D 1325

OULU 2015

UNIVERSITY OF OUL U P.O. Box 8000 FI-90014 UNIVERSITY OF OULU FINLA ND

U N I V E R S I TAT I S

O U L U E N S I S

ACTA

A C TA

D 1325

ACTA

U N I V E R S I T AT I S O U L U E N S I S

Eeva-Maija Kinnunen

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

Eeva-Maija Kinnunen

Professor Esa Hohtola

PERIOPERATIVE BLEEDING
AND USE OF BLOOD
PRODUCTS IN CORONARY
ARTERY BYPASS GRAFTING

University Lecturer Veli-Matti Ulvinen

Director Sinikka Eskelinen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala
ISBN 978-952-62-1001-8 (Paperback)
ISBN 978-952-62-1002-5 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF MEDICINE;
MEDICAL RESEARCH CENTER OULU;
OULU UNIVERSITY HOSPITAL

D

MEDICA

ACTA UNIVERSITATIS OULUENSIS

D Medica 1325

EEVA-MAIJA KINNUNEN

PERIOPERATIVE BLEEDING AND
USE OF BLOOD PRODUCTS IN
CORONARY ARTERY BYPASS
GRAFTING

Academic Dissertation to be presented with the assent of
the Doctoral Training Committee of Health and
Biosciences of the University of Oulu for public defence in
Auditorium 1 of Oulu University Hospital, on 4
December 2015, at 12 noon

U N I VE R S I T Y O F O U L U , O U L U 2 0 1 5

Copyright © 2015
Acta Univ. Oul. D 1325, 2015

Supervised by
Professor Fausto Biancari
Professor Tatu Juvonen

Reviewed by
Professor Riitta Lassila
Docent Juha Nissinen

Opponent
Docent Peter Raivio

ISBN 978-952-62-1001-8 (Paperback)
ISBN 978-952-62-1002-5 (PDF)
ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2015

Kinnunen, Eeva-Maija, Perioperative bleeding and use of blood products in
coronary artery bypass grafting.
University of Oulu Graduate School; University of Oulu, Faculty of Medicine; Medical
Research Center Oulu; Oulu University Hospital
Acta Univ. Oul. D 1325, 2015
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract
Coronary artery disease (CAD) is the leading cause of death in developed countries. In patients
with complex CAD, coronary artery bypass grafting (CABG) remains the preferred treatment as
it can provide long-lasting results. However, CABG carries a significant risk of excessive
perioperative bleeding and other complications, which may deteriorate the prognosis. Transfusion
of blood products is generally used to compensate blood loss. However, both bleeding and blood
transfusions have been shown to be associated with an adverse outcome.
This cohort study aimed to clarify the impact of perioperative bleeding and the use of different
blood products in the development of perioperative complications in 2,764 patients undergoing
isolated CABG. The universal definition of perioperative bleeding classification (UDPB) was
employed to stratify the severity of bleeding. Additionally, the impact of storage time of transfused
red blood cells (RBCs) on the outcome was investigated.
Increased UDPB classes, particularly classes 3 and 4, were associated with significantly poorer
immediate and late outcome. RBC transfusion in patients who underwent elective off-pump
CABG was independently associated with increased troponin I release indicating myocardial
injury. Prolonged storage duration of transfused RBCs did not affect immediate and late outcome
of patients with moderate bleeding. The most remarkable risk factors for stroke after off-pump
CABG were any degree of atherosclerosis of the ascending aorta as well as transfusion of platelets
and/or solvent/detergent-treated plasma.
The UDPB classification appears to be a promising research tool to stratify the severity of
perioperative bleeding and to assess its prognostic impact after coronary surgery. Prevention of
major bleeding that leads to blood transfusion may protect from myocardial injury and stroke and
possibly result in better early and late outcomes. Patients with a diseased ascending aorta could be
considered at high risk of stroke because of their risk of generalized atherosclerosis. In case of
mildly diseased aorta, the “no-touch” aorta policy should be considered with the intention of
preventing postoperative stroke.

Keywords: bleeding, blood transfusion, cardiac surgery, coronary artery bypass grafting,
myocardial injury, off-pump, outcome, red blood cell, storage duration, stroke, troponin

Kinnunen, Eeva-Maija, Perioperatiivinen verenvuoto ja verituotteiden käyttö
sepelvaltimoiden ohitusleikkauksessa.
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Tiivistelmä
Sepelvaltimotauti on yleisin kuolinsyy kehittyneissä maissa. Potilailla, joilla on vaikea monen
suonen tai vasemman sepelvaltimon päärungon tauti, sepelvaltimoiden ohitusleikkaus on edelleen paras hoitovaihtoehto, koska sillä pystytään saavuttamaan pitkäkestoisia tuloksia. Kuitenkin ohitusleikkaukseen liittyy suuri riski leikkauksen aikaiselle tai jälkeiselle verenvuodolle ja
muille haittatapahtumille, jotka osaltaan huonontavat potilaan ennustetta. Vuodon hoitona käytetään yleisesti verensiirtoa. Kuitenkin on osoitettu, että sekä verenvuoto että verituotteiden anto
lisäävät riskiä komplikaatioille.
Tämän kohorttitutkimuksen tavoitteena oli selvittää tarkemmin leikkauksen yhteydessä ilmenevän vuodon ja siihen liittyvän verensiirron vaikutuksia leikkauksen jälkeisten haittatapahtumien kehittymiseen 2764 ohitusleikatulla potilaalla. Universal Definition of Perioperative
Bleeding (UDPB) -luokitusta käytettiin vuodon vaikeusasteen luokittelemiseen. Lisäksi tutkittiin siirrettyjen punasolujen varastointiajan vaikutusta potilaan ennusteeseen.
Korkeammat UDPB-luokat, erityisesti luokat 3 ja 4, liittyivät merkittävästi huonompaan
lyhyen ja pitkän aikavälin ennusteeseen. Potilailla, joille oli tehty kiireetön ohitusleikkaus ilman
sydän-keuhkokoneen käyttöä, punasolujen anto oli itsenäinen riskitekijä suurentuneelle troponiini I -päästölle eli sydänlihasvauriolle. Pidentynyt punasolujen varastointiaika ei ollut yhteydessä
lyhyen tai pitkän aikavälin ennusteeseen potilailla, jotka olivat vuotaneet kohtalaisesti. Merkittävimmät riskitekijät ilman sydän-keuhkokonetta tehdyn leikkauksen jälkeiselle aivoinfarktille olivat minkä tahansa asteinen nousevan aortan ateroskleroosi sekä verihiutaleiden ja/tai jääplasman anto.
UDPB-luokitus vaikuttaa lupaavalta tutkimustyökalulta verenvuodon vaikeusasteen luokitteluun. Lisäksi sitä voidaan käyttää vuodon ennusteellisen vaikutuksen arvioimiseen ohitusleikkauksen jälkeen. Runsaan verenvuodon ja siihen liittyvän verensiirron ehkäiseminen saattaa suojata potilasta sydänlihasvauriolta ja aivoinfarktilta ja mahdollisesti johtaa parempaan lyhyen ja
pitkän aikavälin ennusteeseen. Potilaita, joilla on nousevan aortan ateroskleroosi, voisi pitää
suuressa aivoinfarktiriskissä yleisen ateroskleroosiriskin vuoksi. Potilailla, joilla on lieväkin
nousevan aortan ateroskleroosi, tulisi harkita aortan jättämistä pihdittämättä aivoinfarktin
ehkäisemiseksi.

Asiasanat: aivoinfarkti, punasolu, sepelvaltimoiden ohitusleikkaus, sydänkirurgia,
sydänlihasvaurio, troponiini, varastointiaika, verensiirto, verenvuoto
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1

Introduction

Coronary artery disease (CAD) is the leading cause of death in developed countries
(Deedwania & Carbajal 2011). In Europe, CAD is responsible for almost 1.8
million deaths, or 20% of all deaths per year, and many of these deaths are
premature. Cardiovascular diseases (CVDs) in general account for over 4 million
annual deaths in Europe, close to half of all deaths. (Nichols et al. 2014). In Finland,
CVDs also remain among the leading causes of death despite the major alterations
since the 1970s (Borodulin et al. 2015). Interestingly, despite the decrease in
mortality rates, rates of hospitalization for CVDs and CAD have been increasing in
Europe (Nichols et al. 2014). Management of CVDs in general imposes a burden
on the national economy since hospital treatment of CVDs is associated with
substantial costs (Ademi et al. 2010).
In CAD, the myocardial oxygen supply is compromised due to stenoses or
occlusions in the coronary arteries, which leads to myocardial ischaemia. Despite
optimal medical therapy, mechanical revascularisation with percutaneous coronary
intervention (PCI) or coronary artery bypass grafting (CABG) is often required to
relieve ischaemia in patients with significant CAD (Iqbal & Serruys 2014). Current
evidence shows that in patients with complex CAD, including three-vessel disease
or left main stem stenosis and especially with left ventricular systolic dysfunction
and/or diabetes, CABG is considered preferable as it is associated with improved
survival, freedom from major cardiovascular events and freedom from repeat
revascularization compared to PCI (Davierwala & Mohr 2014, Iqbal & Serruys
2014).
However, CABG itself is a major procedure associated with a considerable risk
of perioperative adverse events such as major bleeding, stroke, myocardial
infarction, acute kidney injury, respiratory problems, infective complications and
death, which deteriorate the prognosis of the patients (Davierwala & Mohr 2014,
Goto & Maekawa 2014, Guida et al. 2014, Habib et al. 2003, Karkouti et al. 2009,
Loor et al. 2013, Murphy et al. 2007, Paparella et al. 2007, Vuylsteke et al. 2011).
Excessive bleeding has been shown to be a remarkable contributor to a number of
perioperative adverse events in patients undergoing CABG (Biancari et al. 2012b,
Habib et al. 2003, Loor et al. 2012, Ranucci et al. 2013). Indeed, perioperative
bleeding management remains a challenge in every-day practice. Generally,
allogeneic blood products are transfused as a treatment for perioperative blood loss
in order to improve oxygen delivery and blood coagulation status. Nonetheless, a
growing body of evidence suggests that transfusion of allogeneic blood products
21

may be detrimental and an independent risk factor for the aforementioned
complications even though the mechanisms behind the negative impact are largely
unexplored (Mikkola et al. 2012, Shimmer et al. 2013, Whitson et al. 2010). There
is little evidence showing that transfusion of blood products may increase the risk
of stroke, but this potential association needs to be confirmed by further studies
(Bahrainwala et al. 2011, Mariscalco et al. 2015, Mikkola et al. 2012).
In particular, perioperative transfusion of red blood cells (RBCs) has been
shown to increase early and late mortality as well as morbidity after CABG
(Mohnle et al. 2011, Murphy et al. 2007, Paone et al. 2014, Stone et al. 2012).
Specifically, a concern has arisen regarding the impact of RBCs on myocardial
function (Aronson et al. 2008, Mohnle et al. 2011, Singla et al. 2007). As RBCs
undergo progressive structural and functional changes during storage (Berezina et
al. 2002), prolonged storage time of transfused RBCs has been proposed to explain
the observed deleterious effects (Koch et al. 2008, Sanders et al. 2011, Shimmer et
al. 2013, Vamvakas & Carven 1999, Wang et al. 2012a). However, this theory has
not been confirmed by a number of studies (McKenny et al. 2011, Vamvakas &
Carven 2000, van de Watering et al. 2006, van Straten et al. 2011, Voorhuis et al.
2013, Yap et al. 2008).
The impact of perioperative bleeding-related anaemia and transfusion of blood
products on the occurrence of adverse events after CABG remains unclear. In
particular, their contributions to the development of perioperative myocardial
injury and stroke have not been thoroughly investigated. Additionally, the
magnitude at which bleeding and transfusion of blood products become clinically
significant is unknown. Evidence on the effect of storage time of transfused RBCs
on patients’ outcome is contradictory and requires further investigation. Excessive
perioperative bleeding and related complications are a rather common, significant
clinical problem.
This dissertation aimed to clarify the roles of perioperative bleeding and
transfusion of blood products in the development of postoperative complications as
well as in short-term and long-term survival of patients undergoing isolated CABG.
In particular, the impact of transfusion of RBCs, platelets and solvent/detergenttreated plasma as well as the storage time of transfused RBCs on the occurrence of
myocardial injury, stroke and other adverse events were investigated. Furthermore,
risk factors for excessive bleeding and use of blood products were assessed.
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2

Review of the literature

2.1

Pathophysiology of bleeding in cardiac surgery

2.1.1 Overview of the blood coagulation system
The blood coagulation system is a delicate balance of four physiological processes.
Two of them promote clotting, i.e. the procoagulant and antifibrinolytic systems,
whereas the other two promote bleeding, i.e. the anticoagulant and fibrinolytic
activities. Under normal conditions, these processes occur in harmony and in a very
specific and autoregulated fashion, which stops bleeding when it occurs, and still
prevents the formation of any intravascular thrombosis. (Dhir 2013).
After an injury to the endothelium, the blood coagulation process is initiated
by primary haemostasis, in which platelets adhere to collagen beneath the injured
endothelium and aggregate with other platelets with the help of glycoprotein
IIb/IIIa (GPIIb/IIIa) and von Willebrand factor to form a primary clot (Achneck et
al. 2010).
In secondary haemostasis, several coagulation factors, which are produced in
the liver and regulated by vitamin K, take part in coagulation by catalysing the
reactions of the cascade (Achneck et al. 2010). The blood coagulation cascade and
the factors contributing to it are presented in detail in Fig. 1. The course of the
blood coagulation cascade is divided into two parts, the intrinsic and extrinsic
pathways, depending on the element triggering the coagulation. The extrinsic
pathway, which is initiated in response to tissue trauma and in which tissue factor,
located on the platelet surface, on the surface of damaged andothelial cells and
subendothelially, is exposed to factor VII leading to formation of fibrin, is
considered the primary pathway. The intrinsic pathway is less involved in the
coagulation process in vivo but becomes significant when the coagulation cascade
is activated via contact of blood with artificial surfaces, such as a cardiopulmonary
bypass (CPB) circuit. The end of the coagulation cascade is similar in both
pathways, and therefore known as the common pathway. In the common pathway,
thrombin is produced from prothrombin with the help of factor Xa, which in turn
enables fibrin formation from fibrinogen. Fibrin strands form a cross-linked
structure, which traps more platelets and other cells and enhances the development
of a mature, stabilized clot. Moreover, thrombin has a variety of other functions in
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the complex coagulation cascade through its several feedback activation roles (Fig.
1). (Achneck et al. 2010, Wohner 2008).

Fig. 1. Principles of the blood coagulation cascade. Coagulation factors are numbered
by Roman numerals; a indicates an active form of a coagulation factor; TF: tissue factor;
TFPI: tissue factor pathway inhibitor. Mechanisms of physiological anticoagulation are
also described.

The localization of the reactions of the coagulation cascade is presented in Fig. 2.
The reactions of the extrinsic pathway — activation of factor X by the tissue factorfactor VIIa complex and subsequent formation of thrombin — take place mainly
24

on the surface of a platelet. Thrombin further activates platelets, which serve as a
surface for the reaction cascade starting from factor XI and leading to activation of
factor X and further production of thrombin, a thrombin burst. (Achneck et al. 2010,
Wohner 2008). The reactions described require procoagulant surfaces, which are
provided primarily by platelets expressing a negatively charged phospholipid,
phosphatidylserine (PS), on the outer leaflet of their membranes. PS-expressing
surfaces can dramatically increase the efficiency of the reactions by concentrating
and colocalizing coagulation factors and preventing them from washing away in
the blood. (Du et al. 2014, Wohner 2008). Leukocytes also participate in thrombus
formation by forming mixed aggregates with platelets and hence affecting the
structure of thrombi. They secrete various proteases that augment the von
Willebrand factor-dependent platelet adhesion. (Wohner 2008). In recent years,
accumulating evidence has shown that RBCs also have an important role in blood
coagulation. This issue is discussed in Chapter 2.1.2. Haemodynamic factors, i.e.
blood flow conditions, are the primary features that affect the relative abundance
of each cell type within the clot and thus explain the differences in consistencies
between arterial and venous thrombi (Wohner 2008).
In addition to cellular elements, factors called microparticles may contribute to
blood coagulation. Microparticles are small exocytotic vesicles derived from the
cell membrane during cell activation, apoptosis, cell maturation and mechanical
stress. They circulate in the blood under physiological conditions and provide the
different cell types a mechanism to exchange membrane proteins. Microparticles
are supposed to originate preferentially from platelets and they express tissue factor
on their surface. In case of vascular damage, microparticles are recruited to the
lesion site and trigger clotting in a tissue factor-dependent manner. (Wohner 2008).

25

Fig. 2. Cell-based model of blood coagulation. To simplify the figure, the contribution of
erythrocytes to clot formation is not described. Coagulation factors are numbered by
Roman numerals; a indicates an active form of a coagulation factor; TF: tissue factor;
vWF: von Willebrand factor.

