytkoncentrat med olika lagringstid tillsattes blodproverna.



Trombocytfunktion och koagelbildning méttes i samtliga studier fore
och efter tillsats av fibrinogen, trombocyter eller FXIII.
Trombocytfunktionen méttes med impedansaggregometri, en metod
som maéter fordndringen i elektriskt motstand mellan elektrodpar i en
testcell. Da trombocyter i blodprovet aktiveras och aggregerar pa
elektroderna okar det elektriska motstandet, som omraknas till ett matt
pa trombocytfunktion. Koagelbildningen studerades med trombo-
elastometri, dér blod far koagulera i en testcell med en roterande pinne
mitt i testcellen. Da blodet bérjar koagulera bromsas pinnens rotation,
och parametrar som tid till paborjan av koagelbildning och maximal
koagelstabilitet méts.

Tillsats av fibrinogenkoncentrat i blodprover fran hjartkirurgipatienter
forbattrade koagelbildningen och tillsats av trombocytkoncentrat
forbéttrade bade koagelbildningen och trombocytfunktionen (studie I).
Effekterna var dosberoende. Nar samma analyser gjordes fore och efter
transfusion av fibrinogen och trombocyter hos hjartkirurgipatienter blev
resultaten liknande (studie II). Férbattringen i trombocytfunktion och
koagelbildning var associerad med minskad blodning. Faktor XIII-
tillsats till blodprover fran hjéart- och ryggkirurgipatienter forbéattrade
koagelbildningen, men effekten var mycket begrdnsad. Nar fibrinogen
eller trombocyter tillsattes tillsammans med faktor XIII forbattrades
koagelbildningen desto mer (studie III). Tillsats av trombocyter till
blodprover fran patienter behandlade med trombocythdmmande
lakemedel hade en forbattrande effekt, men effekten var mattlig, sérskilt
hos patienter behandlade med en viss typ av lakemedel, s.k. P2Y12-
hdmmare (studie IV). Fordndringar 1 trombocytfunktion under
férvaringstiden kunde f6ljas med impedansaggregometri. Resultaten av
understkningarna kunde med mattlig precision férutspa fordndringar i
trombocytfunktion efter tillsats av trombocytkoncentraten till
blodprover fran friska frivilliga férsokspersoner (studie V).

Sammanfattningsvis visar studierna att tillsats av trombocyter och
fibrinogen forbéattrade trombocytaggregation och koagelbildning, medan
effekten av faktor XIII var begrdnsad. Trombocyttillsats i blodprover
fran patienter behandlade med P2Y2-hémmare hade dock en begransad
effekt. Impedansaggregometri kan anvindas for att méta trombocyt-
kvalitén i trombocytkoncentrat under forvaringen.
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1 INTRODUCTION

Excessive bleeding during and after cardiac surgery is common, and is
associated with an increased morbidity and mortality [7-10]. The cause
of the bleeding can be both surgical and/or a compromised hemostasis.

11  Hemostasis

In case of a blood vessel injury, vascular constriction, platelet plug
formation, and coagulation contributes to the hemostasis of the affected
area by temporarily decreasing the blood flow and closing the hole of
the vessel [11].

Primary hemostasis
The primary hemostasis consists of vasoconstriction and formation of a
platelet plug. When a blood vessel is injured, the plasma protein von
Willebrand factor (vVWF) attaches to collagen that is exposed on the
damaged vessel wall, and anchors the platelets to the vessel wall by
binding to the glycoprotein platelet receptor Ib. In Figure 1, an
activated platelet (middle) is visualized. Upon stimulation of platelet
receptors, platelets are activated, turn irregularly shaped, and release
contents from granules inside the platelets. From the dense granules,
adenosine diphosphate (ADP),
serotonin, thrombin, and
thromboxane As are released,
which activate adjacent
platelets, resulting in activation
of their glycoprotein IIb/IIla
(GPIIb/IIIa) receptors. From
the o-granules, vWF, factor V

and XIII, and fibrinogen are

Figure 1. A scanning electron micro-
scope image of an activated platelet
factor proteins are also present (middle) together with a red and a white
blood cell [3].

released [11]. Several coagulation

in the blood plasma. Platelets
bind together with fibrinogen
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(Figure 2), which attaches to GPIIb/IIla receptors on the platelets. A
platelet plug, although quite fragile, is formed [11].

O ay

il A\._'
e

Figure 2. Cartoon representation of the fibrinogen molecule. Fibrinogen
consist of two monomers, each composed of three chains which are coiled
around each other. Upon thrombin cleavage, parts of the E domain (center
of the fibrinogen molecule) are cleaved off and fibrin is formed [4].

Secondary hemostasis

To stabilize the platelet plug formed in primary hemostasis,
coagulation, which is the secondary hemostasis, occurs at the location.
A number of coagulation factor proteins are involved in the coagulation,
which are successively activated in a chain reaction. These coagulation
factors are located in the plasma and in the platelet granules.

The initiation phase of the coagulation starts with a contact between
tissue factor, which is expressed on cells of the vessel wall, and the
blood. The coagulation factor VII in the blood attaches to tissue factor,
together they form a complex, and factor VII is activated. This complex
then activates the coagulation factors IX and X. The activated factor X
activates factor V, and these two factors forms a complex. The factor
V is secreted from platelets and binds to a phospholipid membrane,
thereby attaching the complex to platelets or a damaged vessel wall.
When bound to this complex, activated factor X converts prothrombin
to thrombin [11, 12].

The amplification phase starts with activation of factors V, VIII and XI
and nearby platelets, which is induced by the thrombin formed in the
initiation phase. The platelet activation makes the surface negatively
charged. Coagulation factors forms complexes on this negatively
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charged  surface.  Complexes  of
activated factors VIII and IX activate
complexes of factor V and X, which in
turn induces a massive conversion of
prothrombin to thrombin [12]. The
formed thrombin cleaves fibrinogen
into fibrin monomers and converts
factor XIII (Figure 3) to its active
form. The fibrin monomers are then
polymerized and the activated factor
XIIT crosslinks the fibrin polymers,

Figure 3. Cartoon representation
of the factor XIII molecule [2].

forming a stable meshwork of fibrin fibers. The result is a mature blood

clot [11]. A microscope picture of a blood clot can be seen in Figure 4.

To prevent spontaneous clot formation when not necessary, and to

enable degradation of a blood clot after the wounded area is recovered,

there are anticoagulant and fibrinolytic mechanisms that prevent a clot

to be formed and degrade a blood clot, respectively. Substances such as

Figure 4. A scanning electron microscope image of an

activated platelet within a dense network of fibrin fibers and
red blood cells in a blood clot. @ Dr. Stanley Flegler/Visuals
Unlimited, Inc., with permission [5].
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antithrombin, protein C, protein S, and tissue factor pathway inhibitor
are inhibitors of the clot formation located in the blood, which limit the
coagulation to the area of the damaged vessel. On intact endothelium,
prostacyclin, heparan sulfate, and nitric oxide inhibit platelet
activation. There is also a fibrinolytic mechanism, dissolving formed
fibrin preventing a clot to occlude a vessel at the injured region [12].‘

12  Cardiac surgery and bleeding

The history of cardiac surgery goes back to the end of 19" century. The
first worldwide reported successful cardiac operation was performed by
the German surgeon Ludwig Rehn in 1896, when he managed to close
a 1.5-cm stab wound in the right ventricle of the heart [13|. The first
successful cardiac operation with the use of a heart-lung machine was
performed by the American surgeon John Gibbon in 1953. The patient
was an 18-year old woman with an atrial septum defect and symptoms
of heart failure [14]. During the use of heart-lung machine, the
anticoagulant heparin is crucial to prevent clot formation. Heparin pure
enough for human use was prepared from mammal cadaver in 1935 [15].
Heart-lung machine, or cardiopulmonary bypass (CPB), is a technique
used during most open-heart operations today, where oxygen-poor blood
is led, most often from the right atrium of the heart into the machine,
where it is oxygenated before it is pumped back, to arterial circulation,
the ascending aorta in the vast majority of the cases. Hence, the heart-
lung machine temporarily takes over the function of heart and lungs.

In cardiac surgery there is a high risk for bleeding complications. During
cardiac surgery, with the use of CPB, the hemostasis is affected by
exposure of the blood to artificial surfaces, hemodilution, consumption
of coagulation factors (including fibrinogen and platelets), and
sometimes hypothermia [16, 17]. Major bleeding in cardiac surgery is
associated with a higher incidence of renal failure, stroke, sepsis, and a
higher mortality [7-10]. Treatment with platelet inhibitors and
anticoagulants, which are used to prevent thrombotic events, caused by
undesired clot formation, may have a contributory effect to the impaired
hemostasis and the increased bleeding 16, 18].
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1.3 Platelet inhibition

Antiplatelet therapy is associated with an increased risk for spontaneous
and perioperative bleeding complications. Dual antiplatelet therapy
(DAPT) with acetylsalicylic acid (ASA) and a P2Y»-inhibitor, such as
clopidogrel or ticagrelor, further reduces the risk of thrombotic events
in acute coronary syndrome patients compared to ASA alone. However,
the risk of surgical bleeding is significantly increased with DAPT [19,
20]. Platelet activation is inhibited by ASA by irreversible binding to
cyclooxygenase-1 (COX-1), resulting in a reduced production of
prostaglandin and thromboxane As, substances responsible for platelet
activation and aggregation. The dosage which is commonly used (75—
100 mg daily) is sufficient for complete inhibition of COX-1. As platelets
lack cellular nucleus, they are unable to synthesize new substances, such
as COX-1 [21]. Therefore, the effect of ASA is maintained during the
life span of the platelet, which is up to ten days [22]. Another group of
platelet inhibitors is the P2Yi2-inhibitors, which bind to the ADP
platelet receptor P2Yj2, and thereby reducing ADP-induced
aggregation. Clopidogrel inhibits platelet aggregation by irreversible

0
/
SH OH
H
=
e}
S
H

Figure 5. The molecular structure of clopidogrel (top left) and its
activation. The first activation step is an oxidation mediated by
cytochrome P450. The two structures below are isomers with the
same molecular formula. The last step is a hydrolysis, which gives
the active metabolite (top right) [6].
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binding to the P2Yis-receptors

HN on platelets. Clopidogrel is a

N,/N | SV E prodru'g that' .underg.oes

HO_~o Y NJ\S ~_-CHs extensive conversion in the liver
before the active metabolite is

formed, see Fligure 5 [23].