Fibrinolysis is a physiological clot degradation process where tissue plasminogen
activator is needed to activate plasminogen to plasmin, which degrades fibrin.
Platelets are known to prevent fibrinolysis through their phospholipids and proteins,
which modulate plasmin activity, whereas leukocyte-derived enzymes promote
fibrinolysis either in a direct or an indirect manner. (Wohner 2008). Tissue factor
pathway inhibitor, a physiological anticoagulant expressed by endothelial cells,
promotes anticoagulation by suppressing the extrinsic pathway by directly
inhibiting factor Xa and the tissue factor/factor VIIa complex (Fig. 1). Furthermore,
protein C, protein S, thrombomodulin and antithrombin prevent excessive blood
coagulation. (Achneck et al. 2010).
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2.1.2 Effect of red blood cells and anaemia on blood coagulation
RBCs have generally been considered as a passive element in clot formation. They
increase blood viscosity, which decreases the blood flow and may cause the
development of a thrombus. RBCs tend to flow in the middle of the vessel pushing
platelets and coagulation factors to the proximity of the endothelium and enabling
platelets to start the clot formation at the site of the damaged vessel wall. At the
injury site, RBCs are entrapped in the fibrin mesh with platelets and leukocytes.
(Wohner 2008).
However, a growing body of evidence indicates that RBCs also have an active
role in haemostasis (Du et al. 2014, Horne et al. 2006, Ninivaggi et al. 2012, Peyrou
et al. 1999, Whelihan & Mann 2013, Wohner 2008). Interestingly, RBCs have a
chemical signalling role in blood coagulation. RBCs enhance platelet aggregation
and degranulation by releasing adenosine triphosphate and adenosine diphosphate
under conditions of low pO2, low pH and in response to mechanical deformation.
Similarly to platelets, RBCs are also known to serve as a procoagulant surface for
the reactions of the coagulation cascade. (Wohner 2008). In healthy normal RBCs,
PS is asymmetrically distributed and kept in the inner leaflet of the cell membrane
by enzymatic activities. Under conditions of apoptosis or cell damage/activation,
such as high shear stress, complement attack, oxidative stress, or proapoptotic
stimulation, the RBC plasma membrane loses PS asymmetry because of changed
enzymatic activities. Therefore, exposed PS on the outer leaflet of the cell
membrane can augment the activation of factor X and the generation of thrombin.
On the other hand, PS-positive RBC surfaces may also propagate the anticoagulant
effect of meizothrombin, an intermediate product during prothrombin activation.
RBCs exposing PS are more adhesive to endothelial cells and susceptible to
aggregate with other RBCs. Furthermore, there is evidence showing that RBCs are
able to bind to platelets actively. (Du et al. 2014). Moreover, disruption in the
distribution of PS is often followed by shedding of microparticles that express PS
at their surface and are capable of initiating thrombin generation in a factor XII and
factor XI-dependent manner (Du et al. 2014, Rubin et al. 2013).
Peyrou et al. (1999) measured thrombin generation initiated by tissue factor in
human whole blood, platelet-rich plasma, platelet-poor plasma and platelet-poor
plasma supplemented with normal RBCs. The authors found that RBCs at normal
haematocrit were found to influence the lag time preceding the thrombin burst to
the same extent as platelets (Peyrou et al. 1999). Horne et al. (2006) showed that
an increase in haematocrit correlates with endogenous thrombin potential (the
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amount of thrombin that can be generated) initiated by tissue factor. Compared to
the increase in endogenous thrombin potential measured over the physiological
range of platelet concentration (200–400 x 109/l), the increase of endogenous
thrombin potential over a physiological range of the haematocrit (40–50%) was
three times higher (Horne et al. 2006). Ninivaggi et al. (2012) investigated
thrombin generation in whole blood and confirmed the results of Horne et al., which
indicated that the endogenous thrombin potential was elevated as the haematocrit
was increased, but only to a maximum of 14% haematocrit.
As RBCs are known to have a crucial role in blood coagulation, the potential
effect of preoperative anaemia on clinically relevant perioperative bleeding is of
particular interest. However, clinical studies addressing the impact of preoperative
anaemia on perioperative bleeding are scarce. Lier et al. (2008) reviewed the
literature regarding the role of acidosis, hypocalcaemia, anaemia and hypothermia
in the impairment of blood coagulation in trauma patients. The authors summarized
that from the haemostatic aspect, the ideal haematocrit is higher than the one
essential for oxygenation. According to their study, the management of acute,
persistent bleeding should intend to reach a haematocrit of 30% or higher. (Lier et
al. 2008).
2.1.3 Antithrombotics
Cardiac surgery patients are often under antithrombotic medication before
operation. Particularly in urgent and emergency operations, this will increase the
risk of excessive perioperative bleeding when the operation cannot be postponed
and therefore antithrombotic medication has not been discontinued for a sufficient
time. In these circumstances, a number of agents affect the blood coagulation
system through various mechanisms (Fig. 3).
Antiplatelet agents are most commonly used in patients with CAD. Common
antiplatelet agents can be divided into four categories: acetylsalicylic acid i.e.
aspirin, phosphodiesterase inhibitor dipyridamole, adenosine diphosphate receptor
P2Y12 antagonists and GPIIb/IIIa inhibitors. Aspirin, which is indicated in all
patients with CAD, inhibits the aggregation of platelets by irreversibly acetylating
the catalytic site of cyclooxygenase-1, the enzyme necessary to generate
thromboxane A2. (Achneck et al. 2010). Dipyridamole acts through various
pathways increasing cellular levels of cyclic adenosine monophosphate in platelets
and preventing the platelet aggregation response to adenosine diphosphate (Harker
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& Kadatz 1983). Clopidogrel, prasugrel and ticagrelor are oral agents that prevent
arachidonic acid-induced aggregation of platelets and secondary aggregation
responses to weaker agonists as well as deposition of platelets to subendothelial
structures by inhibiting adenosine diphosphate-induced platelet aggregation via the
activation receptor P2Y12. Most commonly they are used in acute coronary
syndrome (ACS) together with aspirin or in case of recently deployed coronary
stents as well as in case of allergy to aspirin. In addition, they are used in patients
with stroke or peripheral arterial disease. The GPIIb/IIIa inhibitors eptifibatide,
abciximab and tirofiban are intravenous agents that prevent aggregation of
activated platelets induced by any agonist. Generally, they are used in the setting
of ACS and PCI. Clopidogrel, prasugrel and abciximab bind irreversibly to platelets
while reversible receptor binding occurs with eptifibatide, tirofiban and ticagrelor.
(Achneck et al. 2010). Ticagrelor has a more rapid offset of action compared to
clopidogrel, and thus, platelet function recovers faster on discontinuation of
ticagrelor therapy (Schotola et al. 2014).
In case of a preoperative clinical state requiring chronic anticoagulation,
patients undergoing cardiac surgery may be under the effect of oral anticoagulants
like warfarin, direct thrombin inhibitors or factor Xa inhibitors. Warfarin modifies
the production of vitamin K-dependent coagulation factors II, VII, IX and X
deteriorating the function of these factors. Heparins, both low molecular weight
heparin (LMWH), commonly administered subcutaneously in ACS, and
unfractionated heparin, which is the prerequisite for cardiac surgery and
administered intravenously during the surgery, promote anticoagulation by
augmenting the inhibitory action of antithrombin significantly. (Achneck et al.
2010). Even though heparin remains the most common anticoagulation therapy
used during cardiac surgery and CPB, alternatives for heparin have also been
proposed (Bouraghda et al. 2015, Larsson et al. 2014).
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Fig. 3. Mechanisms of function of common antithrombotic agents used in patients
undergoing cardiac surgery. Coagulation factors are numbered by Roman numerals; a
indicates an active form of a coagulation factor; TF: tissue factor; vWF: von Willebrand
factor; AT: antithrombin; NOAC: novel oral anticoagulant; LMWH: low molecular weight
heparin; UFH: unfractionated heparin; GPIIb/IIIa: platelet glycoprotein IIb/IIIa.

2.1.4 Effect of cardiopulmonary bypass on bleeding
The use of CPB during the operation affects the blood coagulation system through
multiple mechanisms. Coagulation activation via the intrinsic pathway is induced
by the contact between blood and the plastic surface of the extracorporeal circuit.
At the beginning of CPB, the platelet count falls rapidly which has been explained
by activation of platelets by thrombin and their subsequent adherence to fibrin on
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the plastic surface of the extracorporeal circuit. This may contribute to inadequate
haemostasis even though it is not known to what extent this is responsible for blood
loss. (Davidson 2014). The CPB prime, cardioplegia and administration of fluids
cause haemodilutional coagulopathy. In addition, consumption coagulopathy takes
place due to the production of thrombin, plasmin and mediators of inflammation.
Heparin, which is administered at high doses to prevent blood from clotting in the
CPB circuit, enhances coagulopathy. (Besser et al. 2015, Davidson 2014, Despotis
et al. 1999, Galeone et al. 2013). Moreover, the pump circulating the blood, this
applies to a centrifugal pump more than to a roller pump, increases the degree of
platelet activation and risk of clot formation (Besser et al. 2015). These factors
combined with hypothermia induce the activation of the inflammatory, coagulation,
and fibrinolytic systems as well as platelet dysfunction, which leads to complex
postoperative coagulopathy as a net effect (Davidson 2014, Galeone et al. 2013).
At the end of CPB, decreased coagulation factor levels but high thrombin levels
can be detected. The inflammatory response related to the use of CPB is caused by
complement activation through contact activation as well as interleukin 6
production and leukocyte activation. (Besser et al. 2015).
During cardiac surgery and CPB, the operative field and tissue factor pathway
are the major sources of thrombin (Davidson 2014). Thrombin is also an activator
of fibrinolysis as it activates endothelial cells to release tissue plasminogen
activator, which in turn converts plasminogen to plasmin leading to degradation of
fibrin clots. The activity of tissue plasminogen activator is enhanced by binding to
fibrin and localisation of the enzymatic activity, which reduces the possibility of
systemic hyperfibrinolysis. The activation of fibrinolysis is usually self-limiting.
During CPB, the coagulation process as well as fibrinolysis are active
simultaneously. In case of pathological hyperfibrinolysis, cross-linked fibrin clots
are degraded prematurely and new fibrin polymerization is impaired due to soluble
fibrin and increased fibrin degradation products. (Besser et al. 2015). However,
pathological hyperfibrinolysis as a cause of excessive perioperative bleeding is a
relatively rare incident accounting for 6 to 8% of the patients that bleed, which is
explained mostly by the increased use of antifibrinolytic drugs to control the
plasminogen binding to fibrin via lysine binding sites (Besser et al. 2015, Davidson
2014).
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2.2

Risk factors for bleeding in cardiac surgery

2.2.1 Preoperative use of antithrombotics
Preoperative use of antithrombotic agents, particularly in urgent and emergency
cardiac operations, increases the risk of excessive perioperative bleeding. This is
evident especially in patients in whom antithrombotic medication has not been
discontinued for an adequate time prior to the operation. To minimize surgical
blood loss, a five-day preoperative pause of clopidogrel is considered preferable in
stable elective CABG with no drug-eluting stent, whereas with less than 12 month
old drug-eluting stents, continuation of clopidogrel or the use of heparin as a bridge
until surgery should be considered (Menkis et al. 2012). For prasugrel, the
recommended preoperative pause is seven days (Davidson 2014). Optimal
discontinuation of ticagrelor is debated and is discussed later in this chapter.
Continuation of aspirin until surgery is advisable to minimize the risk of thrombosis
(Hillis et al. 2011, Society of Thoracic Surgeons Blood Conservation Guideline
Task Force et al. 2011). There is not much evidence on the preferable preoperative
pause for warfarin, but it was shown that the risk of bleeding complications was
not increased when warfarin was discontinued for a short period (median two days)
before isolated CABG (Biancari et al. 2010). Davidson (2014) also recommends
discontinuation of warfarin 2 to 5 days and novel oral anticoagulants 3 to 5 days
before the operation. For LMWH, a preoperative pause of 12 to 24 hours is
preferable (Davidson 2014). In CABG, short-acting intravenous GPIIb/IIIa
inhibitors (tirofiban or eptifibatide) should cease for at least 2 to 4 hours before
surgery and abciximab for at least 12 hours beforehand (Hillis et al. 2011). The
recommended and generally accepted preoperative pauses for antithrombotics are
summarized in Table 1.
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Table 1. Recommended cessation periods for antithrombotics before cardiac surgery.
Drug

Preoperative pause

Clopidogrel

5 days

Prasugrel

7 days

Ticagrelor

Variable practice, minimum 1 to 3 days

Aspirin

0 days

Warfarin

2 to 5 days

NOACs

3 to 5 days

LMWH

12 to 24 hours

Tirofiban and eptifibatide

2 to 4 hours

Abciximab

12 hours

NOAC: novel oral anticoagulants; LMWH: low molecular weight heparin.

Indeed, a meta-analysis including 17 observational studies, including mostly
patients (87%) who had clopidogrel discontinued five days or less before surgery,
showed that recent exposure to clopidogrel before CABG was associated with
increased risk of postoperative death, reexploration for bleeding, blood loss, and a
need for blood transfusions. However, post-hoc analyses with uncertain reliability
including three RCTs did not show any significant increase in postoperative
bleeding related to preoperative use of clopidogrel. (Biancari et al. 2012a). In
addition, a more recent meta-analysis including five studies showed that
clopidogrel cessation < 5 days before CABG was associated with a significantly
greater incidence of reexploration and major bleeding than a pause > 5 days (Cao
et al. 2014). The risk of major bleeding complications is increased particularly
when CABG is performed < 24 hours after discontinuation of clopidogrel (Hillis et
al. 2011).
Evidence regarding the effect of preoperative use of ticagrelor on postoperative
bleeding is scarce. When continued until CABG, ticagrelor was shown to be
associated with significantly higher blood loss and transfusion requirements
compared to clopidogrel (Schotola et al. 2014). However, in the PLATO trial
including 632 patients receiving ticagrelor and 629 patients receiving clopidogrel
within seven days prior to CABG, the rates of major bleeding and transfusion
requirements were similar even when CABG was performed one, two or three days
after discontinuation (Held et al. 2011). Hillis et al. (2011) recommend that
ticagrelor should be discontinued for at least five days before surgery when feasible
whereas, according to Davidson (2014), a 1 to 3 day pause is sufficient to reduce
the risk of bleeding.
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The continuation of aspirin until surgery is debated, but most studies seem to
favour its continuation considering the increased risk of adverse outcome
associated with preoperative cessation of aspirin therapy (Bybee et al. 2005, Dacey
et al. 2000). A meta-analysis of eight RCTs and 1,538 patients showed that
preoperative aspirin increased postoperative blood loss, RBC transfusion and
reoperation for bleeding (Ma et al. 2014). In 19 observational studies (n = 19,551),
preoperative aspirin was associated with increased postoperative blood loss and
RBC transfusion but not with reoperation for bleeding. However, subgroup
analyses for RCTs demonstrated that aspirin given at doses ≤ 100 mg/day might
not increase the amount of postoperative blood loss. (Ma et al. 2014). Similar
results were seen also in another meta-analysis showing that preoperative aspirin
increases postoperative bleeding, but only in higher doses exceeding 325 mg/day
(Sun et al. 2008).
At the beginning of the treatment, patients presenting with ACS are often given
loading doses, initial higher doses, of antithrombotic drugs before coronary
angiography. On the other hand, as preoperative administration of antithrombotics
increases the risk of significant perioperative bleeding, clopidogrel/ticagrelor
should not be given to patients who will undergo an urgent or emergency CABG.
However, it is often difficult to predict before coronary angiography which patients
require CABG, which makes the decision making challenging. Poppe et al. (2009)
investigated 986 unselected patients undergoing diagnostic coronary angiography
who were candidates for PCI in order to develop an accurate decision rule to
identify patients at higher risk for early CABG. 12% of the patients underwent
CABG within 5 days of angiography and of patients with previous CABG, only 2%
underwent early CABG. The authors developed a simple risk score, but early
CABG could be predicted with only modest accuracy from preprocedure clinical
variables (sensitivity 66% (95% CI 56–74), specificity 66% (95% CI 62–69), area
under the ROC curve 0.72). (Poppe et al. 2009). Similarly, Mehta et al. (2006)
created a decision-making tool based on clinical variables for assessing the need
for CABG in patients with non-ST-elevation ACS and found that the model had
only modest predictive accuracy and calibration (c-index = 0.67). Of 61,974
patients, 14% underwent CABG during the index hospitalization (Mehta et al.
2006). A QRS duration of > 90 ms and an ST-segment elevation in lead aVR of ≥
0.5 mm have been shown to predict left main disease or three-vessel disease more
accurately (sensitivities 88% and 76%, specificities 88% and 86%, respectively)
(Kosuge et al. 2009). In another study, the authors found that ST-segment elevation
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≥ 1.0 mm in lead aVR on admission is highly suggestive of severe left main disease
or three-vessel disease (Kosuge et al. 2011).
2.2.2 Surgeon’s individual impact
Knowledge and technical skills are significant to achieve optimal outcomes after
cardiac surgery. Even though numerous factors contribute to the outcomes of
patients undergoing cardiac surgery, a concern has arisen that variation in qualities
of operating surgeons may influence patient outcomes. Indeed, an individual
surgeon’s performance has been shown to have a major impact on perioperative
bleeding in cardiac surgery. Biancari et al. (2012c) observed that an individual
surgeon was an independent predictor of reexploration for excessive bleeding as
well as postoperative blood loss ≥ 1,600 ml in patients undergoing isolated CABG.
In studies by other investigators the individual surgeon was also shown to
independently predict reexploration after cardiac surgery (Vivacqua et al. 2011). In
addition, among several other variables, an individual surgeon was shown to
independently predict excessive bleeding in patients undergoing cardiac surgery
(Dixon et al. 2014, Vuylsteke et al. 2011).
2.2.3 Other risk factors for bleeding
Several other factors related to patients’ characteristics and comorbidities as well
as operational factors have also been associated with excessive bleeding in patients
undergoing cardiac surgery. The use of CPB has been shown to be associated with
an increased need for transfused blood products and reoperation for bleeding (Lamy
et al. 2012) as well as with greater blood loss during and after the surgery (Paulitsch
et al. 2009). Logically, also prolonged CPB time is associated with increased blood
loss (Dixon et al. 2014). The mechanisms responsible for increased bleeding
associated with the use of CPB are discussed in Chapter 2.1.4. In addition, urgent
and emergency operations as well as complex operations other than CABG or
single valve surgery are known to include a higher risk of bleeding (Dixon et al.
2014, Society of Thoracic Surgeons Blood Conservation Guideline Task Force et
al. 2011, Vuylsteke et al. 2011).
Other factors characterized to predict excessive perioperative bleeding in
cardiac surgery are older age (Vuylsteke et al. 2011), BMI < 25 kg/m2 (Biancari et
al. 2012c, Nolan et al. 2013, Vuylsteke et al. 2011), presence of aortic valve disease
(Vuylsteke et al. 2011) and chronic kidney disease (Acedillo et al. 2013, Biancari
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et al. 2012c, Winkelmayer et al. 2003). In fact, renal insufficiency can cause either
thrombosis or bleeding due to changed interaction of different components of the
coagulation system such as platelets, the coagulation cascade and the vessel wall.
Because of potent procoagulatory effects, factors called microparticles can possibly
induce coagulation in patients with renal impairment. However, microparticles may
also contain microRNAs thus inhibiting the function of platelets and increasing the
risk of bleeding. (Lutz et al. 2014). In addition, altered homeostatic conditions due
to hypothermia, acidaemia and hypocalcaemia increase the incidence of excessive
postoperative blood loss (Paparella et al. 2004).
There has been a concern regarding the impact of omega 3 fatty acid
supplements on the risk of perioperative bleeding as they have anti-platelet effects
and can theoretically result in increased blood loss (Goodnight et al. 1981, von
Schacky & Weber 1985). However, according to current evidence from cardiac
surgery (DeCaterina et al. 1990, Mozaffarian et al. 2012) and spinal surgery
(Kepler et al. 2012, Meredith et al. 2012), preoperative use of omega 3 fatty acids
does not increase the risk of clinically relevant bleeding.
2.3

Strategies to prevent and manage excessive bleeding

Several different approaches are utilized in the prevention and management of
excessive perioperative bleeding in cardiac surgery. Table 2 and Fig. 4 summarize
these methods and describe the mechanisms of their function. The strategies of
bleeding management are further discussed in Chapters 2.3.1–2.3.11.
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Table 2. Summary of the strategies to prevent and manage excessive perioperative
bleeding.
Strategy

Mechanism

Aim

ROTEM, TEG and Multiplate

Point-of-care coagulation tests

To determine the reason

Reexploration

Opening of the chest

for bleeding
To determine the reason
for bleeding
Surgical haemostasis

Technical management of bleeding

Haemostasis

Protamine

Binds to heparin

Haemostasis

Antifibrinolytics (excluding aprotinin) Inhibit plasmin

Haemostasis

Desmopressin

Haemostasis

Stimulates arginine vasopressin V2
receptors of endothelial cells increasing
the amount of VWF, FVIII and TPA

Fibrinogen

Is converted to fibrin

Haemostasis

Prothrombin complex concentrate

Includes factors II, VII, IX and X

Haemostasis

Recombinant factor VIIa

Activates FIX, stimulates FX to increase Haemostasis
thrombin generation

Factor XIII

Stabilizes the fibrin clot

Haemostasis

Cell salvage

Reinfusion of patient’s own RBCs or

Improved oxygen delivery

whole blood

and haemostasis

Red blood cells

Carry oxygen, help to form the clot

Improved oxygen delivery

FFP/Octaplas

Include coagulation factors

Haemostasis

Platelets

Primary haemostasis at the injury site

Haemostasis

Allogeneic blood products
and haemostasis

ROTEM: rotational thromboelastometry; TEG: thromboelastography; FFP: fresh frozen plasma; VWF:
von Willebrand factor; FVIII: factor VIII; TPA: tissue plasminogen activator; FIX: factor IX; FX: factor X;
RBC: red blood cell.
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Fig. 4. Localisation and mechanisms of function of different methods to manage
perioperative bleeding. Coagulation factors are numbered by Roman numerals; a
indicates an active form of a coagulation factor; TF: tissue factor; vWF: von Willebrand
factor; AT: antithrombin; LMWH: low molecular weight heparin; UFH: unfractionated
heparin; FFP: fresh frozen plasma; PCC: prothrombin complex concentrate.

2.3.1 ROTEM, TEG and Multiplate
Rotational thromboelastometry (ROTEM, Tem International GmbH, Munich,
Germany), thromboelastography (TEG, Hemonetics Corp., Braintree,
Massachusetts, USA) and whole blood impedance aggregometry (Multiplate,
Verum Diagnostica GmbH, Munich, Germany) are point-of-care blood coagulation
tests used particularly in cardiac surgery as a part of patient blood management in
case of severe perioperative bleeding. With the help of these tests, it is possible to
rapidly and explicitly differentiate whether the bleeding occurs due to reduced clot
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firmness, platelet dysfunction, tissue factor expression on monocytes, a deficiency
of vitamin K-dependent coagulation factors, fibrin polymerization disorders,
hyperfibrinolysis, residual heparin effects or protamine overdose or a combination
of these factors (Gorlinger et al. 2012, Gorlinger et al. 2013, Larsen et al. 2011,
Ogawa et al. 2012). Additionally, the impact of antiplatelet drugs, antifibrinolytics
and desmopressin on platelet function can be assessed by whole blood impedance
aggregometry (Gorlinger et al. 2013). Thus, these point-of-care tests enable
implementation of goal-directed haemostatic therapies targeted to specific causes
of perioperative bleeding.
A review including 16 studies evaluating the effect of ROTEM/TEG-based
coagulation management algorithms on transfusion requirement and outcome in
8,507 cardiovascular surgical patients summarized that the use of point-of-care
transfusion and coagulation management algorithms based on ROTEM, TEG and
Multiplate has been shown to be associated with reduced need for transfusion of
platelets, solvent/detergent-treated plasma (Octaplas, Octapharma AG, Lachen,
Switzerland)
and
RBCs
as
well
as
reduced
incidence
of
thrombotic/thromboembolic and transfusion-related adverse events and with
improved outcomes in cardiac surgery (Gorlinger et al. 2013). Moreover, an
association with a reduction in the incidence of mediastinal reexploration
(Gorlinger et al. 2011, Nuttall et al. 2001, Spiess et al. 1995, Weber et al. 2012) as
well as with a decrease in hospital costs (Gorlinger et al. 2011, Hanke et al. 2012,
Spalding et al. 2007, Spiess et al. 1995, Weber et al. 2012) was demonstrated in
some of the original studies (Gorlinger et al. 2013). The use of ROTEM and TEGbased bleeding management algorithms (Bolliger & Tanaka 2013, Karkouti et al.
2015, Sun et al. 2014) as well as transfusion algorithms based on preoperative
platelet function testing by Multiplate and TEG PlateletMapping (Hemonetics
Corp., Braintree, Massachusetts, USA) (Agarwal et al. 2015) has also been shown
to be associated with a reduced requirement for blood product transfusion during
and after cardiac surgery in a number of more recent studies.
However, a more sceptical approach to the use of a ROTEM/TEG-guided
transfusion strategy has also been presented. Wikkelsoe et al. (2011) conducted a
systematic review and meta-analysis including 9 RCTs (776 patients from 8 trials
of cardiac surgery and one trial of liver transplantation), which investigated a
TEG/ROTEM-based transfusion algorithm compared with standard treatment in
patients with bleeding. The authors identified no effect on mortality, amount of
blood transfused, incidence of surgical reinterventions, time to extubation, or length
of stay in hospital and ICU. However, there was a statistically significant reduction
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in blood loss (85 ml) as well as in the proportion of patients receiving FFP and
platelets favouring the use of TEG/ROTEM. (Wikkelsoe et al. 2011). Interestingly,
the variability in the results of TEG between physicians using the devices has been
shown to be higher than in the results of ROTEM. In addition, variability in an
individual physician’s results was significantly lower when using ROTEM than
when using TEG. This suggests that ROTEM is more suitable for a multiuser
environment. (Anderson et al. 2014). Further studies addressing the clinical
significance of ROTEM and TEG in perioperative bleeding management are
required.
2.3.2 Surgical haemostasis and reexploration
Surgical haemostasis, which is the surgical management of active bleeding by using
vascular sutures, ligatures as well as clipping, packing, electric coagulation and
various topical sealants to foster the tissue-mediated triggering of coagulation and
wound healing, is considered a fundamental part of preventing excessive
perioperative bleeding.
In case of significant postoperative bleeding and optimal ROTEM, TEG and/or
Multiplate point-of-care coagulation test results indicating a normal blood
coagulation status, the reason for bleeding may lie in insufficient surgical
haemostasis. In that case, taking the patient back to the operating theatre for
reexploration and further improvement of surgical haemostasis is necessary. In
daily practice, reoperation for excessive bleeding is often performed only with
clinical suspicion without testing the coagulation status with viscoelastic tests first.
However, a number of studies showed that reexploration is accompanied by an
increased risk of adverse outcome including prolonged stay in the ICU (Karthik et
al. 2004, Ranucci et al. 2008a, Unsworth-White et al. 1995), greater need for
inotropes, longer in-hospital stay (Karthik et al. 2004), need for intra-aortic balloon
pump (IABP) (Unsworth-White et al. 1995), acute renal failure, longer mechanical
ventilation time (Biancari et al. 2012, Ranucci et al. 2008), low cardiac output
syndrome (LCOS), sepsis (Ranucci et al. 2008a), stroke and sternal wound
infection (Biancari et al. 2012), i.e. a significant variety of major complications.
Some studies showed an association between reexploration for excessive bleeding
and increased mortality (Mehta et al. 2009, Ranucci et al. 2008a, Unsworth-White
et al. 1995, Vivacqua et al. 2011) whereas some failed to confirm such an
association (Karthik et al. 2004). It also seems that the time delay from returning
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to the ICU to reexploration increases morbidity (Boeken et al. 2001, Karthik et al.
2004, Mataraci et al. 2010) and mortality (Mataraci et al. 2010). However,
according to the study by Ranucci et al. (2008a), the timing of surgical
reexploration was not associated with morbidity or mortality.
Vivacqua et al. (2011) aimed to discriminate whether the worse outcome of
patients undergoing reexploration is caused by RBC transfusion or the
reexploration itself and found that both a greater transfusion of RBCs and
reoperation independently predicted increased mortality and major morbidity.
Ranucci et al. (2008a) also observed that the amount of transfused RBC units was
significantly associated with increased morbidity (acute renal failure, sepsis and
LCOS), mechanical ventilation time and ICU stay as well as with increased
mortality in patients undergoing reexploration for excessive bleeding. The authors
concluded that the main determinant of morbidity and mortality for patients
undergoing a surgical reexploration after cardiac surgery is the amount of RBC
units transfused. Delaying the timing of reexploration may represent a risk factor
only when the delay creates the need for an excessive use of blood products, or in
the presence of clinical signs of cardiac tamponade. (Ranucci et al. 2008a).
Older age, nonelective surgery (Karthik et al. 2004, Vivacqua et al. 2011),
smaller body mass index, 5 or more distal anastomoses (Karthik et al. 2004),
greater comorbidity, aortic valve surgery, longer myocardial ischaemia, CPB
duration, and an individual surgeon (Vivacqua et al. 2011) have been shown to
independently predict reexploration after cardiac surgery. Preoperative aspirin and
heparin were risk factors only for patients undergoing on-pump CABG (Karthik et
al. 2004). In addition, several other preoperative risk factors have been proposed to
predict reexploration in patients undergoing CABG (Mehta et al. 2009).
2.3.3 Protamine
Protamine sulphate is an agent that binds to heparin, and it is mainly used at the
end of a cardiac operation to reverse the anticoagulant impact of heparin. Typically,
standard dosing is used, which means that a fixed dose of protamine is administered
based on activated clotting time (ACT) and total heparin given. However, it is also
possible to use titrated dosing according to plasma heparin concentration. (Wang et
al. 2013).
Even though protamine is considered relatively safe, adverse events including
haemodynamic changes, pulmonary oedema, anaphylactic reactions (Kimmel et al.
1998, Nybo & Madsen 2008, Wang et al. 2013, Welsby et al. 2005) and in-hospital
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death (Kimmel et al. 2002, Wang et al. 2013, Welsby et al. 2005) related to the use
of protamine occur in slightly over 2% of patients after CPB (Kimmel et al. 1998,
Wang et al. 2013). Therefore, optimizing the dose of protamine is essential.
A meta-analysis including 507 patients undergoing cardiac surgery with CPB
from four different randomized controlled trials (RCTs) showed that titrated
protamine dosing using haemostasis management systems was associated with
significantly lower postoperative blood loss as well as a lower amount of RBC units
transfused compared to standard protamine dosing (Wang et al. 2013).
Individualized heparin and protamine management based on a haemostasis
management system decreased the protamine-to-heparin ratio, improved post
bypass thromboelastometric haemostatic parameters and reduced the incidence of
severe blood loss compared to an ACT-based strategy in patients undergoing
elective valve surgery (Vonk et al. 2014).
In addition, a special method using a mathematical formula and utilizing ACT
measurements (Suarez Cuenca et al. 2013) as well as a statistical model including
body surface area, preoperative platelet count, the administered dose of heparin and
heparin clearance (Odling Davidsson et al. 2014) have been developed for
determination of the appropriate protamine dose and seem to be applicable for this
purpose.
It is important to avoid protamine overdose as excess protamine with no
heparin to bind to can cause bleeding due to a weak antiplatelet effect of protamine
(Davidson 2014, Theusinger et al. 2012). In addition, heparin rebound, in which
heparin is bound to plasma proteins, is a common phenomenon and may decrease
the effect of protamine and enhance bleeding (Galeone et al. 2013). Interestingly,
antibodies to the protamine-heparin complex have been described in 25% of cardiac
surgical patients. They can activate platelets in vitro and potentially increase the
risk of thrombosis, but their clinical impact remains questionable. (Pouplard et al.
2013).
2.3.4 Antifibrinolytics
The synthetic lysine analogues tranexamic acid and epsilon-aminocaproic acid
prevent fibrinolysis by inhibiting plasmin and are widely used particularly in
procedures requiring CPB in order to reduce perioperative bleeding and transfusion
of blood products. Of all antifibrinolytics, aprotinin, a broad-spectrum serine
protease inhibitor, is known to have the highest potential to reduce perioperative
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blood loss, transfusion of blood products and reexploration rate (Dhir 2013), but it
was withdrawn from the market due to increased risk of cardiovascular events,
cerebrovascular events (Mangano et al. 2006), kidney damage (Karkouti et al.
2006a, Mangano et al. 2006) and mortality (Fergusson et al. 2008). The studies
resulting in the withdrawal of aprotinin have later been criticized (Dhir 2013).
A growing body of evidence shows that both tranexamic acid and epsilonaminocaproic acid are effective in reducing bleeding and transfusion of blood
products especially in on-pump cardiac surgery. Tranexamic acid has also been
shown to decrease perioperative blood loss as well as transfusion of RBCs and fresh
frozen plasma (FFP) compared to placebo in off-pump coronary artery bypass
grafting (OPCAB) (Wang et al. 2012b).
As a result of a meta-analysis, epsilon-aminocaproic acid, tranexamic acid and
aprotinin were found to reduce postoperative blood loss and decrease the number
of patients requiring blood transfusions compared to placebo. However, aprotinin
in a high dose was the only antifibrinolytic agent shown to decrease the
reexploration rate. (Brown et al. 2007). In another meta-analysis comparing the use
of antifibrinolytic agents with placebo in patients undergoing cardiac surgery and
receiving aspirin preoperatively, both aprotinin and lysine analogues reduced chesttube drainage more effectively than placebo but there was no statistically
significant difference in chest-tube drainage between aprotinin and lysine
analogues (McIlroy et al. 2009). A meta-analysis showed that tranexamic acid was
associated with reduced blood loss, reduced transfusion of RBCs and other blood
products, and a reduced reexploration rate in comparison to placebo (Ngaage &
Bland 2010).
Henry et al. (2011) conducted a large systematic review assessing the effects
of antifibrinolytics on perioperative blood loss, RBC transfusion requirements and
adverse events in patients undergoing surgery. Compared to the untreated controls,
both tranexamic acid and epsilon-aminocaproic acid reduced the probability of
requiring RBC transfusion in patients undergoing cardiac surgery. There was a
statistically significant 32% relative reduction in the rate of exposure to allogeneic
blood transfusion in patients treated with tranexamic acid whereas the reduction
was 30% in patients who had received epsilon-aminocaproic acid. In that study,
tranexamic acid and epsilon-aminocaproic acid did not reduce the reoperation rate.
(Henry et al. 2011). Investigating patients undergoing high-risk cardiac surgery,
Raghunathan et al. (2011) compared 770 patients receiving tranexamic acid and
780 patients receiving epsilon-aminocaproic acid and found that there were no
significant differences in clinically important efficacy between these drugs.
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The optimal dose of tranexamic acid lacks consensus and both low and high
doses have been suggested to be of benefit in patients undergoing cardiac surgery
(Armellin et al. 2004, Bokesch et al. 2012, Dhir 2013). Reviewing 29 RCTs and
large matched observational studies, Ngaage & Bland (2010) observed a 1 g to 20
g variation in total intravenous dose of tranexamic acid, administered over a period
of 20 minutes to 12 hours. Similar uncertainty about the favourable dose applies to
epsilon-aminocaproic acid (Dhir 2013).
Administration of lysine analogues is considered safer than the use of aprotinin.
In some studies, a concern has arisen about potential neuro-toxicity and convulsive
seizures associated with tranexamic acid (Dhir 2013, Manji et al. 2012). According
to a review by Koster & Schirmer (2011), newer studies showed that tranexamic
acid was associated with an increased incidence of adverse events, particularly
seizures, in a dose-dependent manner. However, in these studies, tranexamic acid
was also highly overdosed (Koster & Schirmer 2011). In addition, there is some
evidence showing that aprotinin and tranexamic acid may have anti-inflammatory
properties, but the clinical relevance of these effects remains uncertain (Later et al.
2013a, Later et al. 2013b).
In McIlroy’s meta-analysis, antifibrinolytic and placebo groups did not differ
statistically in terms of mortality or thrombotic events but the patients included in
the analysis were predominantly low-risk (McIlroy et al. 2009). According to
Henry et al. (2011), the use of tranexamic acid and epsilon-aminocaproic acid was
not associated with increased mortality or increased risk of myocardial infarction,
stroke, other thrombotic events or renal failure/dysfunction. Raghunathan et al.
(2011) concluded that there were no significant differences in overall safety
between tranexamic acid and epsilon-aminocaproic acid.
2.3.5 Desmopressin
Desmopressin, 1-deamino-8-D-arginine vasopressin, is a synthetic analogue of the
antidiuretic hormone vasopressin. It stimulates arginine vasopressin V2 receptors
of endothelial cells to induce an increase in the circulating levels of von Willebrand
factor (VWF), coagulation factor VIII (FVIII) and tissue plasminogen activator.
Desmopressin does not have a direct impact on platelets in vitro but it increases
endothelial adhesiveness for platelets and platelet adhesion to collagen by releasing
a proadhesive factor, probably VWF, from endothelial cells. (Svensson et al. 2014).
In addition to antifibrinolytics, desmopressin has been used for decades to achieve
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better haemostasis after cardiac surgery. Therefore, there is a growing body of
evidence regarding its role in the management of perioperative bleeding.
In a review based on 16 RCTs and three meta-analyses considered to be the
highest-quality studies investigating the role of desmopressin in cardiac surgery,
Wademan & Galvin (2014) recently summarized the current knowledge of the
effect of perioperative desmopressin administration on postoperative bleeding and
transfusion requirements in adult patients undergoing cardiac surgery on CPB.
According to these authors, there is some evidence that perioperative use of
desmopressin may result in a small but significant decrease in postoperative
bleeding. Nevertheless, administration of desmopressin was not associated with a
clinically significant reduction in the transfusion of blood products in unselected
patients. However, the use of desmopressin may reduce postoperative bleeding and
transfusion requirements particularly in patients with CPB times exceeding 140
min, patients who have received aspirin within 7 days before surgery, and patients
with pre- or perioperative platelet dysfunction as defined by TEG or platelet
function assays. Therefore, instead of routine use of desmopressin in all cardiac
surgery, the authors recommend its use selectively in the aforementioned subgroups.
In patients undergoing isolated CABG in the absence of the features described
above, there was no significant decrease in postoperative bleeding or transfusion
requirements following the use of desmopressin, and thus its use is not
recommended in these patients. (Wademan & Galvin 2014). Similar results were
observed in a RCT including 66 patients undergoing elective CABG; despite the
improved platelet function, desmopressin did not reduce postoperative blood loss
or blood transfusion in patients without any bleeding disorder (Ozkisacik et al.
2001).
Not many clinical adverse events have been reported related to the use of
desmopressin. Levi et al. (1999) performed a meta-analysis including 72 trials on
8,409 patients undergoing cardiac surgery and found that desmopressin was
associated with a 2.4-fold increase in the risk of perioperative myocardial infarction
compared to placebo.
2.3.6 Fibrinogen
Fibrinogen, also known as coagulation factor I, is a crucial protein in the blood
coagulation system (Fig. 1 and Fig. 2).
Even though a fibrinogen concentrate is
increasingly recommended and used in the management of bleeding in patients
undergoing cardiac surgery, its role is controversial and methodologically sound
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RCTs are urgently needed to confirm in what context and at what level prophylactic
fibrinogen supplementation can significantly decrease postoperative bleeding and
transfusion of blood products, and improve outcomes (Azevedo Maranhao Cardoso
et al. 2015, Faraoni & Dinardo 2015, Lin et al. 2013, Lunde et al. 2014).
The potential association between pre-operative fibrinogen level and postoperative bleeding is highly debated (Faraoni & Dinardo 2015). In addition, the
cut-off value of low preoperative fibrinogen level predicting postoperative bleeding
and triggering preoperative administration of fibrinogen is not thoroughly known
(Faraoni & Dinardo 2015, Ranucci et al. 2015). In an analysis evaluating three
different trigger values for preoperative fibrinogen supplementation in 2,154
cardiac surgical patients, Ranucci et al. (2015) found that in general, preoperative
fibrinogen levels predicted severe bleeding (chest tube output > 1,000 ml/12 h)
poorly and a policy based on preoperative fibrinogen administration would lead to
inappropriate fibrinogen supplementation in > 80% of the treated patients.
Particularly, this was evident when the trigger for fibrinogen administration was set
at 3.8 g/l, which is the limit for consideration of prophylactic preoperative
fibrinogen supplementation recommended in the guidelines of the European
Society of Anaesthesiology (Ranucci et al. 2015).
Recently, a systematic review with meta-analysis was published reporting a
statistically significant, weak-to-moderate correlation between pre- and
postoperative fibrinogen levels and the amount of post-operative blood loss after
cardiac surgery (Gielen et al. 2014). In an original prospective observational study,
the preoperative fibrinogen level (even within the normal range) was found to
predict bleeding volume and transfusion requirements after on-pump CABG
(Karlsson et al. 2008). Comparable results were found by Walden et al. (2014) who
reported that, in a population of 1,954 patients undergoing cardiac surgery, a
preoperative fibrinogen level below 2.5 g/l was an independent predictor of
excessive postoperative bleeding (> 1,000 ml/12 h). However, the preoperative
fibrinogen level was not associated with postoperative RBC transfusion (Walden et
al. 2014). A post-CPB fibrinogen level < 2.0 g/l was found to be associated with a
large volume of RBC transfusion (Karkouti et al. 2013a) whereas a fibrinogen level
with a cut-off of 2.2 g/l measured on admission to the ICU was shown to predict
postoperative bleeding after cardiac surgery with CPB (Kindo et al. 2014). Pillai et
al. (2014) found that postoperative fibrinogen and platelet levels were predictors of
bleeding and blood transfusion requirements after CPB.
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However, Faraoni & Dinardo (2015) emphasized that postoperative bleeding
in cardiac surgery is multifactorial and as important as preoperative assessment of
fibrinogen level is to ensure the presence of functional platelets, as fibrinogen
supplementation may not compensate sufficiently for other important deficiencies.
In fact, according to an ex vivo study investigating postoperative blood samples
from cardiac surgical patients, combined fibrinogen and platelet correction of blood
samples had an additive effect on clot formation compared to the single
components, but resulted in less platelet aggregation than with platelet
supplementation alone (Shams Hakimi et al. 2014).
Although fibrinogen infusion is increasingly used in perioperative bleeding
management, evidence regarding the effect of perioperative fibrinogen
administration on improved postoperative coagulation status is scarce. In a cohort
of 1,075 patients undergoing complex cardiac surgery, intraoperative fibrinogen
concentrate infusion (median dose 2 g) did not reduce postoperative blood loss or
transfusion (Bilecen et al. 2013).
In 2009, Karlsson et al. (2009) conducted a prospective randomized pilot study
including 20 CABG patients who received preoperatively either 2 g of fibrinogen
concentrate or no infusion and had a preoperative fibrinogen level below 3.8 g/l.
Even though a 32% decrease in the postoperative bleeding volume in patients
treated with fibrinogen was detected, only 3/10 of the non-treated patients had
postoperative blood loss more than 800 ml. Interestingly, prophylactic fibrinogen
supplementation also had no impact on either perioperative blood product
transfusion or global postoperative haemostasis as assessed by thromboelastometry.
(Karlsson et al. 2009). In further analyses of the same patient population, the
authors later found that administration of 2 g fibrinogen resulted in no or minimal
changes in biomarkers describing coagulation and platelet function (Karlsson et al.
2011). An increased release of fibrin degradation products was identified after
surgery in patients who received fibrinogen (Karlsson et al. 2011).
On the contrary, Lin et al. (2013) concluded in their systematic review that
patients undergoing cardiac surgery and receiving fibrinogen concentrate and/or
prothrombin complex concentrate (PCC) required less allogeneic blood transfusion
and had less chest tube output. Highlighting the lack of adequate evidence,
Azevedo Maranhao Cardoso et al. (2015) summarized their systematic review
based on few RCTs reporting that fibrinogen supplementation is potentially able to
decrease blood product transfusion and bleeding in cardiac surgery. Sadeghi et al.
(2014) conducted a double-blinded RCT including 60 patients undergoing CABG
and found that 1 g of fibrinogen given preoperatively reduced post-operative
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bleeding volumes but not RBC transfusion requirements. In a double-blinded RCT
of 61 patients, Rahe-Meyer et al. (2013) observed a significant decrease in the
amount of transfused blood products after intraoperative fibrinogen
supplementation when given as targeted, first-line haemostatic therapy in bleeding
patients undergoing elective aortic replacement surgery.
Perioperative use of fibrinogen concentrate, at least with lower doses, appears
to be relatively safe. According to a propensity score-matched analysis of 380
patients, perioperative administration of fibrinogen at low dose (median 2 g) was
not associated with increased mortality or major cardiac or thromboembolic events
after cardiac surgery (Fassl et al. 2015). No increased risk of clinical adverse events
was measured in other studies either (Bilecen et al. 2013, Karlsson et al. 2009,
Sadeghi et al. 2014).
2.3.7 Prothrombin complex concentrate
Prothrombin complex concentrate (PCC) contains vitamin K-dependent
coagulation factors II, VII, IX and X. FEIBA (factor eight inhibitor bypassing
activity, Baxter Healthcare Corporation, Westlake Village, California, USA), also
called activated PCC, contains the proenzymes of factors II, VII, IX and X, but only
very minor amounts of their activation products, with the exception of VIIa; the
concentration of VIIa in FEIBA is higher (Turecek et al. 2004). These factor
concentrates are typically not used routinely for the management of perioperative
bleeding but rather considered as a rescue option in coagulopathy and bleeding
refractory to conventional treatment. There is a paucity of studies investigating the
use of PCC in cardiac surgery and therefore it is difficult to draw firm conclusions
regarding its role in perioperative treatment. However, some data from a few
retrospective studies exist.
Song et al. (2014) investigated the safety and efficacy of FEIBA in 25 patients
who were at high risk for postoperative coagulopathy and underwent complex
cardiac surgery with life-threatening bleeding. The use of FEIBA was associated
with a significantly decreased need for FFP and platelet transfusion as well as a
decreased international normalized ratio (INR) compared to the situation before
administration of the product. The outcome of the patients was excellent; none of
them experienced reexploration for bleeding or in-hospital death. (Song et al. 2014).
Tanaka et al. (2013) retrospectively analysed patients undergoing high-risk
cardiac surgery and receiving either three-factor PCC (3F-PCC, a PCC with
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therapeutic amounts of factors II, IX, and X and little factor VII) or recombinant
factor VIIa (rFVIIa) (n = 50 and n = 100, respectively). When nonsurgical,
microvascular bleeding continued after heparin reversal, FFP, platelets and/or
cryoprecipitate were administered at the discretion of the anaesthesiologist. rFVIIa
was given at 2 mg when bleeding continued despite transfusion of 4 units of FFP,
2 apheresis platelet units and 20 units of cryoprecipitate. 3F-PCC (25 IU/kg) was
administered instead of the first dose of rFVIIa after permission from the
transfusion service. Administration of 3F-PCC was associated with reduced
transfusion of platelets, FFP and rFVIIa as well as reduced chest tube drainage and
total amount of transfused blood products compared to the rFVIIa group. There was
no difference in the 30-day mortality or occurrence of thrombotic complications
between the groups. (Tanaka et al. 2013).
Arnekian et al. (2012) investigated the effect of PCC, FFP or both on
postoperative bleeding in patients undergoing cardiac surgery with CPB. PCC
reduced the postoperative blood loss significantly, but a similar reduction in chest
tube output was also observed when FFP was administered alone or in combination
with PCC. The use of PCC was not associated with thromboembolic complications
in this series. (Arnekian et al. 2012). However, in a randomized study of
intraoperative PCC versus FFP for the reversal of oral anticoagulants in patients
undergoing cardiac surgery with CPB, PCC reversed anticoagulation safely, faster
and with less bleeding compared to FFP (Demeyere et al. 2010).
2.3.8 Activated recombinant factor VII (rFVIIa)
Activated recombinant factor VII (rFVIIa) activates factor IX and stimulates
existing factor X to increase thrombin generation. In cardiac surgery, rFVIIa is used
in selected cases to treat massive uncontrollable haemorrhage unresponsive to
conventional approaches to haemostasis. In most of the studies, rFVIIa has been
proved to be effective in reducing blood loss, but on the other hand, it has been
associated with increased risk of thromboembolic adverse events. The majority of
the evidence still relies on observational studies while only a few RCTs have been
conducted to date. There is also uncertainty regarding the optimal dosing of rFVIIa
in patients undergoing cardiac surgery and no particular dose is recommended
(Johnson et al. 2007).
A meta-analysis by Ponschab et al. (2011), which summarized the evidence
from six clinical trials of which two were randomized and confirmed the results of
a previous meta-analysis (Zangrillo et al. 2009), showed that administration of
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rFVIIa was associated with an increased risk of stroke in patients undergoing
cardiac surgery. There was no difference in mortality between the patients receiving
rFVIIa and the controls. A trend, although not statistically significant, toward a
decrease of the need for surgical reexploration was observed. (Ponschab et al. 2011).
In a RCT, rFVIIa significantly reduced the reexploration rate and transfusion
requirements compared to placebo (Gill et al. 2009). Patients receiving rFVIIa also
experienced numerically more critical serious adverse events, including stroke, but
the difference from the placebo group did not reach statistical significance (Gill et
al. 2009). Diprose et al. (2005) also observed a significant reduction in transfusion
of blood products following the prophylactic use of rFVIIa compared to placebo
but the RCT included remarkable methodological limitations. Three propensity
score-matched studies, which were also included in the meta-analysis by Ponschab
et al. (2011), showed that the use of rFVIIa was associated with reduced blood loss
and blood product use, however, they all concluded that prospective RCTs are
required to confirm the safety of rFVIIa (Gelsomino et al. 2008, Karkouti et al.
2005b, Tritapepe et al. 2007). In addition, a significant decrease in postoperative
bleeding and transfusion requirements was observed in a number of other
retrospective studies with a control group (Andersen et al. 2012, Karkouti et al.
2008a, Romagnoli et al. 2006, von Heymann et al. 2005).
2.3.9 Factor XIII
Factor XIII stabilizes the fibrin clot by covalently binding to cross-linked fibrin
strands. The use of factor XIII concentrate has not become a routine in cardiac
surgery. The evidence from studies investigating the association between low factor
XIII plasma levels and increased blood loss after cardiac surgery is conflicting
(Godje et al. 2006, Grossmann et al. 2013, Shainoff et al. 1994). Karkouti et al.
(2013b) conducted a double-blinded RCT including 409 cardiac surgical patients
at moderate transfusion risk and randomized the patients into three groups: those
receiving 17,5 IU/kg factor XIII, 35 IU/kg factor XIII or placebo after CPB. Even
though a correction of factor XIII plasma levels in response to use of recombinant
factor XIII was observed, administration of factor XIII had no impact on
transfusion avoidance, transfusion requirements or reexploration compared to
placebo (Karkouti et al. 2013b).
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2.3.10