OH OH Because of the extensive

Figure 6. The ticagrelor molecule [1]. metabolism required, there is a

variability in response. The
incidence of non-responders or poor-responders have been shown to be
20-40% [24]. Because of the irreversible binding of clopidogrel, the effect
is maintained during the life span of the platelets. Ticagrelor (molecule
shown in Figure 6) is another P2Y12-inhibitor which binds reversible to
the receptors. The half-life of ticagrelor is 6-13 h [25]. Ticagrelor can
move between P2Yis-receptors and has a rapid receptor kinetics;
ticagrelor associates to P2Yis-receptors with a half-life of 4 min and
dissociates with a half-life of 14 min [26]. Ticagrelor does not require
extensive conversion in the liver, both its origin form and its active
metabolite are potent platelet inhibitors [27]. There are no direct
antidotes to ticagrelor or any other oral platelet inhibitor clinically

TxA,
\'TPu < \
PARA : XA,
| — -
Thrombin 5 ,

RNy

PAR1

Fibrinogen

-’ Platelet activation = & ",1*7,,_“ 7<ij'=
GPIIb/llla

GPlib/llla
GPIb, / \
ADP

VWF

Thrombin )\)PZYQ

GPVI
/ p2Y, '\ I\ Ticagrelor
Collagen 'ADP Clopidogrel

Figure 7. Schematic illustration of some of the platelet receptors and
platelet activation pathways. The inhibitory pathways of acetylsalicylic
acid (ASA), ticagrelor, and clopidogrel are also shown.
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available. Current guidelines recommend discontinuation of the P2Y12-
inhibitor in elective surgery, but maintained treatment with ASA [28].
However, patients with ongoing or recently stopped DAPT undergoing
acute surgery will have a maintained strong platelet inhibition during
and after surgery, and accordingly a high risk for bleeding
complications. In Figure 7, the inhibitory actions of ASA, clopidogrel,
and ticagrelor are shown.

14 Transfusion with blood products

Transfusion with blood components (red blood cells, platelets and
plasma) and/or blood products (factor concentrates) is used to improve
hemostasis in patients with ongoing bleeding. The first attempts to
transfuse a human with animal blood occurred in 1667, and the first
transfusion of human blood to human patients (woman with major post-
partum hemorrhage) occurred in 1818. Some of the transfusions were
successful, but many came with complications or were fatal [29]. In 1901,
the four blood groups O, A, B, and AB were discovered by the Austrian
Karl Landsteiner and his students, which subsequently increased the
proportion of successful transfusions. In 1940, Landsteiner and Wiener
discovered the Rhesus blood group system, which is the second most
important blood group system (after the ABO system) in blood
transfusion [29, 30]. In 1914, sodium citrate was found to function as a
safe anticoagulant, which made it possible to store blood for transfusion
at a later point in time [30]. Until 1940, whole blood or plasma was used
for transfusion, but then fractionated blood products were developed,
such as concentrates containing mainly fibrinogen, globulins or albumin.
These fraction concentrates were easier to transport, which was
beneficial during war situations. A couple of decades later, coagulation
factor concentrates with factor VIII or IX became available for patients
with hemophilia [30, 31]. These patients had earlier received plasma
from animals, with allergic reactions as a result, and without treatment
they seldom survived into adulthood. The first blood bank was
established in London in 1921. Since then the transfusion medicine has
developed, in terms of availability, durability, quality, and safety [30].
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Although the improvement in safety, there is still a risk for
complications associated with blood transfusions. Mild allergic
symptoms occur in 1-3% of transfusions. However, alloimmunization to
HLA (human leukocyte antigen) antigens occurs in less than 5% of
patients transfused with platelet concentrates. The risk for serious
adverse events (such as febrile non-hemolytic transfusion reactions,
bacterial contamination, anaphylaxis and transfusion-related acute lung
injury) is 0.1% for red blood cell transfusions and 0.04% for platelet
concentrate transfusions [32, 33|. In a study performed at Sahlgrenska
University Hospital in Gothenburg, Sweden, about 50-60% of all adult
patients who underwent cardiac surgery during a 2-year period received
at least one blood component [34], but there are large variations
between different centers.

Platelet and fibrinogen transfusion is commonly used in the treatment
of significant bleeding after cardiac surgery in many centers. Infusion of
fibrinogen concentrate has been reported in up to 21% of cardiac surgery
patients [35]. In an observational study of 102,470 patients undergoing
coronary artery bypass graft surgery (CABG) in the United States, the
incidence of perioperative platelet transfusion was 25% [36]. In a Danish
prospective observational study with 811 cardiac surgery patients, 26%
received platelet concentrates perioperative or during the first 24
postoperative hours [37].

Little is known about the efficacy of platelet transfusion in patients
treated with platelet inhibitors, or if the efficacy varies between
different antiplatelet therapies. It has been shown that the effects of one
blood product to some degree can substitute the effects of another. For
example, fibrinogen has been shown to decrease bleeding caused by
hemodilution or thrombocytopenia in experimental models [38, 39|, and
to improve platelet aggregation ex vivo in samples from healthy subjects
treated with GPIIb/IIIa inhibitors [40]. Plasma FXIII activity has been
shown to be significantly correlated with bleeding volume after cardiac
surgery [41-43|, and to be reduced in surgical patients with unexpected
bleeding [44]. In a study where patients were randomized to receive
either FXIII concentrate or placebo at the start of their gastrointestinal
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cancer surgery, the decrease in clot stability and the perioperative blood
loss was significantly less in the group that received FXIII [45].
However, little is known about the relationship between dose and
response of platelet, fibrinogen and FXIII concentrates, the interaction
between different blood products, and optimal combinations for
transfusion.

Platelet concentrate

When located in the blood vessels, the life span of the platelets is up to
ten days [22]. The reference interval for platelet count is 165-387 x 10° /L
for women and 145-348x10°/L for men [46], respectively, while the
platelet count of platelet concentrates can be about 80071800><109/L,
depending on e.g. the preparation method and the donor(s) platelet
count [47]. Transfusions of platelet concentrates have been used for
decades, and their quality and safety have been improved over the years.
For example preparation methods and storage medium have been
elaborated, and pathogen reduction technologies have been introduced.

Platelet concentrates are stored at room temperature until use. The
storage time varies and 30 years ago the storage time was only 3 days
after preparation. Cryopreservation of platelet concentrates has been
utilized, which allows for a longer storage period, however, the in vivo
recovery of platelets has not been optimal [48]|. Nowadays, the platelets
are stored at room temperature for up to 7 days. Although
improvements have been made, there is still a deterioration of the
morphology and function of the platelets over the storage period, called
platelet storage lesion. Microbial contamination is still an issue, because
of the storage temperature [49, 50].

Platelet storage lesion may develop during the collection, processing,
and storage of the platelet concentrate. Release of granule content may
occur as a cause of high shear stress exposure during centrifugation.
During storage, the platelets remain metabolically active, thereby keep
consuming nutrients and producing metabolic products that may be
harmful. Platelet-plasma interaction may activate coagulation factors.
Some signs of platelet storage lesion that can be measured are;
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decreasing levels in pH, oxygen, glucose, increasing levels in carbon
dioxide, lactate, P-selectin surface expression, and decreased platelet
aggregation [51]. Whether the platelets have undergone a shape change
from discoid (their normal form) to spherical, which occurs at low pH
or low storage temperatures (about 4°C), can be inspected by exposing
the platelet unit to a light source while gently rotating it [51, 52].
Discoid platelets will then produce a visual “swirling” impression. The
platelet morphology can also be determined by microscopy. Clinically,
the only parameters routinely measured as a quality control are usually
platelet count, concentrate volume, white blood cell count, and pH
(when outdated) [51].

Platelet  concentrates  are
either prepared from whole
blood or with apheresis
technique from blood donors.
The platelets are stored in
plasma and/or a platelet
additive solution in plastic
bags (Figure 8). The platelet
concentrate can originate from

Figure 8. Platelet concentrates; buffy coat
one donor, or pooled from a (left) and apheresis platelet concentrate
(right). Photo by Camilla Hesse.

number of donors.

Fibrinogen concentrate

Fibrinogen concentrates are prepared from plasma collected and pooled
from a large number of blood donors. The reference interval for
fibrinogen in the blood plasma is 1.8-3.8 g/L [46], and before
administration, 1 g of fibrinogen is dissolved in 50 mL sterile water. The
rationale of using fibrinogen concentrate in cardiac surgery patients is
based on the association between pre- and postoperative plasma
concentration of fibrinogen and postoperative bleeding volume as shown
in several studies [53, 54|. Initial clinical studies with fibrinogen
supplementation in patients with ongoing bleeding or as a pre-emptive
treatment before surgery, showed promising results [55-57|, which led
to the hypothesis that fibrinogen could be used as a universal hemostatic
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agent [58]. However, more recent studies both in cardiovascular surgery
[59, 60] and other fields [61] have not been able to confirm the initial
results, although, in one study, fibrinogen concentrate was shown to
decrease bleeding and transfusions after complex cardiac surgery [62].

Factor Xl concentrate

FXIII concentrate is prepared from plasma collected and pooled from a
large number of blood donors. The reference interval for plasma
concentration of FXIII is 0.70-1.40 kIU /L [46]. Infusion with factor XIII
concentrate is mainly used in individuals with inherited FXIII
deficiency, which occurs in 0.5—1 in one million individuals. The target
for prophylaxis treatment with FXIII concentrate in patients with
inherited FXIII deficiency is 0.10-0.20 kIU/L, achieved by
administration of 25-35 IU /kg every 4 to 6 weeks [63]. FXIII deficiency
may also be acquired during massive bleeding. However, FXIII
concentrate is rarely used as a first line treatment during peri- or
postoperative bleeding. Little is known about the relationship between
dose and response, and whether potential effects are preserved when
FXIII is combined with another pro-hemostatic blood product such as
fibrinogen or platelet concentrate.

1.5  Functional hemostatic tests

There are several methods available for functional hemostasis testing,
which assesses the platelet function or clot formation process. Below,
some are described.

Platelet function testing

The gold standard method used for the assessment of platelet function
is light transmission aggregometry (LTA). There are many different
methods available for platelet function measurement. Below, LTA and
the methods platelet function analyzer (PFA), flow cytometry (which
studies the surfaces of the platelets more than their function), and
impedance aggregometry (the method used in this thesis project), are
described, to indicate the difference in approaches utilized to assess
platelet function.
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LTA was developed in the 1960s by Born and O’Brien [64, 65] and is
still the gold standard method used to study the platelet function. In
this test, platelet-rich plasma (PRP) is prepared from citrated whole
blood, and put into a cuvette with a magnetic stirring bar. Platelet
aggregation is induced by the addition of an agonist, for example ADP,
arachidonic acid (AA), collagen or epinephrine, and the temperature is
regulated to 37°C. Optical density is used as a measurement of platelet
aggregation, and the change in optical density of the PRP sample is
recorded with a photometer. The optical density of platelet-poor plasma
(PPP; from the same blood sample) is subtracted for adjustment. As
the platelets aggregate in the cuvette, the optical density decreases [65].
The result is displayed as percentage aggregation, where 0% is minimum
and 100% is maximum aggregation [66].

PFA has been regarded as a standardization of the method bleeding
time, where a skin wound is made and the time until occlusion by a
formed platelet plug is measured. In PFA, citrated whole blood is
drawn, at high shear stress, through a capillary with a membrane which
is coated with agonists (collagen+ADP or collagen-+epinephrine) at the
end. The time until closure of the capillary (CT; closure time), is used
as a measure of platelet function [67].