Cell salvage

Cell salvage, also known as ‘auto-transfusion’, is a term including a variety of
techniques that collect blood from the surgical area and infuse either the RBCs or
whole blood back into the patient. Cell salvage can be performed both intra- and
postoperatively. In some of the devices, centrifugal washing of the salvaged blood
is used in order to remove non-cellular material before reinfusion. (Carless et al.
2010).
A comprehensive systematic review including RCTs comparing patients in
whom cell salvage was utilized to patients who did not receive the intervention
showed that cell salvage was effective in decreasing the need for allogeneic RBC
transfusion in adult elective cardiac surgery. The use of cell salvage did not have
an adverse impact on clinical outcomes. However, the authors emphasized that the
trials were not blinded and therefore knowledge of the patients' treatment status
might have affected transfusion practices potentially biasing the results in favour
of cell salvage. (Carless et al. 2010).
Numerous RCTs have shown that the use of cell saving systems reduces the
need for allogeneic RBC transfusion in OPCAB (Goel et al. 2007, Murphy et al.
2005), CABG (McGill et al. 2002, Niranjan et al. 2006) and other cardiac surgical
procedures (Almeida & Leitao 2013, Klein et al. 2008). However, the effect of cell
salvage on RBC transfusion requirements has been questioned (Vermeijden et al.
2015) and the use of cell salvage merely in patients with high risk of bleeding
highlighted (Attaran et al. 2011, Menkis et al. 2012, Reyes et al. 2011). Cell salvage
has not been shown to be associated with an increased rate of clinical adverse
events after cardiac surgery (Goel et al. 2007, Murphy et al. 2005, Niranjan et al.
2006).
2.3.11

Transfusion of allogeneic blood products

In addition to pharmacological agents and other means, transfusion of allogeneic
blood products is commonly, and often the first method employed to supplement
excessive blood loss during and after cardiac surgery. Nevertheless, there is a lack
of clear evidence of the benefit of transfusion of blood products. The use of
allogeneic blood products was accepted as a life-saving remedy for blood loss in
the past and it has had a strong position in treatment of severe bleeding since then.
However, the value of blood transfusion has been questioned and more recent
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studies focus on investigating the adverse events associated with transfusion of
blood products (Mikkola et al. 2012, Murphy et al. 2007, Paone et al. 2014).
Even though RBCs have been shown to improve blood coagulation, in clinical
practice they are often used in an attempt to correct bleeding-related anaemia and
ensure oxygen delivery in an acute setting. In Finland, packed RBCs from a single
donor are leukoreduced before storage and preserved in citrate-phosphate-dextrose
(CPD)/saline-adenine-glucose-mannitol (SAG-M) solution (Suomen Punainen
Risti 2013). Practices related to RBC transfusion may vary markedly as there is no
universal consensus regarding the levels of haemoglobin or other factors triggering
transfusion of RBCs in cardiac surgical patients. Indeed, evidence on improved
oxygen delivery after RBC transfusion in patients undergoing cardiac surgery is
scarce. Atasever et al. (2012) found that RBC transfusion increased systemic
haemoglobin after cardiac surgery and this in turn increased medium-sized vascular
density and oxygen delivery in the sublingual microcirculation independently of
volume status and systemic haemodynamics.
In ACS patients, RBC transfusion was protective when nadir haemoglobin was
≤ 8 g/dl whereas it was associated with increased mortality in patients with nadir
haemoglobin > 8 g/dl. Similar results were achieved for the composite end point of
death/myocardial infarction/heart failure. (Aronson et al. 2008). In another study
investigating the impact of RBC transfusion in patients presenting with anaemia
and suspected ACS, severely anaemic patients (haemoglobin < 9.0 g/dl) had a trend
toward better outcome when they received an RBC transfusion (Singla et al. 2007).
Platelets and FFP/Octaplas are used to improve the deteriorated coagulation
status resulting from perioperative bleeding and haemodilution. In Finland,
platelets are produced using the buffy coat method and leukoreduced by filtering.
Platelets from four different donors are combined and preserved in PAS-II, a salt
solution containing acetate, citrate and sodium chloride. Platelets prepared via
apheresis are transfused only in special cases if normal platelet products are not
obtainable. (Suomen Punainen Risti 2013). FFP is a single-donor plasma product
containing coagulation factors and all the endogenous antifibrinolytic elements in
plasma. Octaplas is a solvent/detergent-treated plasma product pooled from
multiple donors, a virus-inactivated form of FFP containing all plasma coagulation
factors and protease inhibitors. (Heger et al. 2005). Compared to FFP, Octaplas
contains less tissue factor pathway inhibitor and protein S and therefore increases
thrombin generation. On the other hand, Octaplas is known to enhance fibrinolysis,
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but this can be controlled by concomitant administration of tranexamic acid.
(Pitkanen et al. 2015).
There is not much evidence regarding the effect of platelet transfusion on
perioperative bleeding in cardiac surgery. A retrospective study including patients
who had undergone surgery with CPB showed that platelet transfusion did not
improve bleeding time abnormalities induced by CPB (Premaratne et al. 2001). On
the other hand, in ex vivo experiments of blood samples from cardiac surgical
patients, platelet supplementation was shown to result in shortened clotting time,
improved clot strength as well as improved platelet aggregation in a dosedependent manner (Shams Hakimi et al. 2014).
A systematic review including six small RCTs found no evidence that the
prophylactic use of FFP affected perioperative bleeding in cardiac surgery, but there
was little evidence that it may increase platelet count and fibrinogen concentration
(Casbard et al. 2004). In patients undergoing on-pump cardiac surgery and
experiencing excessive perioperative bleeding, transfusion of FFP did not decrease
30-day mortality (Doussau et al. 2014).
2.4

Risk factors for use of blood products

2.4.1 Preoperative anaemia
Preoperative anaemia is relatively common in patients undergoing cardiac surgery.
The most common causes of preoperative anaemia include deficiency of iron,
vitamin B12 and/or folate as well as chronic kidney disease, chronic
gastrointestinal bleeding and malignancies. (Karski et al. 1999, Patel & Carson
2009). According to considerable evidence, preoperative anaemia results in more
frequent transfusions of allogeneic RBCs (Gombotz et al. 2014, Hung et al. 2011,
Karkouti et al. 2012, Stone et al. 2012, Theusinger et al. 2012). This is of particular
importance in view of the potentially preventable nature of preoperative anaemia.
Indeed, correction of perioperative anaemia with erythropoietin and iron
substitutions has been shown to reduce transfusion requirements during and after
surgery (Cladellas et al. 2012).
Preoperative anaemia is also associated with a number of postoperative adverse
events. Karkouti et al. (2008b) found that preoperative anaemia was independently
associated with an increased risk of a composite outcome including in-hospital
death, stroke and acute kidney injury in patients undergoing cardiac surgery. De
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Santo et al. (2009) also reported that preoperative anaemia independently predicted
acute kidney injury after CABG. In aortic valve surgery, preoperative anaemia was
found to predict postoperative mortality and morbidity (Elmistekawy et al. 2013).
In patients undergoing CABG, preoperative anaemia (haemoglobin < 13 g/dl for
men and < 12 g/dl for women) was shown to be an independent risk factor for early
and late mortality (van Straten et al. 2009). These findings emphasize the
significance of treatment of preoperative anaemia. This was confirmed by Cladellas
et al. (2012) who reported that in addition to a decreased rate of RBC transfusion,
preoperative administration of erythropoietin and iron was independently
associated with decreased postoperative morbidity and in-hospital mortality.
2.4.2 Excessive blood loss
Another factor strongly determining transfusion of blood products is excessive
bleeding during and after the surgery. In elective CABG, the relative loss of RBC
volume as well as the lowest relative postoperative haemoglobin were significant
and independent predictors for RBC transfusion (Gombotz et al. 2014).
2.4.3 Institutional policy
Due to the multifactorial nature of perioperative bleeding and its management,
there is a lack of thorough recommendations for transfusion of blood products
based on high-level evidence. While some centres follow a strict transfusion
protocol, others apply a more liberal approach. Therefore, transfusion practices in
cardiac centres may vary markedly and an individual anaesthetist’s discretion may
have a significant impact.
A study including 798 hospitals and 102,470 patients undergoing on-pump
CABG across the United States showed that after adjustment for patient-specific
risk factors, hospital transfusion rates of blood products varied by geographic
location, academic status and hospital volume. However, only a small proportion
of the variation in hospital risk-adjusted transfusion was explained by these hospital
characteristics. (Bennett-Guerrero et al. 2010). Significant interinstitutional
variability in blood transfusion practices has been observed also in other studies
(McQuilten et al. 2014, Surgenor et al. 1998).
The effect of differing practice patterns on the likelihood of blood product
transfusion was clearly seen even within a single centre in a study by Cote et al.
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(2015) investigating patients undergoing cardiac surgery; after adjustment for
preoperative and intraoperative variables, anaesthesiologist, surgeon, and year of
operation were each found to be independent predictors of perioperative transfusion.
In a study investigating CABG patients in 32 Canadian hospitals, the hospital
accounted for 20% of the variation in the perioperative transfusion practice whereas
the rest of the variation was related to the individual physician. In this study,
academic status and the number of operations performed at the hospital were not
significant factors affecting the transfusion triggers selected. (Shehata et al. 2007).
Interestingly, Jin et al. (2013) concluded that surgeons contribute 30% to the
variation in transfusion practices, and 70% of the total variation can be explained
by the hospital effect.
Emphasizing the importance of having at least some sort of institutional
transfusion protocol, Torella et al. (2002) found that after introduction of a trigger
of haemoglobin < 8 g/dl for transfusion of RBCs, the proportion of CABG patients
transfused fell significantly from 57% to 45%. These findings are supported also
by other researchers (Gutsche et al. 2013).
2.5

Stratification of perioperative bleeding

Even though several bleeding classifications for patients with ACS or patients
undergoing PCI exist, there is a lack of good bleeding stratification systems when
it comes to patients undergoing cardiac surgery. This complicates the comparison
of different studies investigating cardiac surgical patients as the definitions of
perioperative blood loss vary widely. Dyke et al. (2014) recently proposed the
universal definition of perioperative bleeding (UDPB) (Table 3), a classification of
the severity of perioperative bleeding in patients undergoing adult cardiac surgery.
This classification is based on a logical, but still arbitrary, weighting of the amount
of postoperative blood loss, need for blood products as well as pharmacological
measures to treat remarkable perioperative bleeding. The clinical significance of
this classification has been assessed only by its proposers.
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No
Yes
N/A

Class 2 (moderate)

Class 3 (severe)

Class 4 (massive)

>2,000

1,001–2,000

801–1,000

601–800

<600

>10

5–10

2–4

1

0

cell units

Red blood

>10

5–10

2–4

0

0

plasma units

Fresh frozen

N/A

N/A

Yes

0

0

units

Platelet

N/A: not applicable; PCC: prothrombin complex concentrate; rFVIIa: recombinant activated factor VII.

No

(ml)

delayed
No

within 12 hours

Class 1 (mild)

Blood loss

Sternal
closure

Class 0 (insignificant)

Bleeding severity

al. 2014). Reprinted with permission from Elsevier.