In flow cytometry, the sample, usually anticoagulated whole blood, is
passed through one or more laser beams, and different particles can be
distinguished based on size, granularity, and signal intensity from
different fluorescently labeled markers bound to the platelet [68]. The
platelets can be studied in presence or absence of agonists. Fluorescently
labeled antibodies are used which bind to antigens of interest (e.g. on
fibrinogen receptors, collagen receptors or P-selectin secreted form the
a-granules) on the platelet surface [68, 69]. Parameters of interest are
commonly the percentage of platelets positive for the marker, and the
median fluorescence intensity. Normally, platelets are analyzed
separately (not attached to each other), however, flow cytometry can
also be used to study platelet activation in microaggregates [68].
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©;

Roche Diagnistics, Basel, Switzerland), the equivalent volume of saline

In impedance aggregometry (one avalaible application is Multiplate

and citrated or hirudin-anticoagulated whole blood are added to a test
cell and an agonist is added to promote the platelets to aggregate to
electrode pairs in the test cell. Pipetting is assisted with an automatized
pipette connected to the computer, in which the measurement is
recorded. The temperature is regulated to 37°C and the test cell content
is continuously stirred with a magnetic stirring bar (Figure 9). As
platelets aggregate on the two electrode pairs in the test cell, the
impedance between the pairs increases, and the change in impedance
over time is recorded and is displayed in a graph by two curves; one for
each electrode pair. The area under the curve is calculated (the mean
of the two curves) and reported in aggregation units (U) (Figure 9).

Aggregation
(AU)

g

100 +

Area under

Electrode pair
the curve (U)

Magnetic
stirring bar 0¥

0 3 6 Time (min)

Figure 9. Test cell used for impedance aggregomtry analysis with
Multip]ate@ and representative aggregation curves. One curve is obtained
from one of the two electrode pairs, and area under the curve is calculated
from the mean of the two curves.

Clot formation testing

Two classical methods clinically used for the assessment of clot
formation are activated partial thromboplastin time (APTT) and
prothrombin time. Two other commonly used methods are
thrombelastography and thromboelastometry, the latter used in this
thesis project. All four methods are described below.

In APTT, intrinsically activated clot formation is measured. In the
assay, PPP, a contact activator (for example kaolin or ellagic acid), and
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a phospholipid suspension are incubated at 37°C, followed by the
addition of calcium. The time it takes from the addition of calcium for
fibrin polymerization to occur is the APTT, which is either optically or
mechanically measured. A prolonged APTT can be caused by
deficiencies in coagulation factors II, V, VIII, IX, X, XI, XII, and
fibrinogen |[70].

In the prothrombin time, extrinsically activated clot formation is
measured. In the assay, PPP is prepared from citrated whole blood and
placed in a test cell together with calcium and a phospholipid
suspension. Upon addition of tissue factor, clot formation is initiated
and the time until fibrin polymerization occurs is determined by the
optical density [70]. Prothrombin time can be assessed with the Owren
or the Quick method. A prolonged prothrombin time can be caused by
deficiencies in factors VII, X and prothrombin when the Owren method
is used. When the Quick method is used, prothrombin time is also
dependent on factor V and fibrinogen. The Owren method is less
sensitive to interference from lupus antibodies or excess citrate, and is
utilized in Scandinavian countries [71]. To standardize the prothrombin
time assay, international normalized ratio (INR) was introduced. INR
is the prothrombin time of the patient divided by the prothrombin time
of normal plasma [70].

In thrombelastography (TEG®; Haemonetics Corporation, Braintree,
MA, USA), whole blood is put in a test cell and clot formation is induced
by addition of an agonist. During the measurement, the test cell
oscillates (4.45°) in relation to a pin which is located in the test cell and
connected to a torsion wire. While the blood starts to clot, the pin
begins to follow the movement of the test cell, and this rotation is
mechanically detected. The temperature is regulated to 37°C. The
movement is calculated to a curve and numerical parameters such as
reaction time and maximum amplitude are obtained. Reaction time is
the time from the start of the analysis to when a 2 mm amplitude is
reached and is measured in seconds. The maximum amplitude is also
measured and reported in mm.
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Thromboelastometry (ROTEM®; Pentapharm GmbH, Munich,
Germany) is developed from thrombelastography. It uses the same
principle to measure clot formation, but the assay is somewhat different.
The main difference with thromboelastometry is that with this device,
the test cell is fixed while the pin oscillates, and as the blood starts to
clot, the movement of the pin is gradually restricted. The movement of
the pin is optically detected. Clotting time and maximum clot firmness
are parameters correspondent to reaction time and maximum amplitude
in thrombelastography. In Figure 10, visual descriptions of the assay
and some of the result parameters are shown.

4.75° Amplitude
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Mirror

A
) Detector 40
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Heating
block
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10 20 30 Time (min)

Figure 10. Visualization of the thromboelastometry instrument and a
representative graph. The curve is mirrored along the longitudinal axis.
CT, clotting time; CFT, clot formation time; MCF, maximum clot
firmness.

Advantages with the assays APTT and prothrombin time are that they
can be used to detect a deficiency in most of the coagulation factors, or
in vitamin K (because coagulation factors II, VII, IX, and X are vitamin
K-dependent), or to monitor the effect from anticoagulation therapy
(for example heparin and warfarin) |70, 72|. Limitations with the
methods are that minor or modest deficiencies cannot be detected, and
the required sample preparation to acquire plasma. The APTT assay
has not yet been standardized, there may be differences in reagents,
definitions of clotting time, and devices among centers [70, 71]. Some
centers utilize APTT ratio to evaluate the effect of anticoagulant-
treatment [73], however the results may still vary depending on the
sensitivity of the reagent used, to the anticoagulant.
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An advantage with thromboelastometry is the user-friendly
automatized pipetting system. Advantages with thrombelastography
and thrombo-elastometry are that no sample preparation is needed, that
a first evaluation can be done after just ten minutes of analysis [74],
and that a dysfunction in the clot formation process can be linked to
for example the fibrin polymerization, platelet contribution to the clot,
or that there is a heparin effect. Limitations with both assays are the
hematocrit-dependency; that the clot formation improves with a
decrease in hematocrit [75], which is not the case with in vivo
coagulation. Thromboelastometry is not sensitive to pharmacological
platelet inhibition, however a supplementary device is available for
analysis of platelet function and platelet inhibition [76].
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16  Study objectives

At the start of this thesis project, the effect on hemostasis after
simultaneous supplementation of fibrinogen and platelet concentrates
had not been compared to the effect of fibrinogen or platelets alone.
However, it had previously been shown that supplementation with
fibrinogen to blood samples was able to improve clot formation [77-79)],
and that platelet supplementation was able to increase platelet
aggregation [80]. Study I was designed to investigate the effect of
platelet and fibrinogen supplementation on platelet aggregation and clot
formation in blood samples from cardiac surgery patients. Furthermore,
we aimed to study whether simultaneous supplementation of fibrinogen
and platelet concentrate would be more effective on platelet aggregation
and clot formation compared to fibrinogen or platelet concentrate alone.

To study whether potential findings in study I was possible to translate
into real-life, study II was conducted. In this study, blood samples
from cardiac surgery patients with ongoing bleeding were analyzed
before and after the transfusion of fibrinogen, platelets, or the
combination of both.

The effect of FXIII supplementation on clot formation has been studied
by others, but the results have been conflicting [77-79, 81-93]. The clot
formation process had been studied after supplementation of FXIII,
both added alone [77-79, 81-86, 88-93] and together with fibrinogen [77-
79, 82, 84, 85, 87, 88|, but not together with platelet concentrate. In
some of the studies, supraphysiological doses of FXIII were used [77, 79,
84-86, 88]. In study III, blood samples from two markedly different
groups of surgical patients: cardiac and scoliosis surgery patients were
supplemented with clinically relevant doses of FXIII, alone or together
with fibrinogen or platelets.

Cardiac patients treated with oral platelet inhibitors undergoing acute
surgery have a high-grade platelet inhibition and there are no direct
antidotes available. The use of platelet concentrates to improve platelet
function in patients with low platelet count or known platelet
dysfunction, e.g. in patients with antiplatelet therapy, is rarely debated,
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although few investigations had been able to show that it is effective
[94-96]. To investigate the efficacy, blood samples from patients treated
with different platelet inhibitors were supplemented with platelet
concentrate in study I'V. Platelet aggregation was measured before and
after platelet supplementation to blood samples from patients treated
with ASA, ASA-clopidogrel, ASA-tticagrelor and from healthy
volunteers.

If transfusion with platelet concentrate is not sufficient to improve
platelet aggregation, one potential cause could be time-dependent
degradation of the platelets in the concentrates. Study V was designed
to investigate if impedance aggregometry, performed directly on platelet
concentrates, can be used to monitor platelet function in stored platelet
concentrates and if the results predict changes in platelet aggregation
after supplementation of the platelet concentrate in an in vitro
transfusion model.
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2 AIMS

The aims of this thesis project were

1. To investigate if supplementation with fibrinogen
and/or  platelet concentrate improves platelet
aggregation and clot formation in postoperative blood
samples from cardiac surgery patients (study I)

2. To investigate if transfusion with fibrinogen and/or
platelet concentrate improves platelet aggregation and
clot formation in cardiac surgery patients with ongoing
bleeding (study II)

3. To investigate if supplementation with increasing doses
of FXIII concentrate improves clot formation in
postoperative blood samples from cardiac and scoliosis
surgery patients (study III)

4. To investigate if supplementation with increasing doses
of platelet concentrates restores platelet function in
blood samples from patients treated with different
platelet inhibitors (study IV)

5. To investigate if impedance aggregometry can be used

to monitor time-dependent changes in platelet
concentrates (study V)
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3 METHODS

3.1 Participants

All studies were approved by the Regional Research Ethics Committee
in Gothenburg and performed in accordance with the Declaration of
Helsinki. In all studies, patients were included after obtaining written
informed consent. In study I, IV and V, only men without previous
history of blood transfusion were included, to prevent reactions due to
alloimmunization that could occur due to transfusion or pregnancy.
Exclusion criteria for study I and III-V were known bleeding disorder,
known renal or liver disease, and a platelet count <150% 109/ L
(preoperative count for the surgery patients). The healthy volunteers in
study IV and V had not consumed any drugs influencing bleeding and
coagulation at least 7 days prior to the blood sample collection(s). In
study II, inclusion criteria were ongoing significant bleeding after an
open heart surgery procedure, where the responsible physicians had
prescribed transfusion with either fibrinogen, platelets, or both
fibrinogen and platelets. The only exclusion criterion was known
bleeding disorder not caused by preoperative medication. While most
patients in study II were under anesthesia at the time of transfusion,
they were asked to participate and gave their written consent at a later
date, according to the approval from the Regional Ethics Committee. A
patient could only be included once, regardless of repeated transfusions.
The decision to transfuse the patient was based on clinical signs, routine
coagulation tests, blood gases and thromboelastometry results.