N/A

N/A

Yes

No

No

precipitate

Cryo-

N/A

N/A

Yes

No

No

PCCs

Yes

No

No

No

No

rFVIIa

N/A

Yes

No

No

No

tamponade

Reexploration/

Table 3. Bleeding severity according to the Universal Definition of Perioperative Bleeding (UDPB) in adult cardiac surgery (Dyke et

2.6

Harms associated with excessive bleeding

2.6.1 Anaemia-related ischaemic end-organ injuries
Perioperative blood loss decreases the number of circulating erythrocytes, and,
therefore, the oxygen carrying capacity. This in turn makes organs susceptible to
ischaemia. Haemodilutional anaemia during CPB can also cause insufficient
oxygen delivery and, consequently, ischaemic organ injury (Habib et al. 2003).
Even though differentiation between the detrimental effects of acute surgical or
haemodilutional anaemia and transfusion of blood products is challenging,
perioperative bleeding and subsequent anaemia as well as haemodilutional anaemia
have been shown to independently predict both adverse overall outcome and
specific end-organ injuries after cardiac surgery. This issue is reviewed in this
chapter.
Acute kidney injury
Of all end-organ injuries related to bleeding and haemodilution, acute renal failure
seems to be the most investigated. Loor et al. (2013) investigated the impact of
perioperative anaemia, RBC transfusion and their combination on the risk of endorgan dysfunction and mortality in patients undergoing cardiac surgery requiring
CPB. They found that even though double exposure to intraoperative haematocrit
< 25% and RBC transfusion was associated with the highest risk of end-organ
dysfunction and mortality, single exposure to anaemia was still an independent
predictor of a low estimated glomerular filtration rate (eGFR) (Loor et al. 2013).
In addition, in their prior investigation, the authors demonstrated that a low nadir
haematocrit during CPB was associated with lower postoperative eGFR (Loor et
al. 2012). Habib et al. (2003) analysed 3,800 patients undergoing CABG with CPB
and found that the occurrence of renal failure was significantly and systematically
increased as the lowest haematocrit value decreased below 22%. The association
between low haematocrit during CPB and postoperative renal dysfunction was
confirmed also by a number of other studies (Karkouti et al. 2005a, Ranucci et al.
2006, Swaminathan et al. 2003). According to Karkouti et al. (2005a), moderate
haemodilution (nadir haematocrit 21%–25%) was associated with the lowest risk
of acute renal failure requiring dialysis compared to severe and mild haemodilution.
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Instead, Ranucci et al. (2006) introduced a haematocrit cutoff value of 23% for
prediction of postoperative renal failure. Ranucci et al. (2005) also concluded that
a high degree of haemodilution during CPB is a predictor of postoperative renal
insufficiency, however, its harmful impact may be decreased by increasing the
oxygen delivery with an adequately increased pump flow. Based on a meta-analysis
including eight observational studies, reexploration for excessive bleeding was
associated with a significantly increased risk of acute renal failure (Biancari et al.
2012b).
Stroke
In addition to several factors such as old age, aortic arch atherosclerosis, systemic
inflammatory response (Nah et al. 2014), pre- and postoperative atrial fibrillation
(Lahtinen et al. 2004, Mikkola et al. 2012), preoperative creatinine level (Mikkola
et al. 2012), extracardiac arteriopathy (Mariscalco et al. 2015, Mikkola et al. 2012),
use of CPB (Mariscalco et al. 2015, Nah et al. 2014), type of procedure (Mariscalco
et al. 2015), pre- or perioperative use of IABP (Biancari et al. 2013b, Mariscalco
et al. 2015), emergency procedure and prolonged CPB time (Biancari et al. 2013b),
reexploration for excessive bleeding as well as low intraoperative haemoglobin
levels have also been proposed to predict increased risk of stroke after adult cardiac
surgery.
A meta-analysis including eight observational studies and 557,923 patients
undergoing cardiac surgery demonstrated that excessive bleeding requiring
reexploration was associated with a significantly increased risk of stroke (Biancari
et al. 2012b). Reexploration was shown to predict stroke also in patients
undergoing surgical aortic valve replacement after previous cardiac surgery
(Biancari et al. 2013b).
Bahrainwala et al. (2011) found that a low post-CPB haemoglobin level was
associated with an increased risk of stroke after adult cardiac surgery independently
of intraoperative RBC transfusion. In accordance with these results, an independent,
direct association between nadir haematocrit during CPB and risk of perioperative
stroke was observed by other investigators (Habib et al. 2003, Karkouti et al.
2005c). However, the impact of perioperative anaemia on postoperative neurologic
complications has also been denied (Loor et al. 2013, Senay et al. 2009, van
Wermeskerken et al. 2000).
Nevertheless, studies investigating the role of different variables in the
occurrence of perioperative stroke often lack comprehensive evaluation of some
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important confounding factors such as type and amount of blood products
transfused, postoperative atrial fibrillation and postoperative blood loss. In
particular, possible atherosclerosis and clamping of the ascending aorta are seldom
taken into consideration as factors involved in the development of stroke.
Myocardial injury and decreased cardiac function
Postoperative troponin release after CABG has been shown to be related to a
number of factors including unstable angina pectoris or recent myocardial
infarction, use of CPB, prolonged aortic cross-clamp time, intraoperative
hemodynamic instability as well as various technical factors (inappropriate heart
manipulation/stabilization, technical errors at the anastomosis site, shuntless
anastomosis technique and/or graft failure) (Bjessmo & Ivert 2000, Cosgrave et al.
2006, Haase et al. 2003, Kinoshita & Asai 2012, Mair & Hammerer-Lercher 2005,
Mohammed et al. 2009). However, based on clinical experience, increased
postoperative troponin levels can be often detected in patients in the absence of
marked perioperative hemodynamic instability or any evident intraoperative
technical problems or signs of graft failure. In OPCAB, the use of intracoronary
shunts has been the only factor recognized to significantly decrease postoperative
troponin release (Gurbuz et al. 2006).
In addition, low nadir haematocrit during CPB has been shown to be an
independent risk factor of myocardial injury as indicated by increased troponin
release after cardiac surgery (Loor et al. 2012). Furthermore, nadir haematocrit
during CPB was an independent predictor of postoperative LCOS with a cutoff of
24% (Ranucci et al. 2006). In the study by Habib et al. (2003), the occurrence of
myocardial infarction, LCOS as well as cardiac arrest was significantly increased
when the lowest haematocrit decreased below 22%.
Other end-organ injuries and resource use
An association between nadir intraoperative haematocrit below 22% and increased
risk of prolonged ventilation, pulmonary oedema, sepsis, multiple organ failure and
reoperation for excessive bleeding has been reported. Additionally, ICU and inhospital stay, operative costs as well as short- and intermediate-term mortality were
markedly increased as a function of the severity of haemodilution. (Habib et al.
2003). Loor et al. (2012) demonstrated that longer postoperative ventilator support
and longer in-hospital stay were associated with low nadir haematocrit during CPB.
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Additionally, reexploration for excessive bleeding was shown to be associated with
significantly increased risk of prolonged mechanical ventilation. (Biancari et al.
2012b).
2.6.2 Derangements in oxyhaemodynamics
As a consequence of intra- and postoperative bleeding, the reduction of circulating
blood volume may induce acute anaemia as well as derangement in
oxyhaemodynamics. Therefore, hypotension alone or associated with decreased
oxygen carrying capacity due to anaemia may further promote systemic ischaemic
injury as well as ischaemic injury in organs particularly vulnerable to oxygen
deficiency. This is of particular importance in myocardium as it has a resting
oxygen extraction ratio of 60-70% and has little capacity to further increase oxygen
extraction (Binak et al. 1967). Indeed, Jain et al. (1997) found that duration of
hypotension (systolic blood pressure < 90 mmHg) after CPB was an independent
predictor of perioperative myocardial infarction in patients undergoing GABG.
Another organ highly susceptible to oxygen deficiency is the brain. Gottesman
et al. (2006) investigated patients who experienced stroke after cardiac surgery and
the role of intraoperative mean arterial blood pressure in the development of
watershed strokes — strokes located in border-zone regions supplied by the major
cerebral arteries. The authors found that patients with an intraoperative reduction
of at least 10 mmHg in mean arterial pressure compared to the preoperative value
were 4.1 times more likely to have bilateral watershed strokes than other infarct
patterns and that watershed strokes were associated with poorer short-term outcome
compared to other infarct types (Gottesman et al. 2006). Wang et al. (2014)
reported that in patients with a history of stroke, postoperative hypotension was one
of the independent risk factors for early acute cerebrovascular accidents following
OPCAB.
Alfirevic et al. (2011) observed that in patients undergoing cardiac surgery with
CPB, transfusion of RBCs, platelets and FFP increased the prevalence of mild and
profound vasoplegia, which is characterized by significant hypotension and
associated with increased morbidity and mortality (Fischer & Levin 2010).
However, it remains unclear whether the reported vasoplegic effect is a
consequence of blood transfusion or simply reflects unstable conditions inducing
transfusion of blood products (Alfirevic et al. 2011).
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2.7

Adverse effects of blood products

A number of studies have shown that transfusion of allogeneic RBCs, FFP/Octaplas
and platelets predicts an adverse outcome independently of perioperative bleeding
in patients undergoing cardiac surgery. There is considerable evidence regarding
the adverse impact of RBC transfusion while the effects of FFP/Octaplas and
platelet transfusion are less explored. However, studies investigating the effect of
RBC transfusion on patients’ outcome are often limited by the lack of adequate data
on transfusion of other blood products, which therefore are not included in the
statistical analyses and may introduce a bias. Even though there is accumulating
evidence on the harmful impact of transfused RBCs and other blood products, it is
mainly based on observational studies, which can be considered as a limitation.
However, although RCTs would provide more reliable results on the independent
effects of anaemia and transfusion of blood products, they may be problematic to
conduct and may involve ethical challenges.
2.7.1 Red blood cells
Acute kidney injury
A growing body of evidence emphasizes the increased risk of postoperative acute
kidney injury associated with transfusion of RBCs. Shimmer et al. (2013)
investigated patients undergoing cardiac surgery and found that worsening of renal
function was associated with storage time and the amount of transfused RBC units.
Swaminathan et al. (2003) found that in addition to a lowest haematocrit during
CPB, also the number of transfused RBC units independently predicted acute renal
failure. Evidence indicating the detrimental effect of perioperative RBC transfusion
on renal function was reported by other authors as well (Murphy et al. 2007, Paone
et al. 2014).
Ranucci et al. (2006) studied the effect of both nadir haematocrit during CPB
and RBC transfusion on the risk of postoperative renal failure and found that RBC
transfusion was significantly associated with renal failure. However, the risk of
renal failure doubled when severe anaemia was present in transfused patients
(Ranucci et al. 2006). Similarly, in another study, double exposure to intraoperative
haematocrit < 25% and RBC transfusion was associated with the highest risk of
decreased eGFR, whereas RBC transfusion alone did not contribute to
postoperative eGFR significantly (Loor et al. 2013).
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Stroke
Few studies have evaluated the potential association between RBC transfusion and
an increased risk of postoperative stroke. Mariscalco et al. (2015) investigated this
issue in 14,923 patients undergoing CABG and/or valve surgery and found that
RBC transfusion was an independent risk factor of stroke and stroke/transient
ischaemic attack (TIA) in a dose-dependent manner. The risk increased already
after two units but was particularly high after transfusion of at least six units of
RBCs (Mariscalco et al. 2015). Mikkola et al. (2012) reported that the number of
packed RBC units transfused was an independent predictor of post-CABG stroke.
However, transfusion of Octaplas and platelets seemed to have an even stronger
effect than RBC transfusion on the occurrence of stroke (Mikkola et al. 2012). In a
study by Bahrainwala et al. (2011), both low intraoperative haemoglobin levels and
transfusion of RBCs independently predicted stroke. Other authors have also
demonstrated an association between RBC transfusion and ischaemic outcomes
including stroke after cardiac surgery (Murphy et al. 2007). Paone et al. (2014)
observed a significantly increased stroke risk following transfusion of as little as
one or two units of RBCs.
Importantly, the results of studies investigating the effect of RBC transfusion
on the development of postoperative stroke should be interpreted with caution as
several factors that potentially affect the risk of stroke such as perioperative
haemoglobin and haematocrit nadirs (Mariscalco et al. 2015, Mikkola et al. 2012,
Paone et al. 2014), transfusion of platelets and Octaplas/FFP, status of the
ascending aorta (Bahrainwala et al. 2011, Mariscalco et al. 2015, Paone et al. 2014)
as well as postoperative blood loss (Bahrainwala et al. 2011, Paone et al. 2014)
were not taken into account in the analyses. Interestingly, also different results have
been reported: Loor et al. (2013) aimed to clarify the effects of anaemia, RBC
transfusion and their combination and found that intraoperative transfusion of
RBCs was not associated with neurologic complications after cardiac surgery with
CPB.
Myocardial injury and decreased cardiac function
Transfusion of RBCs is believed to be detrimental for the myocardium and the
function of the heart particularly in the presence of worsened microcirculation
related to CAD. This is evident particularly in patients presenting with ACS in
whom RBC transfusion was associated with a significantly higher risk of cardiac
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events and mortality (Aronson et al. 2008, Cooper et al. 2011, Singla et al. 2007).
The remarkable influence of RBC transfusion is substantiated by the poorer
outcome specifically in patients without severe anemia (Aronson et al. 2008, Singla
et al. 2007).
In cardiac surgery, increased troponin levels as a marker of myocardial injury
were detected after intraoperative RBC transfusion, but only with concomitant
intraoperative anaemia (Loor et al. 2013). Murphy et al. (2007) reported an
association between RBC transfusion and ischaemic outcomes including
myocardial infarction after cardiac surgery. According to other authors, RBC
transfusion predicted postoperative cardiac events including myocardial infarction,
congestive heart failure and death from cardiac causes in CABG patients with low
to moderate mortality risk profiles, postoperative haemoglobin level ≥ 10 g/dl and
minimal postoperative blood loss (Mohnle et al. 2011).
In Ranucci’s study, in addition to the independent impact of severe anaemia,
RBC transfusion was independently associated with LCOS after CABG (Ranucci
et al. 2006). According to another study, exposure to both haemodilutional anaemia
and RBC transfusion during on-pump CABG was associated with increased risk of
LCOS. The risk of LCOS was higher among patients exposed to intraoperative
RBC transfusion versus anaemia alone. (Surgenor et al. 2006).
Other adverse effects and resource use
RBC transfusion was shown to increase the risk of atrial fibrillation after cardiac
surgery, an outcome thought to be mediated by a proinflammatory state induced by
RBC transfusion (Alameddine et al. 2014, Koch et al. 2006b, Paone et al. 2014).
Moreover, several studies showed an increased risk of major infectious
complications after RBC transfusion (Horvath et al. 2013, Murphy et al. 2007,
Sreeram et al. 2005). Mohnle et al. (2011) also found that RBC transfusion
predicted postoperative pneumonia and mediastinitis. RBC transfusion has also
been shown to be associated with vasoplegia (Alfirevic et al. 2011), pulmonary
complications as measured using several definitions (Koch et al. 2009), ventilatory
support (Loor et al. 2013), prolonged ventilation, ICU stay > 24 hours (Paone et al.
2014), increased length of in-hospital stay (Loor et al. 2013, Murphy et al. 2007,
Paone et al. 2014) as well as increased costs (Murphy et al. 2007). Interestingly,
Engoren et al. (2015) found that RBC transfusion was associated with a 20%
increased risk of graft occlusion after CABG.
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Storage time of red blood cells
Allogeneic RBCs are packed and stored before transfusion. In Finland, the
maximum storage time of RBCs is 35 days (Suomen Punainen Risti 2013) whereas
in some other countries it may reach 42 days. As RBCs undergo progressive
structural and functional changes when stored for a prolonged time (Berezina et al.
2002, d'Almeida et al. 2000, Kirkpatrick et al. 1998, McLellan et al. 2002, Wolfe
1989), increased storage time of RBCs has been of particular concern as a potential
reason for the detrimental effects on patient outcomes.
Numerous studies showed an association between transfusion of older RBCs
and increased mortality and morbidity after cardiac surgery (Koch et al. 2008,
Sanders et al. 2011, Shimmer et al. 2013, Vamvakas & Carven 1999, Wang et al.
2012a) whereas other studies failed to show an association between RBC storage
time and adverse outcome (McKenny et al. 2011, Vamvakas & Carven 2000, van
de Watering et al. 2006, van Straten et al. 2011, Voorhuis et al. 2013, Yap et al.
2008). Indeed, previous studies have reached contradictory conclusions. Studies
investigating this issue expressed large heterogeneity in study designs and patient
populations and differed significantly in terms of the number of patients studied,
number of transfused RBC units, definitions of "old" and "new" blood, maximum
storage time of transfused RBCs as well as the number and quality of endpoint
parameters.
The storage lesion of aged RBCs may be explained by decreased deformability
of stored RBCs, which may result in occlusion of the microcirculation (Koch et al.
2008, Wang et al. 2012a). Moreover, the high free haemoglobin concentrations of
stored blood may further influence the microcirculation by inducing
vasoconstriction and thus worsening the ischaemic injury, because free
haemoglobin has a potent nitric oxide scavenging ability (Donadee et al. 2011).
The adenosine triphosphate-related vasodilation may be prevented by the lower
adenosine triphosphate levels of stored RBCs and their impaired ability to release
it (Hu et al. 2012). In addition, prolonged storage of RBCs causes depletion of 2,3diphosphoglycerate, which decreases oxygen delivery (Hess 2014, Koch et al.
2008). Stored RBCs are also prone to increased adhesiveness and aggregability (Ho
et al. 2003). It is known that prothrombotic microparticles are present in blood
products and that their number elevates during storage. This may potentially be
associated with the detrimental effects of RBCs. (Rubin et al. 2010). These factors
may lead to considerable worsening of the effect of anaemia in patients with
compromised coronary artery reserve.
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2.7.2 Fresh frozen plasma/Octaplas and platelets
There is not much evidence of a possible negative effect of FFP/Octaplas or platelet
transfusion on patient outcomes after cardiac surgery. However, a concern has
arisen regarding the safety of these blood products. Mikkola et al. (2012) recently
presented strong evidence on the impact of blood products on the occurrence of
stroke after CABG. Especially, transfusion of Octaplas was strongly associated
with stroke. Additionally, the use of blood products ranging from no transfusion to
combined transfusion of RBCs, Octaplas and platelets was a significant predictor
of postoperative stroke. Patients receiving more than two RBC units, more than
four Octaplas units and more than eight platelet units had the highest stroke rate of
21%. In an additional analysis, an increasing amount of transfused Octaplas and
platelet units combined with a history of extracardiac arteriopathy was significantly
associated with postoperative stroke. However, lacking data on perioperative
haemoglobin and haematocrit nadirs, the study could not entirely exclude the
influence of perioperative bleeding on the development of stroke. (Mikkola et al.
2012).
Moreover, some other studies have reported evidence of a negative impact of
platelet (Alfirevic et al. 2011, Ranucci et al. 2008b, Spiess et al. 2004) and FFP
(Alfirevic et al. 2011, Koch et al. 2009, Ranucci et al. 2008b) transfusions on
patient outcomes after cardiac surgery. In the study by Alfirevic et al. (2011),
platelet and FFP transfusions increased the prevalence of mild and profound
vasoplegia after cardiac surgery with CPB. Ranucci et al. (2008b) found that
transfusion of platelets and FFP were independent risk factors of prolonged ICU
stay after CABG. Spiess et al. (2004) performed a pooled reanalysis of data from
six RCTs and found an association between non–leukocyte-reduced platelet
transfusion and stroke, infection, vasopressor use as well as respiratory medication
use after CABG. According to another study, transfusion of FFP was related to
more pulmonary complications after cardiac surgery (Koch et al. 2009).
However, there is conflicting evidence on the effect of platelet and FFP
transfusions on adverse events in cardiac surgery (Karkouti et al. 2006b, McGrath
et al. 2008, Sreeram et al. 2005, Vamvakas 2007a). In an observational study,
multivariate logistic regression analysis and propensity score case-control analysis
showed no effect of perioperative leukocyte-reduced platelet transfusion on the
occurrence of LCOS, myocardial infarction, stroke, renal failure, sepsis and death
(Karkouti et al. 2006b). Sreeram et al. (2005) concluded that RBC transfusion, but