Characteristics for the patients included in the studies where fibrinogen,
platelet or factor XIII concentrate were supplemented to blood samples,
or fibrinogen and/or platelet concentrates were transfused, are
summarized in 7Table 1.
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Table 1. Patient characteristic for patients in study I, II, and III. Median and
interquartile range (25th-75th percentile), or number and percentage.

Study 1 Study II Study III
Card.lac ('Jard.1ac Cardiac Scoliosis
ex vivo in vivo
n 15 41 9 10
Female/male gender 0/15 5/36 0/9 8/2
Age (years) 70 (61-76) | 73 (65-76) | 66 (65-70) 14 (14-17)
BMI (kg/m?) 28 (26-31) | 25 (24-28) | 28 (25-20) 17 (17-19)
Diabetes mellitus 4 (27%) 6 (15%) 2 (2%) 0
Smoker /former /non-
smoker 1/9/4 0/19/22 0/7/2 0/1/9
Previous MI 9 (60%) 13 (32%) 4 (44%) 0
Procedure
CABG 13 (87%) 18 (43%) 9 (100%) -
AVR 1(6.7%) 13 (32%) 0 -
CABG + AVR 1(6.7%) 7 (17%) 0 -
MVR 0 2 (5%) 0 -
AVR + MVR 0 1 (2%) 0 -
Scoliosis surgery 10 (100%)
Preoperative lab results
. 140 (132 147 (136 126 (122 115 (113
Hemoglobin (g/L) 14(8) 15(0) 1?57) 11(8)
Platelet count 241 (190- 210 (176- 210 (172— 253 (218-
(x10°/L) 289) 252) 229) 291)
Plasma fibrinogen 3.4 (3.0~
/L) 49) 3.0 (2.6-3.6) | 3.1 (27-3.3) 2.3 (2.0-2.8)

Key: AVR, aortic valve replacement; CABG, coronary artery bypass grafting; MI,
myocardial infarction; MVR, mitral valve replacement.

Characteristics of the patients and the healthy volunteers included in
the studies where platelet concentrates were supplemented to blood

samples are summarized in 7Table 2.
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Table 2. Characteristics of patient groups and healthy volunteers whose blood
samples were supplemented with platelet concentrates (study IV and V). Median

and interquartile range (. 25" 75" percentile), or number.

Study IV Study V
Healthy Pat} ents treated Healthy
with platelet
volunteers R volunteers
inhibitors

n 10 40 9
Age (years) 55 (49-75) 68 (60-75) 37 (33-40)
BMI (kg/mZ) 24 (23-27) 26 (24-30) 27 (23-29)
Smoker/former/non
—smoker 0/0/10 2/21/17 0/0/9

Hemoglobin (g/L)
Platelet count
(x10°/1)

145 (139-151)
224 (166-251)

139 (132-145)
231 (202-282)

148 (144-152)
212 (193-265)

Diabetes mellitus 0 6 (15%) 0
Previous MI 0 20 (50%) 0
Antiplatelet therapy
ASA 0 40 (100%) 0
ASA + o
clopidogrel 0 15 (38%) 0
ASA + ticagrelor 0 15(38%) 0

Key: ASA, acetylsalicylic acid; MI myocardial infarction.
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3.2 Study design and methodology
Study |

Venous blood samples from the patients were collected after surgery,
when the patient was off CPB (after heparin had been neutralized with
protamine). Blood was collected in hirudin (>0.15 mg/L) and citrate
(0.129 M) tubes, which were used for platelet aggregation and clot
formation analysis, respectively. Blood was also collected in EDTA
tubes for hemoglobin and platelet count.

Postoperatively, ten different samples were prepared for platelet
aggregation and clot formation analysis: one baseline, three with
increasing doses of fibrinogen (+0.5, 1.0, and 1.5 g/L) (Riastap®; CSL
Behring GmbH, Marburg, Germany), three with increasing amounts of
platelet concentrate (+46, 92, and 138 ><109/L)7 and three with
increasing doses of both fibrinogen and platelets (Figure 11). The
platelet concentrates were fresh (<6 h old) allogeneic ABO-compatible
single-donor apheresis platelet concentrates, prepared at the regional
blood bank, Sahlgrenska University Hospital, using Trima Accel system
version 6.0 (Terumo BCT, Zaventem, Belgium) according to the
manufacturer’s instruction. The platelet count of the donor before
donation was at least 230><109/ L. The target concentration was
1600 x 109/L for each platelet concentrate. The whole blood to citrate
ratio was 10:1 and the platelets were stored in autologous plasma. The
levels of A- and B-antibodies were checked in the concentrate of blood
group O; only concentrates with a low level of antibodies (titre of
<1/100 with indirect antiglobulin testing) were included. Phosphate-
buffered saline (PBS; 140 mM NaCl and 10 mM NaszPOy4, pH 7.4) was
used in varying volumes to keep the hemodilution of the samples
constant (23% by volume). The amounts of added fibrinogen (0.5-1.5
g/L) and platelets (46-138 x10”/L) correspond to approximately 2-5
fibrinogen and 2-5 units of platelet concentrate to a 70-kg patient.

Platelet aggregation was assessed with impedance aggregometry and
clot formation with thromboelastometry, for the ten samples. Both
methods are described in the Analyses section.
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RN

Baseline  Fibrinogen Platelets  Fibrinogen + platelets

Figure 11. Samples prepared for platelet aggregation and clot formation
analysis in study I; one baseline, three with increasing doses of fibrinogen,
three with increasing doses of platelets, and three with both fibrinogen and
platelets.

Intraoperative bleeding was based on waste suction volume and sponges
as estimated by the operation nurse. Postoperative bleeding was defined
as mediastinal drain loss volume, measured hour by hour in the
intensive care unit.

Study |I

Blood samples were collected from an arterial line in a citrate tube
(0.129 M, 2.7 mL) and a hirudin tube (>0.15 mg/L, 3 mL) for clot
formation and platelet aggregation analyses, respectively. The samples
were collected immediately before the transfusion and 15-30 minutes
after the transfusion was completed. Blood samples for hemoglobin,
plasma fibrinogen concentration and platelet count were also collected
before and after the transfusion. In addition, bleeding volumes (chest
drain output) were registered hour by hour before and after transfusion.
The median bleeding volume during the two hours before and the two
hours after transfusions were calculated.

Fibrinogen concentrate (Riastap, CSL Behring GmbH, Marburg,
Germany) was reconstituted in sterile water before administration, 1 g
fibrinogen per 50 mL water. Platelet concentrates (apheresis, buffy-coat
or interim platelet unit platelet concentrates) from the local blood bank
were used. Platelet concentrates of all types were leucocyte-reduced
(<1x10° leucocytes per unit) and stored at 22°C in a platelet incubator
(Helmer Agitator; Fenwal Europe, Mont Saint Guibert, Belgium) with
horizontal agitation until use (up to 7 days after donation). The platelet
concentrates contained approximately 250-300 % 10’ platelets per unit.
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Impedance aggregometry was used to assess the platelet aggregation
and thromboelastometry was used to assess the clot formation process.
Hemoglobin levels, plasma fibrinogen concentration and platelet count
were measured using standard clinical methods.

Study Ii

In a prestudy, citrated whole blood samples from six healthy volunteers
were supplemented with three doses of FXIII which increases the plasma
concentration of FXIII by 0.20, 0.40, and 0.60 kIU /L (Concentration of
the concentrate: 62.5 TU/mL; Fibrogammin®; CSL Behring, Marburg,
Germany). The plasma FXIII concentrations were measured at the
accredited coagulation laboratory at Sahlgrenska University Hospital,
using the Berichrom FXIII assay (Dade Behring, Marburg, Germany)
on the BCS XP instrument (Siemens Healthcare GnbH, Erlangen,
Germany) (reference range 0.70-1.40 kIU/L). This prestudy was
performed to evaluate the FXIII concentrate content.

In the main study, postoperative blood samples from the cardiac surgery
patients were collected when the patient was off CPB (as in study I).
Blood samples from the scoliosis surgery patients were collected directly
after completion of surgery. All samples were collected from an arterial
line, except in two scoliosis patients, where blood was collected from a
peripheral vein catheter. Samples were collected in citrate tubes (0.129
M) for clot formation analysis, and for measurement of fibrinogen
plasma concentration and FXIII activity. For measurement of
fibrinogen and FXIII, the blood was centrifuged for 20 min at 2,000 x
g within 30 min of collection and the plasma was stored at —80°C in
polypropylene cryotubes for later analysis. Additional blood was
collected in EDTA tubes for hemoglobin concentration and platelet
count.

Ten different samples were prepared and analyzed with
tromboelastomtry. The samples consisted of; one baseline and three
with increasing doses of FXIII concentrate (+0.20, 0.40, and 0.60
kIU/L), alone together with a fixed dose of fibrinogen concentrate (+1.0
g/L) (Riastap®; CSL Behring) or fresh apheresis platelets (+92x10” /L)
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from the regional blood bank (same as in study I, but the age of the
concentrates here were <24 h) (Figure 12). The doses correspond to
clinically relevant doses of approximately 1,050-3,150 IU FXIII
concentrate, 3 g fibrinogen concentrate, and 3 units of single-donor
apheresis platelets to a 70-kg patient. PBS was used in different volumes
to maintain the same hemodilution (23% by volume) in the samples.

RLURETT

Baseline FXIII FIB+ FXIII PLT + FXIII

Figure 12. Samples prepared for clot formation analysis in study III; one
baseline, three with increasing doses of factor XIII (FXIII), alone or
together with a fixed dose of fibrinogen or platelets.

Fibrinogen concentration and FXIII activity were analyzed at the
accredited coagulation laboratory at Sahlgrenska University Hospital.
Fibrinogen plasma concentration (reference range when the study was
performed was 2.0-4.5 g/L) was measured by the modified method of
Clauss [97]. Hemoglobin concentration and platelet count were
measured using standard clinical methods.

Study IV

Venous blood samples from the healthy volunteers and the patients were
collected in hirudin-anticoagulated tubes (>0.15 mg/L) and one EDTA
tube two hours after intake of the morning dose of 75 mg ASA alone,
or 75 mg ASA together with 75 mg clopidogrel (daily dose), or 90 mg
ticagrelor (twice daily; 180 mg per day). The EDTA tube was used for
measurement of hemoglobin and platelet count and the hirudin tubes
were used for platelet aggregation analysis.

Three increasing amounts of single-donor apheresis platelet concentrate
were added (same type and age as in study I) to the samples from each
study individual (Figure 13). The baseline sample consisted of 1 mL
blood and 300 pL. PBS, and the samples with added platelets consisted
of 300 uL blood and various amounts of platelet concentrate and PBS,
to maintain the same hemodilution (23% by volume) in all samples. The
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amounts of platelets added to the blood samples were +46, 92, and 138
X109/ L, corresponding to approximately 2-5 units of single-donor
apheresis platelets to a 70-kg patient.

1

Baseline Platelets

Figure 13. Samples prepared for platelet aggregation analysis in study
1V; baseline and three with increasing doses of platelet concentrate.

To assess the platelet aggregation, the baseline and the samples with
added platelets were analyzed with impedance aggregometry.

Study V

Platelet concentrates prepared with two different techniques; apheresis
or pooled buffy coat, stored for one, three, five, or seven days were
studied. The apheresis platelet concentrates were of the same type as in
study [-IV, and preparation details are described in the method section
for study I. The buffy coat-derived platelet concentrates were prepared
from buffy coats donated by four regular donors of whole blood one day
prior to the preparation. Whole blood units were collected in bottom-
and-top bags (MacoPharma Nordic AB, Helsingborg, Sweden)
withholding 63 mL citrate phosphate dextrose as anticoagulant. The
whole blood units were hard-spin-centrifuged (4,880xg for 11 min at
23°C) and the buffy coat was separated from plasma and the red blood
cells using a blood expander platform (Macopress Smart, MacoPharma
Nordic AB). The buffy coats were then pooled together with platelet
additive solution (SSP; MacoPharma Nordic AB) and processed in an
automated blood component processing device (TACSI, Terumo BCT
Europe, Zaventem, Belgium) to separate the remaining red cells. The
residual plasma content was approximately 20%.

In the in vitro part of the study, platelet concentrates were analyzed.
Samples from both types of concentrates were taken aseptically from
the bag using a separate sampling bag on day one, three, five, and seven
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(n=13 for each day and type of platelet concentrate) after collection.
The samples were transferred to small plastic tubes without any
additives for assessment of platelet aggregation (Fligure 14), and to
EDTA tubes for measurement of platelet count. Platelet count was
analyzed within one hour after sampling. Before each sample collection
from the platelet concentrates, a visible “platelet swirl” was detected.
The platelet concentrates were analyzed with impedance aggregometry.

In vitro FEx vivo

e

BC AC Baseline BC AC

Figure 14. Samples which were analyzed with impedance aggregometry
in study V. This setup was used on day 1 after preparation of the
platelet concentrates, and it was repeated on storage days 3, 5, and 7.
Buffy coat platelet concentrates (BC) and apheresis platelet
concentrates (AC) were analyzed in vitro and after ex vivo
supplementation to diluted whole blood samples from healthy
volunteers.

In the ex vivo part of the study, whole blood samples from nine healthy
volunteers were collected every second day: from the antecubital vein
using a BD Vacutainer Eclipse blood collection needle (BD Diagnostics,
NJ, USA). The blood samples were collected in hirudin tubes (>0.15
mg/L). Before analysis, the samples were diluted (20% by volume) with
hydroxyethyl starch (HES) (Venofundin 60 mg/mL; B. Braun
Melsungen AG, Melsungen, Germany), to resemble samples from
patients with impaired platelet function. Samples for impedance
aggregometry analysis were collected from the platelet concentrates on
storage day one, three, five, and seven. Whole blood samples from three
healthy volunteers were supplemented with the same preparation, one
apheresis concentrate and one buffy coat concentrate, the same batches
for every consecutive collection day.

For each healthy volunteer and day, three samples were prepared for
platelet aggregation analysis: one baseline sample, one sample
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supplemented with apheresis platelets, and one supplemented with buffy
coat platelets (Fligure 14). The platelet-supplemented samples consisted
of 1,080 uL of HES-diluted blood and 285 uL platelet concentrate, and
the baseline sample consisted of 1,080 ul. HES-diluted blood and 285
puL PBS (to keep the total volume constant). The amount of platelets
in the concentrates was standardized to 7OOX109/ L, so the increase in
platelets was 146x 109/L. If needed, PBS was used to dilute the platelet
concentrates to the desired concentration. A sample in an EDTA tube
was also collected from the healthy individuals, for measurement of
hemoglobin and platelet count.
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3.3 Analyses

Platelet function was analyzed with impedance aggregometry
(Multiplate®; Roche Diagnistics, Basel, Switzerland). In this method,
300 pL saline and 300 pL. whole blood are added to a test cell and
incubated at 37°C for three minutes, and the test cell content is
continuously stirred with a magnetic stirring bar. Then, an agonist is
added to promote the platelets to aggregate on electrode pairs in the
test cell, and the change in impedance over time is recorded for 6
minutes. In study I, III-V, the 300 pL blood used for impedance
aggregometry analysis consisted of whole blood supplemented with PBS
(baseline), fibrinogen, platelet or FXIII concentrate. For the analysis of
platelet concentrates solely in study V, the 300 pL. sample volume used
in the assay consisted of 150 uL of the platelet concentrate and 150 pL
PBS, for the apheresis concentrates, and 150 uL of the concentrate and
150 pL allogeneic plasma of blood group AB, for pooled buffy coat
platelet concentrates. The area under the curve, reported in aggregation
units (U), was used as a measure of platelet aggregation.

In study -1V three test were used; ADP high sensitivity-test, ASPI-
test, and TRAP-test. In ADP high sensitivity test, the agonist
adenosine diphosphate (ADP, final concentration 6.3 pM) is used
together with prostaglandin E1 (final concentration 9.4 nM) for
increased sensitivity for P2Yis>-dependent aggregation. In ASPI test,
COX-1-dependent aggregation is assessed with arachidonic acid (AA,
final concentration 0.48 mM) as agonist and it is ASA-sensitive. In
TRAP test, thrombin receptor-activating peptide-6 (TRAP, final
concentration 32 pM) stimulates the thrombin receptor PAR-1 and the
test is sensitive to GPIIb/IIla antagonists and has minor sensitivity for
ASA and ADP receptor inhibitors. In study V, four test were used;
ADP, ASPI, TRAP, and COL. In ADP test aggregation is induced with
ADP (final concentration 6.5 pM). In COL test, aggregation is induced
with collagen (final concentration 3.2 mg/L), which assesses COX-1-
dependent aggregation.

The clot formation process was assessed with thromboelastometry
(ROTEM®; Pentapharm GmbH, Munich, Germany). In this method,
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300 puL whole blood, which is incubated at 37°C, is put in a test cell and
an agonist is added. As the blood starts to clot, the movement of an
oscillating pin inside the test cell is gradually restricted. The change in
movement is optically detected and calculated to a graph. A number of
parameters are obtained; two of them are clotting time and maximum
clot firmness. Clotting time is obtained when an amplitude of 2 mm is
reached and is measured in seconds, and maximum clot firmness is the
amplitude of the graph, measured in mm. In study I, III-V, the 300 pL
blood used for thromboelastometry analysis consisted of whole blood
supplemented with PBS (baseline sample), fibrinogen, platelet or FXIII
concentrate.

In study I, III-V, the tests Extem and Fibtem were used. In Extem, clot
formation is extrinsically activated with tissue factor. In Fibtem, tissue
factor is also used, but by adding cytochalasin D, the platelet
contribution is eliminated in order to highlight the fibrin
polymerization. In study II, the tests Extem, Fibtem, Intem and Heptem
were used. Intem assesses clot formation by intrinsic activation and is
sensitive to heparin. In Heptem, intrinsic activation is also assessed, but
heparinase is also added. The test Intem and Heptem can be performed
in pairs to estimate the extent of remaining heparin effect after
protamine administration. The analysis was run for 30 minutes, and for
all tests, maximum clot firmness is reported.
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34 Statistics

Data are presented as median with interquartile range (25thf75th
percentile), unless otherwise stated. Any p-value < 0.05 was considered
to be statistically significant. There was not sufficient data available
before the start of studies I and III-V to perform sample size
calculations. In these studies, the number of included patients or healthy
volunteers were chosen based on previous publications and own
experiences.

Study |

The effects of fibrinogen and/or platelet concentrate on clot formation
and platelet aggregation were compared using two-way ANOVA on log-
transformed data. Tukey’s method was used to control for mass
significance. Comparisons between pre- and postoperative laboratory
variables were performed with the paired Wilcoxon signed-rank-test.
Statistical calculations were performed with SAS 9.3 (SAS Institute
Inc., Cary, NC, USA) and SPSS 19 (IBM Corp., Armonk, NY, USA).

Study |I

Paired Wilcoxon signed-rank-test was used to compare laboratory
variables, clot formation, platelet aggregation, and bleeding before and
after transfusion. Mann-Whitney U-test was used for comparison of
hemostasis between patients who did or did not receive red blood cells
or plasma together with the transfusion of fibrinogen and/or platelet

concentrate. Analyses were performed with SPSS 19 (IBM Corp.,
Armonk, NY, USA).

Study Il

For comparisons of laboratory variables within groups paired Wilcoxon
signed-rank-test was used. A mixed model was used to evaluate the
difference in thromboelastometry results among the blood samples
prepared with increasing concentrations of FXIII concentrate, alone or
together with fibrinogen or platelet concentrate. Treatment and baseline
value were set as fixed effects, and dose as random effect. Analyses were
performed with SPSS 20.0 (IBM Corp., Armonk, NY, USA) and SAS
9.4 (SAS Institute Inc., Cary, NC, USA).
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Study IV

Changes from baseline to samples with added platelet concentrates
within groups were analyzed with the paired #test. Comparisons of
platelet aggregation at baseline between groups were done with one-way
analysis of variance (ANOVA) (more than two groups) or with
Student’s #test (two-group comparisons). Differences in response to
various platelet doses between groups were analyzed with ANOVA for
repeated measurements followed by unpaired #test as post hoc test.
Statistical analyses were done with STATISTICA 10 (StatSoft, Tulsa,
OK, USA).

Study V

Estimation of the decrease in aggregation of the platelet concentrates
over time was done using linear regression based on the impedance
aggregometry data. For the ex wivo study, regression analysis was
performed on data after adjusting for the time dependency of the added
platelet concentrate, by subtraction of day 1 values from all samples.
The correlation between in vitro aggregation of the platelet concentrates
and changes in the whole blood aggregation after platelet
supplementation was examined with Spearman rank-sum test on pooled
data from all four time points. Variables at different time points were
compared with Student’s #test or paired #test when appropriate.
Statistical analyses were done in R 2.13.1 and with SPSS 19 (IBM Corp.,
Armonk, NY, USA).
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4 RESULTS

41 Supplementation with fibrinogen and/or

platelets (study )

After cardiac surgery, hemoglobin concentration and platelet count were
reduced (both p=0.001) (Zable 3).

Table 3. Blood counts and surgical parameters, including bleeding volumes, for
the patients in study I and IIl. Median and interquartile range, or number.
*p<0.05, **p<0.01 compared with preoperative measurement.