65

not platelet or FFP transfusion, was independently associated with infectious
complications after CABG.
2.7.3 Total blood product transfusion
Some of the studies investigating the effect of transfused blood products did not
differentiate between the types of blood products. Biancari et al. (2013b) found that
in patients undergoing surgical aortic valve replacement, transfusion of blood
products was independently associated with postoperative stroke. Even though
Karkouti et al. (2005c) highlighted the role of low haematocrit during CPB in the
development of stroke, in fact, also total number of transfused blood products was
associated with a slightly increased risk of stroke.
Whitson et al. (2010) retrospectively studied patients who underwent CABG
and/or valve surgery and found that total blood product transfusion was
independently associated with neurologic, infectious and cardiac events as well as
organ dysfunction. 5.5 units of total blood products were considered as the cutoff
point for increased risk of infectious complications and organ dysfunction (Whitson
et al. 2010).
2.7.4 Effect of leukoreduction of blood products
Prestorage removal of white blood cells from packed blood products,
leukoreduction, is a technique commonly used during the preparation of the
products and aims to reduce proinflammatory and immunomodulatory effects of
allogeneic blood products as well as to decrease the risk of transmission of
infectious diseases (Society of Thoracic Surgeons Blood Conservation Guideline
Task Force et al. 2011).
Indeed, studies have shown a decreased rate of postoperative infections
associated with transfusion of leukoreduced RBCs after cardiac surgery and in
trauma patients (Bilgin et al. 2007, Friese et al. 2008), even though conflicting
results have also been reported (Capraro et al. 2007, Llewelyn et al. 2004, Nathens
et al. 2006, Sharma et al. 2002, Wallis et al. 2002). Other potential benefits
associated with leukoreduced RBCs include a decrease in the occurrence of febrile
nonhaemolytic transfusion reactions (King et al. 2004), postoperative length of stay
(Fung et al. 2004, Fung et al. 2006) and acute respiratory distress syndrome (Plurad
et al. 2008).
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Some studies have shown an association between transfusion of leukoreduced
RBCs and decreased mortality (Hebert et al. 2003, van de Watering et al. 1998). It
has been suggested that mortality reduction related to transfusion of leukoreduced
packed cells is evident particularly in patients undergoing cardiac operations
(Vamvakas & Blajchman 2009). Some RCTs suggest lower mortality associated
with transfusion of prestorage leukoreduced allogeneic blood compared to
transfusion of standard buffy-coat-depleted blood in patients undergoing cardiac
surgery (Bilgin et al. 2007, Vamvakas 2007b, Vamvakas & Blajchman 2009).
However, the effect of leukoreduction of RBCs on mortality has also been denied
(Capraro et al. 2007, Phelan et al. 2007).
Based on RCTs, an association between non-leukoreduced platelet transfusion
and increased risk of stroke, infection, vasopressor use as well as respiratory
medication use after CABG was reported (Spiess et al. 2004). Accordingly,
transfusion of leukoreduced platelets was not associated with the occurrence of
LCOS, myocardial infarction, stroke, renal failure, sepsis or death (Karkouti et al.
2006b).
In conclusion, due to the overall safety of the procedure and the possibility of
improving outcomes, the use of leukoreduced blood products is recommended in
cardiac surgery when transfusion is needed and leukoreduced blood products are
available (Society of Thoracic Surgeons Blood Conservation Guideline Task Force
et al. 2011).
2.8

Prognostic impact of perioperative bleeding and use of blood
products

Importantly, both perioperative bleeding and transfusion of blood products have
been shown to independently predict decreased short-term and long-term survival
in patients undergoing cardiac surgery.
In an observational study of 16,154 cardiac surgical patients, Ranucci et al.
(2013) showed that major bleeding was an independent risk factor of increased
operative (30-day) mortality. However, the detrimental effects of major bleeding
were strongly enhanced by an accompanying RBC transfusion and, to a lesser
extent, preoperative anaemia (Ranucci et al. 2013). Excessive bleeding and the use
of blood products as stratified according to UDPB were also found to predict
increased 30-day mortality after cardiac surgery (Dyke et al. 2014). Based on a
meta-analysis including eight observational studies, excessive bleeding requiring
reexploration was associated with significantly increased risk of immediate
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postoperative mortality (Biancari et al. 2012b). In addition, intraoperative anaemia
as indicated by low haematocrit during CPB was associated with greater mortality
after cardiac surgery (Loor et al. 2012).
The ACUITY trial including 1,491 patients undergoing CABG after ACS
showed that RBC transfusion (but not transfusion of FFP or platelets, major
bleeding after CABG, or nadir haemoglobin) was an independent predictor of 1year mortality, but only after transfusion of ≥ 4 RBC units. Of the deaths after
CABG, 24.2% were attributable to RBC transfusion. (Stone et al. 2012). In addition,
the TRACS trial showed an association between the number of transfused RBC
units and death at 30 days after elective cardiac surgery (Hajjar et al. 2010). RBC
transfusion was seen to increase both early and late mortality also in several other
studies (Koch et al. 2006a, Mohnle et al. 2011, Murphy et al. 2007). Surgenor et
al. (2009) found that exposure to one or two units of RBCs was associated with a
16% higher risk of long-term death after cardiac surgery. Paone et al. (2014) also
reported a relationship between transfusion of one or two units of RBCs and
increased operative mortality after on-pump CABG, but the study did not include
data on perioperative bleeding as well as haemoglobin and haematocrit nadirs and
therefore could not exclude perioperative bleeding as a reason for the adverse
outcome. However, particularly, exposure to anaemia during CPB and RBC
transfusion in combination was associated with increased early mortality (Loor et
al. 2013).
Furthermore, total blood product transfusion was shown to be independently
associated with death within 30 days from CABG and/or valve surgery with a cutoff
of 7.5 units (Whitson et al. 2010). Mikkola et al. (2013) reported that transfusion
of any blood products was associated with a significant risk of all-cause and cardiac
death in the early postoperative period after CABG, independently of perioperative
bleeding. Of all blood products, perioperative FFP or Octaplas transfusion seemed
to be the main determinant of mortality (Mikkola et al. 2013). In an observational
study, perioperative FFP transfusion was independently associated with all-cause
mortality after cardiac surgery whereas platelet transfusion was independently
associated with mortality in the presence of infections in the postoperative period
(Bilgin et al. 2011). Ranucci et al. (2008b) found that transfusion of platelets and
FFP were independent risk factors of mortality after CABG. In the analysis of six
RCTs by Spiess et al. (2004), an association between non–leukocyte-reduced
platelet transfusion and death after CABG was observed.
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2.9

Summary of the literature

In this literature review, a number of patient-related, operational and other risk
factors for perioperative bleeding and the use of blood products in cardiac surgery
were discussed. As the causes of perioperative bleeding are multifactorial, a
number of treatment methods with varying efficacy and risk profiles are available.
Perioperative bleeding and related blood transfusion were shown to be associated
with a broad spectrum of adverse events. In order to simplify this large topic, the
risk factors for and consequences of excessive perioperative bleeding and use of
blood products are summarized in Fig. 5.
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Fig. 5. Potential risk factors for and consequences of perioperative bleeding and use of blood products in cardiac surgery.

3

Aims of the research

The aim of the study was to investigate risk factors and effects of perioperative
bleeding and blood transfusion in patients undergoing isolated CABG. Particular
attention was paid to the impact of transfusion of RBCs, platelets and Octaplas as
well as storage time of transfused RBCs on postoperative adverse events. The
specific aims numbered according to the original articles were
I

to investigate the predictors and the impact of perioperative bleeding and blood
transfusion stratified by the UDPB classification. In addition, study I aimed to
examine the magnitude at which bleeding and blood transfusion become
significant for a patient.
II to investigate whether perioperative RBC transfusion increases postoperative
troponin I (TnI) release and thus myocardial injury.
III to study whether transfusion of older RBCs is more detrimental than
transfusion of newer RBCs.
IV to investigate whether perioperative transfusion of blood products increases
postoperative risk of stroke.
The interconnections of the original articles are illustrated in Fig. 6.

Fig. 6. The logic describing the interconnections of the original articles.
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4

Materials and methods

4.1

Study design and patient populations

All four substudies were retrospective cohort studies. The entire study included a
consecutive series of patients who underwent isolated CABG in Oulu University
Hospital, Finland, from June 2006 to December 2013. In total, 2,764 patients were
included. They had undergone an elective, urgent or emergency operation carried
out with or without the help of CPB. Patients undergoing procedures other than
isolated CABG were excluded from this study as their immediate and late outcome
may differ from those undergoing isolated CABG. In some of the substudies,
additional inclusion criteria were used in order to avoid possible confounding
factors and hence the research populations consisted of specific parts of the main
population.
Study I included the entire population of 2,764 consecutive patients described
above. No additional inclusion criteria were applied to this study population.
Study II included a consecutive series of 140 patients who underwent isolated,
elective OPCAB for stable angina pectoris from October 2009 to December 2011.
During the study period, 869 patients underwent isolated CABG with or without
the MAZE procedure. OPCAB was performed in 458 of them (52.7%), of whom
140 patients underwent elective OPCAB. Patients who underwent on-pump CABG,
any MAZE procedure, with recent myocardial infarction, unstable angina pectoris
or any preoperative increase of TnI level were excluded from the analysis in order
to avoid these potential causes of increased postoperative TnI release. Data
collection was restricted to this time period as the current laboratory method to
quantify TnI was taken into use in October 2009 and thus the TnI values of the
patients operated prior to that were not comparable with the TnI values of the
patients operated since October 2009.
Study III consisted of 819 consecutive patients who underwent isolated CABG
from June 2006 to December 2013. The study included elective, urgent and
emergency operations carried out either with the off-pump or on-pump technique.
The main inclusion criterion of this study was transfusion of 2 to 4 units of RBCs
during or immediately after CABG. Patients who did not receive RBC transfusion
as well as those who received only one or more than four units of RBCs were
excluded from the analysis. The decision to investigate only this patient population
was based on the findings that patients with UDPB class 2 (Dyke et al. 2014) have
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an intermediate risk of adverse events (I). Indeed, patients who received 2 to 4 units
of RBCs were not exposed to significant blood loss and its related ischaemic effects
as well as the potential adverse effect of massive blood transfusion. This may allow
a more reliable analysis of the possible adverse impact of RBC storage duration in
patients with moderate perioperative blood loss.
Study IV included a series of 1,314 patients who underwent isolated elective,
urgent or emergency OPCAB from June 2006 to December 2013. Patients
undergoing on-pump CABG were excluded with the intention of eliminating the
potential perioperative stroke risk associated with the use of CPB (Mariscalco et al.
2015, Nah et al. 2014).
4.2

Data collection and risk stratification

Complete pre- intra- and postoperative data were available for all patients as
obtained from the institutional electronic cardiac surgery database collecting
prospectively baseline and operative data as well as data on immediate
postoperative adverse events. Additional data were collected retrospectively from
patients’ records including files of all departments of the hospital. Data on the
preoperative use of warfarin, clopidogrel, prasugrel and ticagrelor as well as on the
perioperative use of PCC and rFVIIa were retrospectively collected. The number
of transfused RBC, platelet and Octaplas units was retrieved from a prospective
electronic hospital registry collecting data on any transfusion of blood products.
Transfused blood product units, use of PCC and rFVIIa as well as postoperative
adverse events except death were counted from the operation day to the discharge
of the patient or to a maximum of one month after the operation if the length of inhospital stay was more than one month. Data on the amount of postoperative blood
losses were retrieved from a prospective electronic registry of the intensive care
unit (ICU). Data on the date and the cause of death were retrieved from Statistics
Finland, which collects the certificates of death of all inhabitants of Finland. The
data for this study were provided up to December 31st, 2013. It is presumed that
there are no missing data on the immediate and late death of the study patients.
Additionally, in study II, data on haemoglobin and haematocrit nadirs on the
operation day as well as on the first and third postoperative days were
retrospectively retrieved. Plasma samples of TnI were obtained from all patients
the day before surgery, at midnight of the operation day, and on the morning of the
first and third postoperative days. Automated chemiluminescent immunoassay
techniques were used to quantify TnI on the Siemens ADVIA Centaur XP (Siemens,
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Healthcare Diagnostics, Espoo, Finland). This assay has a 99th percentile upper
reference limit of 0.04 μg/l. Indeed, TnI seems to be the most accurate biomarker
of irreversible myocardial injury as detected by cardiovascular magnetic resonance
imaging (MRI) after cardiac surgery (Lim et al. 2011, Pegg et al. 2011). Previous
data suggest that the TnI level, at an appropriate threshold, is able to detect type V
myocardial infarction after CABG independently of supplementary evidence (Pegg
et al. 2011).
In study III, data on storage time of transfused RBCs were also retrieved. In
study IV, detailed data on status of ascending aorta, intraoperative manipulation of
aorta, postoperative stroke, and degree of handicap after stroke evaluated by a
modified Rankin scale (van Swieten et al. 1988) as well as nadir haemoglobin and
haematocrit before stroke were additionally collected.
Operative risk was assessed by the EuroSCORE risk scoring method (Nashef
et al. 1999). Clinical variables were defined according to the EuroSCORE II
definition criteria (Nashef et al. 2012) as well as the definition criteria of the stroke
risk scoring methods CHADS2 (Gage et al. 2004) and CHA2DS2-VASc (Lip et al.
2010). Even though CHADS2 and CHA2DS2-VASc are stroke risk scoring methods
for atrial fibrillation patients, recent studies have shown that they predict also
postoperative stroke in cardiac surgical patients (Peguero et al. 2015) and patients
undergoing isolated CABG (Biancari et al. 2013a, Hornero et al. 2012). Therefore,
these scoring systems were used to stratify the risk of immediate stroke in the
patients in study IV. Glomerular filtration rate (eGFR) was estimated by the
Modification of Diet in Renal Disease (MDRD) formula (Levey et al. 1999).
Bleeding risk was estimated according to the Papworth Bleeding Risk Score (Table
4) (Vuylsteke et al. 2011). The UDPB classification (Dyke et al. 2014) was
employed to stratify the severity of perioperative bleeding.
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Table 4. The Papworth bleeding risk stratification score table for patients undergoing
cardiac surgery (Vuylsteke et al. 2011). Reprinted with permission from Oxford
University Press.
Risk factor

Value = 0

Value = 1

Surgery priority

Elective

Urgent or emergency

Surgery type

CABG or single valve

All other surgery types

Aortic valve disease

None

Stenosis, regurgitation, both

BMI

BMI ≥ 25

BMI < 25

Age

Younger than 75

75 years or older

CABG: coronary artery bypass graft surgery; BMI: body mass index.

4.3

Perioperative antithrombotic treatment, blood transfusion and
resternotomy for excessive bleeding

The main strategy in patients referred for elective surgery was that warfarin was
discontinued two days before surgery and no heparins were given preoperatively.
Enoxaparin was used preoperatively instead of warfarin only in patients with ACS
or with a mechanical heart valve. Clopidogrel, prasugrel and ticagrelor were
discontinued at least five days before surgery when feasible, i.e., when patients'
conditions allowed the surgery to be postponed for a few days. Aspirin was
discontinued seven days before surgery during the first part of the study period until
2012 and later on was continued until surgery. In study II, aspirin 100 mg p.o. was
discontinued preoperatively in 106 patients (75%), whereas 34 patients (25%)
received aspirin within three days before surgery.
Heparin (3.0 mg/kg) was administered intravenously after sternotomy to
maintain an ACT of more than 450 seconds and it was neutralized at the completion
of the operation by intravenous protamine sulphate (3.0 mg/kg). A further dose of
protamine was given in case of bleeding during chest closure or within the first
hour after surgery according to ACT. Aprotinin was not used in any of these patients.
Tranexamic acid was administered intravenously during the operation at the
discretion of the anaesthesiologist.
Packed RBCs, which were leukoreduced before storage and preserved in
citrate-phosphate-dextrose (CPD)/saline-adenine-glucose-mannitol (SAG-M)
(Suomen Punainen Risti 2013), were transfused on the operation day if
haemoglobin was less than 90 g/l. Later on, leukoreduced RBCs were transfused if
the haemoglobin level decreased below 80 g/l. Octaplas and platelets were
transfused according to the amount of intra- and postoperative bleeding, INR levels
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and platelet count. rFVIIa was used only in cases of unrelenting massive bleeding.
Cryoprecipitate was not used among the study population. Platelets were prepared
using the buffy coat method and leukoreduced by filtering. Platelets from four
different donors were pooled and preserved in PAS-II, a salt solution containing
acetate, citrate and sodium chloride. Platelets produced via apheresis were
transfused only in special cases if normal platelet products were not available.
(Suomen Punainen Risti 2013). The transfusion policy in Oulu University Hospital
is rather anaesthesiologist-dependent and, thus, a strict transfusion protocol was not
used.
Resternotomy was performed in cases of excessive bleeding determined by the
occurrence of any of the following conditions: (1) drainage > 500 ml during the
first postoperative hour, > 400 ml during each of the first 2 hours, > 300 ml during
each of the first 3 hours, or > 1,000 ml in total during the first 4 hours; (2)
continuous bleeding throughout the first 12 hours leading to total bleeding > 100
ml/h; (3) sudden massive bleeding; (4) apparent signs of cardiac tamponade
secondary to active or previous bleeding; (5) cardiac arrest of a patient who
continued to bleed; and (6) excessive bleeding despite the correction of
coagulopathies. According to these criteria, resternotomy performed a few days
after surgery because of cardiac tamponade caused by a significant amount of
intrapericardial hematoma and/or frank blood was considered resternotomy for
excessive bleeding.
All blood lost during the operation was collected in the cell saver reservoir and
washed. Salvaged RBCs were transfused during or at the end of the operation.
Mediastinal blood/fluid was collected after surgery in a sterile collection chamber
connected to the 15 cm H2O wall suction via an underwater seal and then discarded.
Enoxaparin (40–80 mg once-a-day s.c.) was started on the evening of the
operation day in patients without excessive bleeding (< 1,000 ml). Aspirin 100 mg
was restarted on the first postoperative day. Warfarin was started on the first
postoperative day in patients on chronic oral anticoagulation unless remarkable
bleeding occurred or started de novo in case of persistent atrial fibrillation.
Clopidogrel 75 mg once-a-day was administered postoperatively only in case of
allergy to aspirin, side effects of aspirin or recently deployed coronary stents.
4.4

Definition of red blood cell storage duration

There are studies indicating that functional and structural changes occur in RBCs
after storage of two to three weeks (Berezina et al. 2002, Wolfe 1985). Numerous
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studies identified RBC storage duration longer than 14 days as a predictor of
adverse events after surgery (Koch et al. 2008, Sanders et al. 2011, Shimmer et al.
2013). In this study, this cut-off of RBC storage duration was adopted and newer
RBCs refer to RBC units whose storage time was ≤ 14 days and older RBCs refer
to RBC units whose storage time was > 14 days. Analyses were performed
according to two different RBC storage duration criteria: patients who received
only newer RBCs were compared with patients who received at least one unit of
older RBCs or all units of older RBCs. In the latter case, patients who received a
mixture of older and newer blood were excluded from the analysis. In addition, the
median duration of RBC storage was estimated and investigated as a continuous
variable. The maximum RBC storage time at the time of transfusion was 35 days.
4.5

Operative techniques

In studies II and IV, the OPCAB technique was used in all patients. During the
study period, there were no conversions from off-pump CABG to on-pump CABG.
In studies I and III, both off-pump and on-pump techniques were used. Intermittent
antegrade and retrograde cold blood cardioplegia was used during on-pump CABG.
Epiaortic ultrasound was performed according to the surgeon's preference for
detection of atherosclerotic changes in the ascending aorta. A number of patients
with clearly palpable porcelain aorta were included as in these cases there was no
need to confirm the diagnosis of diseased ascending aorta by ultrasound. In study
IV, epiaortic ultrasound was performed on all patients. The ascending aorta was left
untouched in case of Grade III diseased aorta (Biancari & Yli-Pyky 2011). In these
cases, complete revascularization was achieved by using the internal mammary
artery as an inflow source for Y-grafts. Proximal anastomoses were sutured to the
ascending aorta during side-bite clamping in OPCAB or cross-clamping in
conventional CABG when it was considered safe. In OPCAB, a policy of single
side-bite clamping was adopted in order to avoid multiple manipulations of the
ascending aorta. Octopus stabilizer (Medtronic, Minneapolis, Minnesota, USA),
intracoronary shunts of appropriate size and, in some instances, a Starfish®
stabilizer (Medtronic, Minneapolis, Minnesota, USA) were used in patients who
underwent OPCAB surgery.
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4.6