Study I Study III
Cardiac Cardiac Scoliosis
n 15 9 10

Hemoglobin (g/L)
Preoperative
Postoperative

Platelet count (x10%/L)
Preoperative
Postoperative

Fibrinogen (g/L)
Preoperative
Postoperative

Factor XIIT (kIU/L)
Preoperative
Postoperative

Operation time (min)

Bleeding (mL)
Intraoperative
Postoperative <12 h

Re-exploration because

of bleeding

140 (135-150)
110 (101-111)%*

242 (201-315)
182 (139-210)**

3.5 (3.1-4.3)

187 (171-250)

300 (200-350)
430 (330-570)

0

126 (122-137)
108 (99-111)%*

210 (172-229)
155 (137-160)**

3.1 (2.7-3.3)
2.4 (2.3-2.9)

0.85 (0.82-0.93)
0.74 (0.66-0.93)*
187 (161-204)

300 (200-500)
420 (360-500)

0

115 (113-118)
107 (98-111)*

253 (218-291)
232 (202-268)

2.3 (2.0-2.8)
1.9 (1.7-2.2)*

0.73 (0.66-0.89)
0.66 (0.57-0.71)*
175 (157-213)

400 (313-500)
330 (229-546)

0

Addition of fibrinogen or platelet concentrate

Addition of fibrinogen concentrate did not significantly affect ADP- and
AA-induced aggregation, but TRAP-induced aggregation was impaired
with the highest dose of fibrinogen (p=0.004) (Figure 15). Extem and
Fibtem maximum clot firmness increased with all doses of fibrinogen
(Figure 16). Platelet improved both platelet
aggregation (Figure 15) and clot formation (Figure 16).

supplementation
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Addition of both fibrinogen

and platelet concentrate

Supplementation with both
fibrinogen and platelets
improved platelet aggrega-
tion induced by AA and
TRAP with the medium
and  high  doses (all
p<0.001) (Figure 15B-C).
ADP-induced
increased with the highest
(Figure 15A4). Clot
formation was improved
(Figure 16). Compared to
fibrinogen alone or platelets
the
significantly improved Ex-

aggregation

dose

alone, combination

tem maximum clot firmness
for all doses (p<0.007)
(Figure 16A). However, the

combination was less

effective  in  improving

platelet aggregation com-
pared to platelets alone for

Fligure 15. Changes in platelet
aggregation  from  baseline
after addition of increasing
doses of fibrinogen, platelet,
or both, in blood samples from
cardiac ~ surgery  patients
(n=15). Median and inter-
quartile range. Outliers
(circles) are values >1.5 times
the interquartile range away
from the lower or upper
quartile. *p<0.05, **p<0.01,
**¥p<0.001 compared with
baseline.
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medium and high doses of ADP- and TRAP-induced aggregation
(p<0.01) (Figure 15A and C).

A

Extem clot stability
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Figure 16. Changes in maximum clot firmness from baseline after addition of
three increasing doses of fibrinogen, platelet, or both fibrinogen and platelet
concentrate in postoperative blood samples from cardiac surgery patients
(n=15). Median and interquartile range. Outliers (circles) are values >1.5
times the interquartile range away from the lower or upper quartile. **p<0.01,
***p<0.001 compared with baseline.
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4.2 Transfusion with fibrinogen and/or platelets
(study II)

Forty-one patients were included in study II. Fifteen received infusion
of fibrinogen concentrate (median dose and range 2[1-3] g), 12 received
platelet concentrate transfusion (2[1-3] units), and 14 patients received
both fibrinogen and platelet concentrate (2[1-4] g and 2[1-3| units,
respectively).

Fibrinogen concentrate infusion

After infusion of fibrinogen concentrate, the plasma concentration of
fibrinogen increased from 2.0 (1.8-2.3) to 2.6 (2.5-2.9) g/L (p=0.001).
Fibtem maximum clot firmness was significantly increased (p=0.002).
(Figure 17). Fibrinogen infusion did not significantly affect platelet
aggregation (Fligure 18).

Change in clot stability

10— b *k *% Treatment
* %k
r EFiB
WrLT
o OFiB+PLT
5
g O I
£
8
3
-5
-10
o
o
15
I I I
Extem Fibtem Intem

Figure 17. Change in maximum clot firmness after transfusion with
fibrinogen (FIB), platelets (PLT), or both fibrinogen and platelets.
Median and interquartile range. Outliers (circles) are values >1.5 times
the interquartile range away from the lower or upper quartile. **p<0.01
compared with baseline.
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Platelet concentrate transfusion

Platelet concentrate transfusion increased platelet count from 168 (149-
222) to 216 (182-274) x 10” platelets/L (p=—0.006). Platelet transfusion
significantly improved platelet aggregation induced by arachidonic acid
(p=0.017) and TRAP (p=0.034), but aggregation induced by ADP was
not significantly changed (Figure 18). Clot formation was not
significantly affected by platelet transfusion (Figure 17).

Change in platelet aggregation
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o} *
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[ I
ADP Arachidonic acid TRAP

Figure 18 Change in platelet aggregation induced by adenosine
diphosphate (ADP), arachidonic acid, and thrombin receptor-activating
peptide 6 (TRAP) after transfusion with fibrinogen (FIB), platelets
(PLT), or both fibrinogen and platelets. Median and interquartile range.
Outliers (circles) are values >1.5 times the interquartile range away from
the lower or upper quartile. *p<0.05, **p<0.01 compared to baseline.

Fibrinogen and platelet concentrate transfusion

After transfusion with fibrinogen and platelet concentrate, plasma
fibrinogen concentration increased from 2.2 (1.8-2.3) to 2.7 (2.5-2.9)
g/L (p=0.001), and the platelet count increased from 127 (120-174) to
192 (161-222) x 10° platelets/L (p=0.002). Fibrinogen and platelet
transfusion significantly improved platelet aggregation induced with
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arachidonic acid, and TRAP (p=0.004 and 0.016, respectively), but not
ADP-induced aggregation. (Figure 18). Extem, Fibtem and Intem
maximum clot firmness were all improved after transfusion with
fibrinogen and platelets (all p=0.001) (Figure 17).

Bleeding

Overall, the bleeding volume decreased from 153 (69-243) before to 59
(39-108) mL/h (p<0.001) after transfusion (median and 25"-75"
percentile). Fourteen of the 41 patients (34%) had sustained excessive
bleeding despite the transfusion and proceeded to re-exploration.
Surgical bleeding sources was found at re-exploration in 10/14 patients

(71%).

Comparisons with in vitro study (study |)

The administered doses of fibrinogen and platelet concentrates in study
II were similar to the low doses which were supplemented to blood
samples in study I, see Table 4.

Table 4. Doses of fibrinogen and platelet concentrates in study I and II, and the
calculated and measured increases in fibrinogen concentration and platelet count
in study II. *Corresponding dose administered to a 70-kg patient. Median and
25th—75th percentile.

Study I Study II

% . % Calculated . .
Treatment Dose Median dose . ) Measured increase
increase

Fibrinogen 2¢g 1.6 (1.5-1.8) g 0.6 (0.5-0.6) g/L 0.6 (0.4-0.7) g/L

B
Platelets 2 units L7 l(lln'iotsl'g) 50 (46-58) x10°/L 32 (15-63) x10°/L
Fibrinogen 2¢, 1'198(1('16 4%262))& 0.7 (0.6-0.9) g/L, 0.6 (0.4-0.8) g/L,
+ platelets | 2 units ' un.its ’ 55 (43-61) x10°/L 52 (33-69) x10°/L
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A brief summary of some of the functional hemostatic test results for
study I and II is shown in Table 5.

Table 5. Changes in TRAP-induced aggregation and Fibtem maximum clot
firmness after supplementation with fibrinogen and/or platelets (low doses in study
1). Median and 25th-75th percentile. *p<0.05, **p<0.01, ***p<0.001 compared

with baseline.

Study 1 Study IT
Change in Change in clot Change in Change in clot
Treatment - S . s
aggregation (U)  stability (mm) | aggregation (U)  stability (mm)
Fibrinogen 4 (4-5)*H* 3 (1-5)**
Platelets 25 (16-32)%** 19 (1-21)*
Fibrinogen 15 (5-21) 5 (5-6)%xx 20 (12-27)* 4 (3-6)**

-+ platelets
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4.3 Addition of factor Xlll, fibrinogen, and platelets
(study IlI)

Hemoglobin concentration and FXIII activity decreased in both the
cardiac and scoliosis surgery patients after surgery (Zable 3). Platelet
count was significantly reduced in cardiac surgery patients and
fibrinogen concentration was reduced in scoliosis surgery patients.

Evaluation of the FXIIl concentrate
In the prestudy of study III, supplementation of increasing doses of

FXIII concentrates increased with at least the levels of the calculated
doses, see Table 6.

Table 6. Plasma concentrations for baseline and three samples supplemented with
three increasing doses of factor XIII (FXII) (+0.20, 0.40, and 0.60 kIU/L).
Median and 25"-75" percentile.

Sample Measured plasma Calculated plasma
concentration (kIU/L) concentration (kIU/L)
Baseline 0.85 (0.74-0.88)
FXIIT low dose 1.14 (1.00-1.20) 1.05 (0.94-1.08)
FXIIT medium dose 1.41 (1.33-1.46) 1.25 (1.14-1.28)
FXIII high dose 1.56 (1.47-1.65) 1.46 (1.44-1.49)
Cardiac surgery patients

Supplementation of medium and high doses of FXIII resulted in an
increased Fibtem maximum clot firmness compared to baseline
(p=0.021 and p=0.003, respectively). There was an increase in Fibtem
maximum clot firmness between the low and high dose of FXIIT when
it was added together with fibrinogen (p=0.002) (Figure 19A).

Scoliosis surgery patients

Fibtem maximum clot firmness was significantly increased compared to
baseline only when FXIII was added together with fibrinogen (p<0.001
for all three FXIII doses) or platelets (p=0.0019 for low dose FXIII and
p<<0.001 for medium and high doses). Fibrinogen enhanced the effect of
FXIIT supplementation only, with a significant increase between the low
and high dose of FXIII (p<0.001) (Figure 19B).
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Cardiac surgery patients
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Figure 19. Change in Fibtem maximum clot firmness in blood samples from
cardiac (A) and scoliosis surgery patients (B) after addition of increasing doses
of factor XIII, alone or along with a fixed dose of fibrinogen (FIB) or platelets
(PLT). *p<0.05, **p<0.01, **p<0.001 relative to baseline. #p<0.05,
##p<0.01, ###p<0.001 compared with another dose of factor XIII (within
treatment). Outliers (circles) are values >1.5 times the interquartile range away
from the lower or upper quartile.
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44 Platelet inhibitors and supplementation
with platelets (study V)

There was a significant difference in baseline ADP-induced aggregation
between the groups (ANOVA p<0.001) (Figure 20). The aggregation
was significantly lower in the groups with DAPT (ASA-+clopiogrel and
ASA-+ticagrelor) compared to ASA-treated patients and healthy
volunteers (p<0.001 for all comparisons). The ADP-induced
aggregation was improved by supplementation of platelet concentrate
in the groups with DAPT, but not in the ASA-group or in the healthy
volunteers. The response to platelet supplementation was significantly
lower in the blood samples from ASA-+ticagrelor-treated patients for
the highest dose of platelet concentrate, compared with the
ASA +clopidogrel group (p=0.021).

ADP-induced aggregation
100

80

Aggregation (U)

Healthy ASA ASA+Clopidogrel ~ ASA+Ticagrelor

Baseline mLow dose mMedium dose mHigh dose

Figure 20. ADP-induced aggregation in blood samples from healthy volunteers
(n=10) and patients treated with ASA, alone (n=10) or together with clopidogrel
(n=15) or ticagrelor (n=15). The samples were supplemented with three
increasing doses of platelet concentrate. Mean + standard error of the mean.
*0<0.05, **p<0.01, ***P<0.001 compared with baseline within the same group.
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AA-induced aggregation was significantly different at baseline among
the groups (ANOVA p<0.001) (Figure 21). Compared to baseline in
healthy volunteers, AA-induced aggregation was lower in all patient
groups (all p<0.001). The baseline was lower in the patient groups with
DAPT compared to patients treated with ASA only (p=0.001 and
p=0.006 for clopidogrel and ticagrelor, respectively). Supplementation
of platelets increased AA-induced aggregation in all groups, with the
highest response in the ASA group and the lowest in the
ASA tticagrelor group. The response was significantly lower in the
blood samples from patients treated with ASA-+ticagrelor than in the
ASA+-clopidogrel group for all doses of platelet concentrate (p=0.025,
p=0.040, and p=0.004, respectively).

Arachidonic acid-induced aggregation
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Figure 21. Arachidonic acid-induced aggregation in blood samples from healthy
volunteers (n=10) and patients treated with ASA, alone (n=10) or together with
clopidogrel (n=15) or ticagrelor (n=15). The samples were supplemented with
three increasing doses of platelet concentrate Mean + standard error of the mean.
*0<0.05, **p<0.01, ***P<0.001 compared with baseline within the same group.
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4.5 Platelet concentrates and storage time (study V)

In vitro aggregation

The platelet aggregation of the buffy coat platelet concentrates was
significantly reduced over time with all tested agonists; ADP, AA,
TRAP and collagen (all p<0.001) (Figure 22). In the apheresis platelet
concentrates, aggregation induced with ADP, AA and collagen was
significantly reduced over time (p<0.001, p=0.005, and p<0.001,
respectively), while TRAP-induced aggregation was not significantly
different (p=0.20) (Figure 22).

In vitro platelet aggregation
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Figure 22. In vitro platelet aggregation of the apheresis platelet concentrates
(AC) and the buffy coat platelet concentrates (BC) after 1, 3, 5, and 7
storage days (n=13 for AC and n=13 for BC at each time point).
Aggregation was induced with ADP, arachidonic acid, TRAP, and collagen.
Mean + standard error of the mean, and a linear regression model fitted
to the data, are shown.
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Ex vivo aggregation

The effect of supplemented buffy coat platelet concentrates in whole
blood samples (change compared to baseline) significantly declined with
storage time for aggregation induced with ADP, AA, and collagen (all
p<0.001), but not for TRAP-induced aggregation (p=0.18) (Figure 2.3).
The effect of apheresis platelets supplemented to whole blood samples
declined with time for ADP-induced aggregation (p=0.010), while AA-
TRAP- and collagen-induced aggregation did not change significantly
(p=0.72, p=0.55, and p=0.11, respectively) (Figure 23).

There were significant correlations between in vitro aggregation of buffy
coat platelet concentrates and the change in aggregation after
supplementation to blood samples for aggregation induced with ADP
(r=0.61, p<0.001), AA (r=0.66, p<0.001) and collagen (r=0.77,
p<0.001) (pooled data from all four time points). For the apheresis
platelet concentrations, there were significant correlations for ADP-
(r=0.36, p=0.036) and collagen-induced (r=0.49, p=0.003) aggregation.
The correlation coefficient for collagen-induced aggregation was r=0.67
(p<0.001), when including results for both buffy coat and apheresis
platelet concentrates.
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Changes in aggregation after

platelet concentrate addition to blood samples
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Figure 23. Platelet aggregation in whole blood samples from healthy volunteers
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(n=9 for each time point) after supplementation of apheresis platelet

concentrates (AC) and buffy coat platelet concentrates (BC) after 1, 3, 5, and

7 storage days (n=3 for each type of concentrate and time point). Aggregation

was induced with ADP, arachidonic acid, TRAP, and collagen. The baseline
is aggregation in whole blood samples before addition of platelets. Mean +

standard error of the mean. Note that the lines shown are not regression lines.
For regression analysis of this data, see Supplementary Figure of paper V.
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5 DISCUSSION

The main findings in this thesis were; supplementation of fibrinogen
concentrate improved clot formation and platelet concentrate improved
platelet aggregation (study I and II); supplementation of FXIII caused
a very limited improvement in clot formation (study III); platelet
supplementation to blood samples from patients on DAPT was not able
to restore ADP-induced aggregation (study IV); and the results of in
vitro aggregation of platelet concentrates could with modest precision
predict changes in aggregation after supplementation to blood samples
(study V).

Fibrinogen and platelet concentrates (study | and II)

Supplementation with fibrinogen to blood samples from cardiac surgery
patients, and infusion of fibrinogen concentrate to cardiac surgery
patient with ongoing bleeding significantly improved maximum clot
firmness measured with the Extem and Fibtem assays in study I and
Intem, Extem, and Fibtem in study II. These findings, together with
the results from other in vitro and in vivo studies, clearly demonstrates
that fibrinogen supplementation is able to improve clot stability [38, 55,
77-79, 88, 98-101]. Supplementation with platelets to blood samples
increased both clot formation and platelet aggregation. In vivo
transfusion of platelets to bleeding patients improved platelet
aggregation induced with AA and TRAP, but not clot formation.
Overall, the results are in line with other in vitro studies that also
demonstrated improved clot formation [99] and platelet aggregation [80,
102, 103] after platelet supplementation to whole blood or plasma
samples. To our knowledge, the effect of fibrinogen and platelet
transfusion on platelet aggregation and clot formation has never been
studied in cardiac surgery patients with ongoing bleeding before.

Potential differences between results after supplementation of
prohemostatic substances obtained in 7in vitro and in vivo settings could
have several explanations, such as variations in baseline clot formation
and platelet aggregation parameters, differences in type and age of the
platelet concentrates, and that there is a consumption of platelets and
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coagulation factors during ongoing bleeding. As an example, the median
age of the platelet concentrates in study II was 5 (3-6) days, whereas in
study I, only fresh apheresis concentrates were used. Despite the large
differences between the controlled in vitro study (study I) and the real-
life study with patients with ongoing bleeding (study II), the effects of
fibrinogen and platelet supplementation on platelet aggregation and clot
formation showed similar patterns ( 7able 5). This suggests strongly that
an /n vitro model is appropriate and could be used for pre-clinical
studies of prohemostatic drugs and substances.

Some of the cardiac surgery patients in study II also received red blood
cells and/or plasma besides the fibrinogen and/or platelet transfusion.
The influence of red blood cells and plasma on hemostasis has been
investigated by Bochsen et al. [75]. They showed that an increased
proportion of red blood cells and decreased proportion of plasma
impaired clot stability and improved platelet aggregation [75]. In our
study, the material was too small to enable statistical calculation of a
potential effect of concomitant red cell or plasma transfusion on platelet
aggregation or clot formation.

In study II, there was a lack of a control group not receiving fibrinogen
or platelets. Since a time factor may contribute to a change in
hemostasis and bleeding, a control group could have added important
information. We deemed it unethical to include a control group not
receiving the treatment, since transfusions with fibrinogen and platelets
are included in our institutional protocol to treat excessive bleeding
after cardiac surgery.

Factor XllI, fibrinogen, and platelet concentrates (study l)

The effect on clot formation of FXIII supplementation, alone or together
with fibrinogen, has been studied before with deviating results. Some
studies have demonstrated an improvement in clotting time or clot
stability after FXIII supplementation alone [78, 81, 83, 85, 86| or an
enhanced effect when FXIII was added together with fibrinogen |77, 79,
82, 84, 87]. Other studies were unable to detect any effect of FXIII on
clotting time or clot stability [89-93]. Some possible reasons for the
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discrepancies in results could be the varying doses of added FXIII,
differences in study population, sample preparation (grade and type of
hemodilution) and method used for clot formation assessment. There
are also variations in FXIII activity at baseline before FXIII
supplementation in the different studies. In fact, median FXIII activity
ranged from <1% to 88% FXIII activity before supplementation [77, 79,
81-83, 86, 90, 91]. In study III, median FXIII activity before
supplementation was about 70%, which is in the upper range of the
reported studies.

In the prestudy of study III, the concentrations of FXIII were measured
after supplementation of increasing doses of FXIII. The measured
concentrations were at least the level of the calculated concentrations
(Table 6). The content of the concentrate was thus reliable.

The effect of FXIII supplementation was limited in our study. Extem
clotting time shortened by approximately 10% in both cardiac and
scoliosis surgery groups (see paper III), and Fibtem clot firmness
increased by 25% in the cardiac surgery group. When fibrinogen was
added together with FXIII, the dose-dependent effect of FXIII on clot
stability was maintained. However, the effect of fibrinogen or platelet
supplementation was markedly larger than the effect of FXIII alone.

One important finding was that the effect of FXIII was similar in
cardiac and scoliosis patients despite large differences between the two
patient groups. The cardiac and scoliosis groups differed in patient
characteristics and laboratory variables including age, gender, body
mass index, and fibrinogen concentration. This indicates that the results
regarding FXIII, but also fibrinogen and platelets, might be valid for
surgical groups other than cardiac and scoliosis surgery patients.

Platelet inhibition and platelet concentrate supplementation (study IV)
The use of platelet concentrates to improve platelet function in bleeding
patients on antiplatelet therapy is rarely debated, even if the effect often
is limited, especially in patients treated with P2Yo-inhibitors [103, 104].
Prior to the publication of study IV, few had investigated the efficacy
of platelet supplementation or transfusion in patients on antiplatelet
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therapy [94-96]. Since the publication of study IV, some new studies
have been performed studying the effect of platelet supplementation in
PRP or blood samples from patients treated with P2Yi2-inhibitors [105-
108] or PRP and blood samples from healthy volunteers supplemented
with P2Yi2-inhibitors [102]. Platelet supplementation in PRP samples
from patients treated with clopidogrel or prasugrel improved platelet
aggregation assessed with LTA [105, 106], but the effect was limited or
absent in PRP or blood samples with platelet inhibition from ticagrelor
[102, 106-108].

The somewhat lower effect of platelet supplementation in ticagrelor-
treated in comparison to clopidogrel-treated patients in study IV may
potentially be explained by the plasma concentrations of the P2Y -
inhibitor. In studies performed by Karazniewicz-Lada et al. and Price
et al., the plasma concentration of the active metabolite of clopidogrel
was measured 2 h after a maintenance dose of 75 mg to about 5 ng/ml,,
whereas the plasma concentration of ticagrelor and its active metabolite
2 h after a maintenance dose of 90 mg (twice daily) were 750 and 210
ng/mL, respectively [109, 110]. The proportion of potent platelet
inhibitor in the plasma seem to be higher for ticagrelor. Assuming that
the concentration of ticagrelor was higher, this might indicate that
newly supplemented platelets from concentrates in study IV could have
been affected to a higher degree in blood samples from patients treated
with ticagrelor compared with clopidogrel.