Outcome endpoints

The main outcome endpoints were in-hospital and late mortality, postoperative TnI
release, length of stay in the ICU, LCOS, prolonged use of inotropes, use of IABP,
stroke, renal replacement therapy and atrial fibrillation.
Secondary outcome end-points were UDPB classes as indicators of severity of
perioperative bleeding, resternotomy for excessive bleeding, number of RBC,
Octaplas and platelet units transfused, use of PCC and rFVIIa, postoperative blood
loss as measured in millilitres 12 hours after surgery and on the morning of the first
postoperative day, serum levels of C-reactive protein and creatinine as measured
preoperatively, on the 3rd and 5th postoperative days as well as a composite
endpoint including any of the following major outcome endpoints: in-hospital
mortality, LCOS, stroke, de novo renal replacement therapy and ICU stay ≥ 5 days.
Data on patient deaths were obtainable up to 7 years from the operation. Length
of stay in the ICU was measured in days. LCOS was defined as a postoperative
cardiac index < 2.0 l/min/m² as measured at least twice. Prolonged use of inotropes
was defined as any use of inotropes for more than 12 hours. Renal replacement
therapy was determined as a postoperative renal failure requiring temporary or
prolonged dialysis. Atrial fibrillation was defined as any occurrence of
postoperative paroxysmal or persistent atrial fibrillation.
Stroke was defined as a new neurologic deficit occurring after surgery and
before discharge and lasting for more than 24 hours with or without new structural
changes detected by computed tomography or MRI. Diagnosis of stroke was
confirmed by a neurologist in those cases in which no new structural changes were
detected by computed tomography or MRI. The degree of handicap in patients who
suffered stroke was graded according to the modified Rankin scale (van Swieten et
al. 1988).
Postoperative TnI release was measured at about 12 hours after surgery and on
the morning of the first and third postoperative days. The plasma concentration of
TnI on the first postoperative day was considered the main outcome end-point as
this biomarker usually reaches its highest level 12–24 hours after surgery (Mair et
al. 1994, Peivandi et al. 2004). TnI as measured on the first postoperative day was
dichotomized according to its 75th percentiles (2.0 μg/l). Additionally, a cut-off of
6.6 µg/l for diagnosis of type V myocardial infarction was adopted as identified in
a study assessing the diagnostic accuracy of TnI in identified areas of myocardial
necrosis (Pegg et al. 2011). This cut-off value was adopted because in the present
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study the TnI level was measured with the same tools employed by (Pegg et al.
2011).
UDPB classes were the outcome endpoints of interest in the analysis
identifying predictors of severe bleeding. UDPB was then dichotomized (UDPB
classes 0–2 vs. UDPB classes 3–4) as preliminary analysis showed that UDPB
classes 3 and 4 were associated with a significantly poorer outcome. This
dichotomization was used also in further analyses.
4.7

Ethical considerations

The study protocol was approved by the Institutional Review Board of the Oulu
University Hospital. As this was a register-based study, there was no need to apply
for a permit from the ethics committee of the hospital.
4.8

Statistical analyses

Statistical analyses were performed with SPSS version 22.0 (IBM Corporation,
Armonk, New York, USA) (studies I, III and IV) and PASW version 18.0 (SPSS
Inc., Chicago, Illinois, USA) (study II) statistical software. No attempt to replace
missing values was made. All tests were two-sided with the alpha level set at 0.05
for statistical significance.
Continuous variables are reported as mean ± standard deviation and nominal
variables as counts and percentages. Pearson’s chi square test, Fisher exact test,
Kruskall-Wallis test and Mann-Whitney’s U test were used for univariate analyses.
Correlations between continuous and ordinal variables were assessed by
Spearman’s test. Linear, ordinal and logistic regression, with the help of backward
selection, were used for multivariate analyses. Kaplan-Meier (studies I, III and IV)
and Cox proportional hazards methods (studies I and III) were used to estimate late
survival and the impact of covariates on late survival.
In study I, the predictors of increasing UDPB classes were identified by ordinal
regression using complementary log-log link. Logistic regression was performed
with the aim of identifying independent predictors of UDPB classes 3–4. The model
was calibrated by the Hosmer-Lemeshow goodness-of-fit test. Model
discrimination was evaluated by using the area under the receiver operating
characteristic (ROC) curve. Linear regression was used to evaluate the effect of
UDPB classes adjusted for other covariates on the length of stay in the ICU. In
order to avoid overfitting, only variables with a p < 0.05 in univariate analysis were
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included in the regression models. Probabilities (propensity scores) estimated by
ordinal and logistic regression analyses were used to adjust the risk of adverse
events associated with either nominal (multiple propensity score adjusted analysis)
or dichotomized UDPB classes (binary propensity score adjusted analysis).
In study II, a repeated-measure test was employed to evaluate the differences
in serum level of TnI between study groups at different time points. Linear and
logistic regression were used for multivariate analyses. Variables with a p < 0.20 in
univariate analysis were included in the regression models.
In study III, a repeated-measure test was used to estimate the differences
between study groups in terms of preoperative and postoperative C-reactive protein
and creatinine levels. Logistic regression was used for multivariate analysis. The
model was calibrated by the Hosmer-Lemeshow goodness-of-fit test. Model
discrimination was evaluated by using the area under the ROC curve. In order to
avoid overfitting, only variables with a p < 0.05 in univariate analysis were included
in the regression analysis. Propensity scores estimated by logistic regression
analysis were employed to adjust the risk of adverse events for differences in
baseline covariates. Propensity scores were calculated by non-parsimonious
regression models entering all baseline and operative variables listed in Table 1.
In study IV, multivariate analysis was performed using logistic regression. In
order to avoid overfitting, only variables with a p < 0.05 in univariate analysis were
included in the regression models. Continuous variables were not dichotomized
unless specified. Classification tree analysis was employed for classification of the
risk of stroke according to the independent risk factors. Validation of the
classification tree procedure was assessed by cross-validation through 25 folds. The
minimum number of patients for the parent node was set to 20 and the minimum
for a child node was 10. The maximum classification tree depth was 5. The Chisquared automatic interaction detection (CHAID) method and its best model were
chosen based on the predicted probabilities obtained. The minimum change in
improvement was set at a significance level of 0.05. ROC curve analysis was used
to estimate the area under the curve as predictive ability of risk scoring methods as
well as of regression models in predicting immediate postoperative stroke. Survival
rates were estimated by the Kaplan-Meier’s method with the log-rank test.
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5

Results

5.1

Predictors of severity of perioperative bleeding (I)

In study I, the population of 2,764 patients undergoing isolated CABG was divided
into classes 0 to 4 according to the UDPB classification of perioperative bleeding
(Dyke et al. 2014). Increasing UDPB class numbers were considered as an indicator
of severity of perioperative bleeding. The aim was to identify the risk factors
predicting increasing UDPB classes and thus more severe bleeding.
Baseline and operative variables of the patients according to different UDPB
classes are summarized in Tables 5, 6 and 7. The Papworth Risk Score was
significantly associated with increasing UDPB classes (Spearman’s test: p < 0.0001,
rho: 0.349; rates of UDPB classes 3–4: Papworth Risk Score 0, 12.1%; 1, 23.9%;
2, 37.5%; 3, 45.0%, p < 0.0001) (Table 5).
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95 (3.4)
50 (1.8)
265 (9.6)
86.1 (85.2–87.0)
350 (12.7)
22 (0.8)

Neurologic dysfunction

Extracardiac arteriopathy

eGFR (ml/min/1.73 m²)

eGFR < 60 ml/min/1.73 m²

Dialysis

274 (9.9)

Pulmonary disease

Stroke

708 (25.7)

BMI < 25 kg/m²
788 (28.5)

28.1 (27.9–28.2)

BMI (kg/m²)

1,547 (56.0)

137 (136–137)

Haemoglobin (mg/l)

Hypertension

582 (21.1)

Diabetes

67.0 (66.7–67.4)

2 (0.3)

43 (5.7)

91.2 (90.0–92.8)

57 (7.5)

9 (1.2)

28 (3.7)

417 (55.2)

212 (28.0)

64 (8.5)

108 (14.3)

29.3 (29.0–29.6)

145 (144–146)

66 (8.7)

64.3 (63.7–64.9)

n = 756

n = 2,764

Female

UDPB class 0

Overall series

Age (years)

Baseline characteristics

(UDPB) classes.

1 (0.3)

30 (10.5)

87.8 (85.2–90.5)

24 (8.4)

8 (2.8)

8 (2.8)

159 (55.6)

78 (27.3)

34 (11.9)

74 (25.9)

27.9 (27.4–28.4)

139 (137–140)

55 (19.2)

66.5 (65.5–67.5)

n = 286

UDPB class 1

5 (0.5)

143 (13.8)

85.4 (83.9–86.9)

96 (9.2)

18 (1.7)

29 (2.8)

591 (56.7)

286 (27.4)

97 (9.3)

290 (27.9)

27.7 (27.5–28.0)

134 (133–135)

276 (26.5)

67.8 (67.3–68.4)

n = 1,042

UDPB class 2

6 (1.0)

107 (18.4)

81.9 (79.6–84.2)

69 (11.8)

14 (2.4)

25 (4.3)

329 (56.2)

186 (31.8)

68 (11.6)

206 (35.5)

27.2 (26.8–27.5)

131 (129–132)

168 (28.7)

68.9 (68.2–69.7)

n = 585

UDPB class 3

8 (8.4)

27 (28.7)

73.6 (66.8–80.4)

19 (20.0)

1 (1.1)

5 (5.3)

51 (53.7)

26 (27.4)

11 (11.6)

30 (33.3)

27.7 (26.6–28.8)

127 (123–131)

17 (17.9)

70.0 (68.4–71.7)

n = 95

UDPB class 4

<0.0001

<0.0001

<0.0001

0.001

0.323

0.400

0.955

0.402

0.226

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

P-value

Table 5. Baseline characteristics of the overall study population and according to the Universal Definition of Perioperative Bleeding
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589 (21.4)
140 (5.1)

1

2

3

7 (0.9)

65 (8.6)

297 (39.3)

387 (51.2)

35.2 (32.2–38.1)

8 (2.8)

48 (16.8)

137 (47.9)

93 (32.5)

33.5 (28.8–38.3)

9 (3.1)

3 (1.0)

58 (20.3)

90 (31.5)

2 (0.7)

17 (5.9)

110 (38.5)

n = 286

UDPB class 1

62 (6.0)

255 (24.5)

485 (46.6)

238 (22.9)

23.8 (21.6–26.1)

78 (7.5)

35 (3.4)

243 (23.3)

290 (27.8)

18 (1.7)

69 (6.6)

560 (53.7)

n = 1,042

UDPB class 2

55 (9.5)

184 (31.7)

251 (43.2)

91 (15.7)

18.8 (15.6–22.0)

87 (14.9)

34 (5.8)

157 (26.8)

185 (31.6)

11 (1.9)

52 (8.9)

352 (60.2)

n = 585

UDPB class 3

8 (8.9)

37 (41.1)

37 (41.1)

8 (8.9)

8.8 (5.3–12.2)

27 (28.4)

6 (6.3)

34 (35.8)

40 (42.1)

7 (7.4)

11 (11.6)

67 (70.5)

n = 95

UDPB class 4

<0.0001

<0.0001

<0.0001

<0.0001

0.026

<0.0001

0.168

<0.0001

P-value

intervention.

unadjusted analyses; UDPB: Universal definition of perioperative bleeding; BMI: Body mass index; eGFR: estimated rate; PCI: Percutaneous coronary

Continuous variables are reported as mean and standard deviation and nominal variables are reported as counts and percentages; all p-values are for

817 (29.7)
1,207 (43.8)

0

Papworth Bleeding Score

26.4 (24.9–27.8)

Delay from angiography (days)

16 (2.1)

9 (1.2)

217 (7.9)

Critical preoperative status

< 30%

30–50%

213 (28.2)

87 (3.1)

818 (29.6)

Left main stenosis

8 (1.1)

120 (15.9)

46 (1.7)

Previous cardiac surgery

52 (6.9)

230 (30.4)

612 (22.1)

201 (7.3)

Left ventricular ejection fraction

1,319 (47.7)

n = 756

n = 2,764

Previous PCI

UDPB class 0

Overall series

Recent myocardial infarction

Baseline characteristics

86
0 (0)
65 (8.6)

1 (0.0)
512 (18.5)

0 (0)

9 (1.2)

20 (2.6)

57 (7.5)

134 (17.7)

2 (0.3)

2 (0.1)

37 (1.3)

73 (2.6)

480 (17.4)

831 (30.1)

77 (2.8)

35 (4.6)

n = 756

n = 2,764
233 (8.4)

UDPB class 0

Overall series

29 (10.1)

0 (0)

0 (0)

3 (1.0)

8 (2.8)

27 (9.4)

58 (20.3)

2 (0.7)

13 (4.5)

n = 286

223 (21.4)

0 (0)

1 (0.1)

9 (0.9)

22 (2.1)

215 (20.6)

364 (34.9)

30 (2.9)

92 (8.8)

n = 1,042

UDPB class 2

161 (27.5)

1 (0.2)

1 (0.2)

9 (1.5)

15 (2.6)

152 (26.0)

235 (40.2)

38 (6.5)

83 (14.2)

n = 585

UDPB class 3

34 (35.8)

0 (0)

0 (0)

7 (7.4)

8 (8.4)

29 (30.5)

40 (42.1)

5 (5.3)

10 (10.5)

n = 95

UDPB class 4

<0.0001

0.444

0.793

<0.0001

0.009

<0.0001

<0.0001

<0.0001

<0.0001

P-value

Potent antiplatelets refer to clopidogrel, ticagrelor and prasugrel.

Nominal variables are reported as counts and percentages; all p-values are for unadjusted analyses; UDPB: Universal definition of perioperative bleeding;

Potent antiplatelets pause < 5 days

Prasugrel pause < 5 days

Prasugrel

Ticagrelor pause < 5 days

Ticagrelor

Clopidogrel pause < 5 days

Clopidogrel

Warfarin pause < 2 days

Warfarin

Antithrombotic treatment

UDPB class 1

Table 6. Preoperative antithrombotic treatment in the overall study population and according to the Universal Definition of

Perioperative Bleeding (UDPB) classes.
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4.0 (3.9–4.0)
418 (404–433)

Number of distal anastomoses

Individual surgeon

Intraoperative bleeding (ml)

359 (340–379)

-

4.0 (3.9–4.0)

490 (64.8)

7 (0.9)

251 (33.2)

376 (346–406)

-

4.0 (3.9–4.1)

161 (56.3)

4 (1.4)

127 (44.4)

155 (54.2)

n = 286

UDPB class 1

399 (380–418)

-

3.9 (3.9–4.0)

537 (51.5)

68 (6.5)

561 (53.8)

413 (39.6)

n = 1,042

UDPB class 2

516 (470–562)

-

4.0 (3.9–4.1)

288 (49.2)

85 (14.5)

323 (55.2)

177 (30.3)

n = 585

UDPB class 3

659 (501–818)

-

3.8 (3.6–4.0)

34 (35.8)

33 (35.1)

44 (46.8)

17 (18.1)

n = 95

UDPB class 4

<0.0001

0.010

0.104

<0.0001

<0.0001

P-value

unadjusted analyses; UDPB: Universal definition of perioperative bleeding.

Continuous variables are reported as mean and standard deviation and nominal variables are reported as counts and percentages; all p-values are for

1,510 (54.6)

Emergency

Off-pump coronary surgery

1,306 (47.3)
197 (7.1)

Urgent

498 (65.9)

n = 756

1,260 (45.6)

UDPB class 0

n = 2,764

Elective

Type of operation

Operative data

Overall series

Table 7. Operative data in the overall study population and according to the Universal Definition of Perioperative Bleeding (UDPB)

classes.

Ordinal regression analysis showed that a number of variables were associated with
increasing UDPB classes (Table 8; Pearson’s chi-square test: p < 0.0001, missing
cases: 22).
Table 8. Results of ordinal regression analysis for identification of predictors of
bleeding severity according to the universal definition of perioperative bleeding in 2,764
patients undergoing isolated coronary artery bypass grafting.
Variables

P-value

Estimate (lower and upper bound)

Age

<0.0001

0.013 (0.008, 0.018)

Male gender

0.012

-0.140 (-0.249, -0.030)

BMI

<0.0001

-0.026 (-0.035, -0.016)

Baseline eGFR

<0.0001

-0.004 (-0.005, -0.002)

Baseline haemoglobin

<0.0001

-0.009 (-0.012, -0.006)

No dialysis

<0.0001

-0.856 (-1.412, -0.300)

Elective

<0.0001

-0.774 (-0.984, -0.564)

Urgent

<0.0001

-0.515 (-0.709, -0.322)

On-pump surgery

<0.0001

0.354 (0.270, 0.437)

Potent antiplatelets pause ≥ 5 days

<0.0001

-0.245 (-0.365, -0.125)

Warfarin pause ≥ 2 days

<0.0001

-0.582 (-0.845, -0.319)

No critical preoperative status

<0.0001

-0.357 (-0.534, -0.180)

Type of operation

Emergency

BMI: Body mass index; eGFR: estimated glomerular filtration rate; Potent antiplatelets refer to
clopidogrel, ticagrelor and prasugrel.

Since UDPB classes 3 and 4 were associated with a markedly higher risk of
mortality and other postoperative complications (Table 10, Figs. 7 and 8), this
dichotomized variable was chosen for further analyses. Logistic regression analysis
(Hosmer-Lemeshow’s test: p = 0.756; missing cases: 22) showed a number of
variables predicting UDPB classes 3–4 (Table 9) and confirmed the results of
ordinal regression analysis. The obtained probabilities had an area under the ROC
curve of 0.726 (95% CI 0.703–0.749). Similar findings were observed when
continuous variables were substituted by their dichotomized counterparts (age > 75
years, OR 1.403, 95% CI 1.125–1.749; BMI < 25, OR 1.624, 95% CI 1.321–1.996;
eGFR < 60 ml/min/1.73 m², OR 1.506, 95% CI 1.155–1.962).
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Table 9. Results of logistic regression analysis for identification of predictors of severe
and massive bleeding (UDPB class 3 and 4) in 2,764 patients undergoing isolated
coronary artery bypass grafting.
Variables

P-value

Age

0.003

Odds ratio (95% CI)
1.017 (1.006–1.029)

Female gender

0.001

1.546 (1.237–1.932)

BMI

<0.0001

0.951 (0.929–0.972)

Baseline eGFR

0.001

0.993 (0.989–0.996)

Baseline haemoglobin

<0.0001

0.982 (0.976–0.989)

Type of operation

<0.0001

Elective

-

Urgent

1.511 (1.208–1.890)

Emergency

3.962 (2.626–5.980)

On-pump surgery

<0.0001

1.779 (1.471–2.153)

Potent antiplatelets pause < 5 days

0.006

1.415 (1.104–1.814)

Warfarin pause < 2 days

<0.0001

3.499 (2.110–5.803)

Critical preoperative status

<0.0001

1.756 (1.246–2.475)

UDPB: Universal definition of perioperative bleeding; CI: Confidence interval; BMI: Body mass index;
eGFR: estimated glomerular filtration rate; Potent antiplatelets refer to clopidogrel, ticagrelor and
prasugrel.