Platelet supplementation to blood samples from patients treated with
P2Y2-inhibitos had a very limited effect on ADP-induced aggregation
(study IV). However, addition of a high dose of platelet concentrate was
able to restore both AA- and TRAP-induced aggregation (see paper
IV), to at least the baseline level of healthy volunteers. As can be seen
in the results of study V, the ability of platelet concentrates to improve
ADP-induced aggregation after supplementation to blood samples was
not as apparent compared with aggregation induced with other agonists.
How large clinical impact this limited effect on ADP-induced
aggregation has is not clear though. The impact on other pathways of

92



Caroline Shams Hakimi

platelet activation from the platelets in concentrates might potentially
compensate.

The AA-induced aggregation was lower in patients on DAPT compared
with ASA-treated patients (p=0.001 and 0.006 for ASA-clopidogrel
and ASA+ticagrelor, respectively). In another study performed by our
group, patients treated with ASA-ticagrelor were followed for up to
four days after discontinuation of the ticagrelor-treatment (whereas the
ASA-treatment was maintained [107]. Platelet aggregation was
measured daily. Between 12 h and 96 h, the mean AA-induced
aggregation was increased from 1048 (standard deviation) U to 17+9
U (p=0.003), despite ongoing ASA-treatment [107]. The results from
this study combined with the results of study IV, suggest that treatment
with the ADP-inhibitors clopidogrel and ticagrelor may also affect
COX-1-mediated platelet aggregation.

In vitro platelet aggregation in platelet concentrates — storage time

and effect after supplementation to blood samples (study V)

Attempts have been made to enable in vitro evaluation of the quality
of the platelets in platelet concentrates during storage. A number of
different methods, both routine assays and tests mainly used in research,
have been used, but so far none of the assays has gained widespread
clinical use. This is probably due to the fact that there is no strong
evidence that there is a correlation between in vitro measurements of
platelet concentrates and measurements after 7n vvo transfusion [49,
50, 111-114|. In study V, the platelet aggregation, assessed with
impedance aggregometry, was gradually impaired over the storage time
of the platelet concentrates. This is in accordance with a study
performed by Ostrowski et al. [115]. In a more recently performed study,
Glas et al. could not detect any decrease in platelet aggregation until
storage day 12, however they assessed platelet aggregation in apheresis
platelet concentrates with only two agonists; AA and TRAP [116]. With
those agonists, neither we could detect any decline in aggregation of the
apheresis platelets, during the seven days of storage which we analyzed.
In a study where platelet aggregation was assessed in reconstituted
whole blood, with apheresis platelet concentrates of varying ages
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(storage day 0-5), the aggregation induced with ADP, AA and collagen
was impaired with storage time, whereas TRAP-induced aggregation
was maintained [117].

In study V, apheresis and buffy coat platelet concentrates did not only
differ in preparation methodology, the storage medium also differed.
The apheresis platelets were stored in autologous plasma, and the buffy
coat platelets were stored in platelet additive solution and
approximately 20% plasma. Because of the large differences,
comparisons were only done within concentrate type. However, this was
what the supply of platelet concentrates consisted of at the clinic during
the time of the study.

We found that the in vitro results with modesty predicted the changes
in platelet aggregation in a controlled in vitro transfusion model. The
best correlation was achieved with the agonist collagen, which assesses
the most general view of the platelet aggregation, as compared with the
agonists ADP, AA, and TRAP, as collagen both function as a substrate
for platelet adhesion and induces platelet activation [118].

One potential reason for the difficulty in predicting platelet recovery
after /n vivo transfusion is that the hemostasis of the recipient may
vary, for example due to ongoing bleeding. In addition, according to our
results, there was a recovery in platelet function after supplementation
to blood samples (Figure 23), even if the in vitro results indicated poor
aggregability (Figure 22). One reason could be the hematocrit-
dependency in impedance aggregometry, since the hematocrit is zero in
platelet concentrates |75, 95|. The capacity of the platelets to aggregate
in vivo is dependent of the presence of a sufficient amount of red blood
cells, as the larger red blood cells are centered in the vessels during
blood flow, marginalizing the smaller platelets to the near-wall region
[119].

At room temperature, the quality of platelets in concentrates
deteriorates rapidly. Storage at cooler temperatures (at 2-8°C) of
platelet concentrates have been applied. However, almost 50 years ago,
Murphy and Gardner showed that the in vivo recovery of platelets was

o4



Caroline Shams Hakimi

reduced after being stored at 4°C, compared with 22°C [52], leading to
the guideline recommendation that the storage temperature should be
20-24°C. This is still the current guideline in most countries [120, 121].
Recently, the interest in cold storage has been raised again. Some efforts
have been made to improve the function of cold stored platelets, which
have shown promising in vitro results [122-125]. However, more studies
are needed before cold storage of platelet concentrates can be
implemented as clinical practice.

Limitations and strengths

Limitations of the studies include the ex vivo measurements of platelet
aggregation and clot formation. With these methods, interaction with
blood vessels and vascular endothelium are lacking.

In all studies, platelet function was only assessed with one method:
impedance aggregometry. The gold standard in assessment of platelet
function is light transmission aggregometry (LTA). However, there are
satisfactory correlation between impedance aggregometry and LTA [66,
126]. The advantage of impedance aggregometry over LTA is that
platelet function is assessed in whole blood, and there is no need for
preparation before analysis. In LTA on the other hand, PRP has to be
prepared from whole blood. In this process, the function of the platelets
can be affected. Compared with impedance aggregometry, LTA is also
more time consuming and requires larger sample volumes of whole blood
from the patient.

In study I and III, analysis were done on blood samples from cardiac
and scoliosis surgery patients without excessive bleeding. The effect
after supplementation with blood products would probably be more
clinically relevant if the patients were more similar to patients who
receive transfusions.

Approximately three in ten cardiac surgery patients are women [127].
Female gender was an exclusion criteria in study I, IV, V, and in cardiac
patients in study III. Alloimmunization can occur after transfusion or
pregnancy [128-130], and to avoid the risk of alloantibodies in the tested
blood sample, which could interfere with the supplemented platelets, we
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decided to only include men without previous history of transfusion.
This was done to define the effects of the added blood products and
minimizing factors that could interfere with the results. We
acknowledge that this limit the applicability of our results to non-
transfused men. An alternative would have been to include women in
all studies, to make the results more representative. Larger groups could
have been used to compensate for potential gender influences. Study II
was an in vivo study where both men and women were included. In
study III, the scoliosis surgery patient group consisted mainly of females,
so in that group they were included.

In study III, eight teenaged females were included. Medication having a
direct effect on hemostasis were exclusion criteria. However, hormonal
contraceptives could potentially affect hemostasis, since there is a 3-8-
fold increased incidence of venous thromboembolism (VTE) in women
on combined hormonal contraceptives compared with women not using
hormonal contraceptives The absolute incidence of VI'E in women is
however, very low; about two incidents per 10,000 woman-years [131,
132]. Unfortunately we did not have information whether any of the
eight females used hormonal contraceptives.

Strengths of all in vitro studies (study I, III-V) includes the highly
controlled circumstances; that every individual is their own control and
that the same hemodilution is maintained between the different
supplementations.

Strengths of study II include the prospective approach and the paired
analyzes before and after the transfusion, making every patient their
own control.
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6 CONCLUSIONS

1. Supplementation with fibrinogen to postoperative blood
samples from cardiac surgery patients improved clot
formation, and supplementation with platelets improved
both platelet aggregation and clot formation. The
combination of fibrinogen and platelets was more
effective than the individual components in improving
clot formation.

2. Infusion with fibrinogen concentrate in postoperative
cardiac surgery patients with ongoing bleeding improved
clot formation, and platelet concentrate transfusion
improved platelet aggregation. The combination of
fibrinogen and platelets improved both platelet
aggregation and clot formation.

3. Supplementation with FXIII concentrate to post-
operative blood samples from cardiac and scoliosis
surgery patients improved clot formation, but the effect
was limited.

4. Supplementation with platelet concentrates to blood
samples from patients treated with ADP-inhibitors was
able to restore AA-induced platelet aggregation, but not
ADP-induced platelet aggregation.

5. Impedance aggregometry in vitro could be used to follow
platelet function in platelet concentrates over time, and
the result could with modest precision predict changes
in aggregation after ex vivo supplementation to whole
blood samples.
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[ FUTURE PERSPECTIVES

Bleeding will remain a major obstacle after major surgical procedures.
New methods to prevent and treat excessive bleeding are therefore
warranted. These methods includes refinement of the surgical
techniques, new less invasive surgical approaches, improved monitoring
of perioperative hemostasis and new products to improve coagulation
and platelet function in bleeding patients. In this thesis we have
investigated the effect of three pro-coagulant substances, i.e. fibrinogen,
platelets and coagulation factor XIII, but more studies are needed.
There are yet no large prospective randomized multicenter studies in
surgical patients that have established the true value of fibrinogen
supplementation in comparison with e.g. plasma-based transfusion
protocols.

There are also gaps in evidence regarding the interaction between
procoagulants, such as fibrinogen, platelets and FXIII, and red blood
cells in the setting of peri- or postoperative bleeding. Red blood cells
count may have direct effects on hemostasis but may also interfere with
assays that assess hemostasis e.g. impedance aggregometry and
thromboelastometry. Additional effects of red blood cells transfusion on
top of fibrinogen, platelets and FXIII need to be investigated in studies
with clinically relevant endpoints and the optimal hemoglobin level
needs to be defined in patients with ongoing bleeding.

There is a large diversity among platelet concentrates at different
centers, both in preparation methods, storage medium, volume and
number of donors per unit, which all may influence the overall quality
of the concentrate. Thorough comparisons of different platelet
concentrates are needed to identify the optimal preparation and storage
methods, which then potentially could be set as the international
standard. To increase the shelf life (with the aim of reducing wastage
and costs) of the platelet concentrates, the influence of storage
temperature on post-transfusion survival needs to be studied more in
detail. It is possible that differently stored concentrates are optimal for
different patient categories, i.e. that patients with congenital or
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acquired platelet deficiencies, may need for long lasting platelets, these
patients could then receive room temperature stored platelet
concentrates, while trauma and surgery patients, which need functional
platelets momentarily, could receive cold stored platelets.

The in vitro aggregation of platelets stored in cold has shown to be
better preserved than platelets stored in room temperature [133].
Studies should be performed to determine whether the change in platelet
aggregation in direct association to the in vivo transfusion of cold stored
platelet concentrates is superior, or at least comparable, to those stored
at room temperature.

Impedance aggregometry results for study I, II, IV, and V indicates that
the ADP-induced aggregation of platelet concentrates are not well-
preserved. More studies evaluating ADP-induced aggregation are
needed to determine the reason, and potentially found out how it can
be maintained to a higher degree.
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