5.2

Impact of bleeding on the postoperative outcome (I)

The magnitude at which bleeding and transfusion of blood products become
clinically significant remains unknown. Furthermore, potential complications
associated with massive bleeding and the vast use of blood products related to it
require further investigation. Study I aimed to evaluate the clinical significance of
the UDPB classification in predicting various adverse events related to
perioperative bleeding and blood product transfusion.
The outcome of the patients according to different UDPB classes is
summarized in Table 10 and Fig. 7. Increasing class number in the UDPB
classification was shown to be associated with increased risk of in-hospital
mortality (p = 0.002), stroke (p = 0.023), LCOS (p < 0.0001), prolonged use of
inotropes (p < 0.0001), length of stay in the ICU (p < 0.0001) and renal replacement
therapy (p < 0.0001) as well as late mortality (p < 0.0001) as assessed in multiple
propensity score adjusted analyses (probabilities for each of five classes were
obtained from ordinal regression). The increased risk of late death associated with
higher classes of the UDPB was confirmed in regular multivariate analysis adjusted
by age, diabetes, eGFR, extracardiac arteriopathy and left ventricular ejection
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fraction (p < 0.0001, class 1: RR 0.894, 95% CI 0.485–1.650; class 2: RR 1.665,
95% CI 1.142–2.427; class 3: RR 2.092, 95% CI 1.411–3.101; class 4: RR 4.651,
95% CI 2.819–7.675) (Fig. 8).
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0 (0)

163 (5.9)

2 (0.1)

rFVIIa

0 (0)

0 (0)

0 (0)

0.0 (0.0–0.0)

-

0 (0)

343 (333–353)

5 (0.7)

1 (0.1)

2.3 (2.2–2.4)

0 (0)

446 (431–460)

454 (43.6)

4 (0.4)

18 (1.7)

8 (0.8)

306 (29.4)

135 (13.0)

2.0 (1.9–2.1)

16 (1.5)

n = 1,042

UDPB class 2

0 (0)

0 (0)

0 (0)
0 (0)

11 (1.1)

2.9 (2.7–3.2)

0.00 (0.00–0.01) 0.9 (0.8–1.0)

0.7 (0.7–0.8)

0 (0)

474 (450–498)

127 (44.4)

0 (0)

0 (0)

0 (0)

54 (18.9)

35 (12.2)

1.5 (1.4–1.7)

0 (0)

n = 286

UDPB class 1

0 (0)

12 (2.1)

6.1 (5.6–6.6)

2.6 (2.4–2.9)

5.3 (5.1–5.5)

119 (20.3)

707 (670–745)

298 (50.9)

25 (4.3)

24 (4.1)

9 (1.5)

274 (46.8)

131 (22.4)

3.1 (2.9–3.3)

30 (5.1)

n = 585

UDPB class 3

2 (2.1)

10 (10.5)

17.6 (14.1–21.2)

7.1 (5.8–8.4)

13.3 (11.8–14.8)

44 (46.3)

unadjusted analyses; UDPB: Universal definition of perioperative bleeding; ICU: Intensive care unit; PCC: prothrombin complex concentrate; rFVIIa:

recombinant coagulation factor VIIa.

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

P-value

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

1347 (1099–1594) <0.0001

57 (60.0)

27 (28.4)

5 (5.3)

6 (6.3)

58 (61.1)

32 (33.7)

7.4 (5.9–9.0)

20 (21.1)

n = 95

UDPB class 4

Continuous variables are reported as mean and standard deviation and nominal variables are reported as counts and percentages; all p-values are for

3.0 (2.8–3.2)
33 (1.2)

PCC

Octaplas units

Platelet units

2.5 (2.4–2.6)
1.2 (1.1–1.2)

Red blood cell units

Used blood products

Resternotomy for bleeding

250 (33.1)

1,186 (42.9)
503 (489–518)

57 (2.1)

Renal replacement therapy

Atrial fibrillation

52 (1.9)

Stroke

Postop. bleeding after 12 hours (ml)

1 (0.1)

24 (0.9)

Intra-aortic balloon pump

50 (6.6)
82 (10.8)

383 (13.9)
774 (28.0)

Prolonged use of inotropes (> 12 h)

1.3 (1.2–1.3)

Low cardiac output syndrome

66 (2.4)
2.2 (2.1–2.24)

n = 756

n = 2,764

ICU stay (days)

UDPB class 0

Overall series

In-hospital mortality

Outcome endpoints

Table 10. Outcome in the overall study population and according to the universal definition of perioperative bleeding classes.

Fig. 7. Postoperative rates of in-hospital mortality (p < 0.0001), stroke (p < 0.0001), renal
replacement therapy (p < 0.0001) and low cardiac output (cardiac index < 2.0 l/min/m2 in
at least two different measurements, p < 0.0001) according to the Universal Definition
of Perioperative Bleeding (UDPB) classes.
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Fig. 8. Cox proportional hazards estimate of late survival after coronary artery bypass
grafting according to the Universal Definition of Perioperative Bleeding (UDPB) classes
(analysis adjusted for age, estimated glomerular filtration rate, diabetes, extracardiac
arteriopathy and left ventricular ejection fraction: p < 0.0001, class 1: RR 0.894, 95% CI
0.485–1.650; class 2: RR 1.665, 95% CI 1.142–2.427; class 3: RR 2.092, 95% CI 1.411–
3.101; class 4: RR 4.651, 95% CI 2.819–7.675).

Propensity score adjusted analysis (probabilities obtained from logistic regression)
showed that UDPB classes 3–4 were significantly associated with increased risk of
in-hospital mortality (p < 0.0001, OR 4.081, 95% CI 2.115–7.873), stroke (p <
0.0001, OR 3.095, 95% CI 1.665–5.751), LCOS (p < 0.0001, OR 1.936, 95% CI
1.508–2.485), prolonged use of inotropes (p < 0.0001, OR 2.408, 95% CI 1.970–
2.945), length of stay in the intensive care unit (p < 0.0001, B 1.549, 95% CI 1.325–
1.756) and renal replacement therapy (p < 0.0001, OR 19.754, 95% CI 7.580–
51.481). Similarly, binary propensity score adjusted Cox analysis showed that
UDPB classes 3–4 were associated with significantly poorer survival (p < 0.0001,
RR 1.665, 95% CI 1.277–2.171).
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5.3

Red blood cell transfusion and Troponin I (II)

The potential impact of perioperative transfusion of RBCs on postoperative
myocardial injury was investigated in 140 patients undergoing isolated elective
OPCAB. Elevated TnI was used as a marker of myocardial injury and the main
outcome endpoint was plasma TnI level as measured on the morning of the first
postoperative day.
5.3.1 Predictors of red blood cell transfusion
Univariate analysis showed that advanced age (p = 0.008), female gender (p <
0.0001), low eGFR (p < 0.0001), low preoperative haemoglobin (p < 0.0001) and
low preoperative haematocrit (p < 0.0001) were associated with markedly higher
risk of perioperative RBC transfusion. Logistic regression showed that female
gender (p = 0.043, OR 2.928, 95% CI 1.037–8.271) and preoperative haemoglobin
(p = 0.003, OR 0.948, 95% CI 0.914–0.982) were independent predictors of RBC
transfusion.
5.3.2 Troponin I release
Tables 11 and 12 summarize the results of univariate analysis. Postoperative TnI
levels were not associated with either haemoglobin nadirs (mean 92 ± 12 g/l, range
64–126, p = 0.171 to p = 0.949) or haematocrit nadirs (mean 0.27 ± 0.04, range
0.19–0.37, p = 0.107 to p = 0.976) at any of the study intervals. Moreover, female
gender was not associated with significantly increased levels of TnI (p = 0.348).
TnI levels measured on the operation day and on the first postoperative day
were not associated with either prolonged use of inotropes (p = 0.221 and p = 0.336,
respectively), the occurrence of LCOS (p = 0.312 and p = 0.388, respectively) or
any other major postoperative adverse event. RBC transfusion on the operation day
was not associated with either prolonged use of inotropes (p = 0.336) or the
occurrence of LCOS (p = 0.157).
Predictors of plasma concentration of TnI on the first postoperative day are
summarized in Tables 11 and 12. Linear regression analysis including female
gender, eGFR, number of distal anastomoses, preoperative haemoglobin level and
RBC transfusion, showed that only RBC transfusion (p = 0.007) was an
independent predictor of TnI levels on the first postoperative day. This finding was
confirmed also by a regression model including haematocrit and haemoglobin
94

nadirs on the operation day. RBC transfusion (p = 0.012) was a predictor of TnI
levels on the first postoperative day even when the latter was log-transformed and
the additive EuroSCORE (p = 0.004) was included in the regression model. The
number of RBC units transfused correlated with postoperative TnI release (rho:
0.188, p = 0.026, Fig. 9) and was the only independent predictor of TnI release at
linear regression (p = 0.001).
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Table 11. Baseline characteristics and operative data on 140 patients with stable angina
pectoris who underwent elective off-pump coronary artery bypass surgery. Results of
univariate and multivariate analysis for prediction of serum level of troponin I on the
first postoperative day are also reported.
Variables

No. patients

Univariate analysis

Multivariate analysis

(%)

p-value

p-value

Age (years)

67.3±8.8

0.040

-

Females

28 (20.0)

0.348

-

Preoperative statin

129 (92.1)

0.730

-

Preoperative aspirin

131 (93.6)

0.388

-

Preoperative warfarin

11 (7.9)

0.483

-

Haemoglobin (g/l)

142±13

0.186

-

Baseline characteristics

Haematocrit

0.42±0.04

0.647

eGFR (ml/min/1.73m²)

85±21

0.015

-

Dialysis

0 (0)

-

-

Left main stenosis

75 (53.6)

0.298

-

Three vessel disease

108 (77.1)

0.154

-

Pulmonary disease

14 (10.0)

0.994

-

Diabetes

45 (32.1)

0.830

-

Atrial fibrillation

11 (7.9)

0.548

-

Stroke

1 (0.7)

0.200

-

Neurological dysfunction

1 (0.7)

0.471

-

Extracardiac arteriopathy

11 (7.9)

0.577

-

Previous PCI

1 (0.7)

0.054

-

Previous cardiac surgery

1 (0.7)

0.357

-

Recent myocardial infarction

0 (0)

-

-

LVEF ≤ 50%

23 (16.4)

0.957

-

Sys. pulmonary pressure > 60 mmHg

1 (0.7)

0.914

-

Additive EuroSCORE

2.9±2.0

0.015

-

Intraoperative use of tranexamic acid

12 (8.6)

0.715

-

No. of distal anastomoses

3.8±1.0

0.143

-

Length of the operation (min)

211±49

0.142

-

Operative data

Continuous variables are reported as mean and standard deviation and nominal variables are reported as
counts and percentages; eGFR: estimated glomerular filtration rate; PCI: Percutaneous coronary
intervention; LVEF: Left ventricular ejection fraction.
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Table 12. Data on postoperative bleeding, levels of haemoglobin and haematocrit and
use of blood products in 140 patients with stable angina pectoris who underwent
elective off-pump coronary artery bypass surgery. Results of univariate and multivariate
analysis for prediction of serum level of troponin I on the first postoperative day are
also reported.
Variables

No. patients

Univariate

Multivariate

(%)

analysis

analysis

p-value

p-value
-

Postoperative blood loss (ml)

901±354

0.435

Nadir haemoglobin on operation day (g/l)

97±13

0.337

-

Nadir haematocrit on operation day

0.28±0.04

0.318

-

Haemoglobin on 1st postoperative day (g/l)

100±13

0.341

-

Haematocrit on 1st postoperative day

0.31±0.04

0.339

-

Any blood product transfusion on the operation day

51 (36.4)

0.099

Red blood cell transfusion on the operation day

41 (29.3)

0.055

-

Any blood product transfusion

67 (47.9)

0.030

-

Red blood cell transfusion

58 (41.4)

0.012

0.007

Red blood cell units transfused

1.0±1.6

0.026

-

Octaplas transfusion

27 (19.3)

0.281

-

Octaplas units transfused

0.6±1.4

0.232

-

Platelet transfusion

22 (15.7)

0.039

-

Platelet units transfused

1.4±3.6

0.031

-

All three blood products transfused

11 (7.9)

0.044

-

Continuous variables are reported as mean and standard deviation; nominal variables are reported as
counts and percentages.
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Fig. 9. Scatter plot showing a significant correlation between troponin I levels on the
first postoperative day (shown in logarithmic scale) and the number of red blood cell
(RBC) units transfused (rho: 0.188, p = 0.026). Lines are cubic fit line and 95%
confidence interval.

Logistic regression analysis showed that RBC transfusion was also the only
independent predictor of TnI > 2.0 μg/l on the first postoperative day (p = 0.011,
OR 2.73, 95% CI 1.26–5.90).
RBC transfusion was associated with a high risk of type V myocardial
infarction as indicated by TnI > 6.6 µg/l on the first postoperative day (9/58 patients,
15.5% vs. 1/82 patients, 1.2%, p = 0.002, adjusted analysis: OR 14.878, 95% CI
1.829–121.033). This finding remained evident also when haemoglobin and
haematocrit nadirs were included in the regression model. Among patients with
TnI > 6.6 µg/l, three patients had a haemoglobin nadir < 80 g/l at any study interval
(haemoglobin lowest level: 64 g/l), whereas four patients had a haematocrit nadir
< 24% at any study interval (haematocrit lowest level 19%).
A repeated-measure test showed that any RBC transfusion (p = 0.014, Fig. 10),
RBC transfusion on the operation day (p = 0.026), any blood product transfusion
(p = 0.040) and any blood product transfusion on the operation day (p = 0.025)
were associated with postoperative release of TnI. Neither platelet (p = 0.137) nor
Octaplas transfusion (p = 0.628) were associated with postoperative TnI release.
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Fig. 10. Troponin I release after off-pump coronary artery bypass grafting in 58 patients
who did and in 82 patients who did not receive red blood cell transfusion (Repeatedmeasure test: p = 0.014). Differences between study groups were significant also at
each postoperative time interval (Mann-Whitney test: p = 0.026, p = 0.012, and p = 0.004,
respectively).

5.4

Red blood cell storage time and the outcome (III)

Numerous studies have shown that RBC transfusion may have a negative impact
on early and late outcome of patients with ACS (Aronson et al. 2008, Cooper et al.
2011, Singla et al. 2007) and patients undergoing cardiac surgery (Hajjar et al. 2010,
Koch et al. 2006a, Mohnle et al. 2011). A widely speculated reason for such a
detrimental effect is the storage duration of transfused RBCs as stored RBCs
undergo progressive changes altering the oxygen delivery capacity. However, the
impact of transfusion of aged RBCs on the outcome after CABG is controversial.
In this study, the effect of RBC storage time on the outcome after CABG was
investigated in 819 patients who received 2–4 units of RBCs. A 14 days’ cut-off
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was used for RBC storage duration. The patients were divided into three groups:
those who received only newer RBCs (storage time was ≤ 14 days), those who
received only older RBCs (storage time was > 14 days) and those receiving at least
one unit of older RBCs. Baseline characteristics and operative data of the patients
according to different RBC storage times are described in Table 13.
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Table 13. Baseline characteristics and operative data of 819 CABG patients according
to different red blood cell storage time.
Variables

All newer

All older

RBCs

RBCs

P-value

unit of older

At least one

n = 311

n = 286

RBCs

P-value

n = 508
Baseline characteristics
Age (years)

68.3±9.0

68.5±9.1

0.689

68.4±9.0

0.758

Female

95 (30.5)

78 (27.3)

0.378

161 (31.7)

0.731

Haemoglobin (mg/l)

132±14

132±15

0.400

131±15

0.604

Pulmonary disease

33 (10.6)

25 (8.7)

0.441

46 (9.1)

0.464

Diabetes

79 (25.4)

83 (29.0)

0.320

154 (30.3)

0.130

Hypertension

189 (60.8)

171 (59.8)

0.807

302 (59.4)

0.708

Stroke

7 (2.3)

8 (2.8)

0.670

14 (2.8)

0.657

Neurologic dysfunction

7 (2.3)

5 (1.7)

0.662

7 (1.4)

0.350

Extracardiac arteriopathy

31 (10.0)

25 (8.7)

0.608

41 (8.1)

0.352

eGFR (ml/min/1.73m²)

84±25

85±23

0.466

84±25

0.937

eGFR < 60 ml/min/1.73m²

48 (15.5)

37 (12.9)

0.366

78 (15.4)

0.954
0.789

Recent myocardial infarction

175 (56.3)

151 (52.8)

0.395

281 (55.3)

Previous PCI

18 (5.8)

24 (8.4)

0.214

36 (7.1)

0.467

Previous cardiac surgery

3 (1.0)

5 (1.7)

0.489

10 (2.0)

0.390

30–50%

83 (27.4)

66 (24.4)

< 30%

16 (5.3)

5 (1.8)

24 (7.7)

21 (7.3)

115 (37.0)

115 (40.2)

188 (37.0)

Urgent

171 (55.0)

153 (53.5)

288 (56.7)

Emergency

25 (8.0)

18 (6.3)

Off-pump coronary surgery

140 (45.0)

131 (45.8)

0.847

230 (45.3)

0.942

Number of distal anastomoses

4.0±1.1

3.8±1.0

0.156

3.9±1.1

0.630

Red blood cell units

2.7±0.8

2.6±0.8

0.269

2.9±0.8

0.007

Octaplas units

0.8±1.5

0.6±1.3

0.021

0.6±1.3

0.029

Platelet units

2.6±3.9

2.2±3.8

0.140

2.3±3.9

0.187

Left ventricular ejection fraction

Critical preoperative status

0.050

0.035
115 (24.0)
11 (2.3)

0.863

43 (8.5)

0.705

Operative data
Type of operation
Elective

0.579

0.625

32 (6.3)

Used blood products

P-values are for comparison with all newer red blood cells; continuous variables are reported as mean
and standard deviation and nominal variables are reported as counts and percentages; all p-values are
for unadjusted analyses; CABG: Coronary artery bypass grafting; RBC: Red blood cell; newer RBC:
storage time was ≤ 14 days; older RBC: storage time was > 14 days; eGFR: estimated glomerular
filtration rate; PCI: Percutaneous coronary intervention.
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5.4.1 Transfusion of all newer RBCs versus all older RBCs
The median RBC storage time in patients receiving only newer RBCs (311 patients)
was 10.5 days, whereas it was 19.0 days in those who received only older RBCs
(286 patients).
A repeated-measure test showed that transfusion of all RBC units older than 14
days was associated with similar creatinine (p = 0.414) and C-reactive protein (p =
0.245) levels compared with newer RBC units.
The estimated propensity score (area under the ROC curve 0.603, 95% CI
0.557–0.649) was employed to adjust the effect of older RBCs on the outcome.
This adjusted analysis showed similar immediate and late outcome in patients
receiving only older RBCs compared with those receiving only newer RBCs (Table
14). Transfusion of all units of older RBCs was the only independent predictor of
postoperative atrial fibrillation.
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69 (22.2)
80.6%

Composite endpoint

5-year survival

0 (0.0)

83.8%

70 (24.5)

141 (49.3)
0.173

0.509

0.007

0.500

0.508

1.000

0.882

0.144

0.654

0.291

0.109

p-value

analysis

Univariate

At least one

123 (24.2)
84.5%

0.77, 0.50–1.21

*

243 (47.8)

1 (0.2)

11 (2.2)

6 (1.2)

162 (31.9)

77 (15.2)

49 (9.6)

9 (1.8)

5 (1.0)

n = 508

RBCs

unit of older

1.12, 0.76–1.67

1.67, 1.19–2.34

0.0

053, 0.13–2.18

1.27, 0.24–6.66

1.06, 0.74–1.51

1.39, 0.87–2.22

1.16, 0.62–2.18

0.61, 0.22–1.70

0.41, 0.11–1.57

OR, 95% CI

adjusted analysis

Propensity

0.199

0.507

0.007

0.561

0.818

1.000

0.646

0.435

0.204

0.112

0.041

p-value

analysis

Univariate

*

0.85, 0.58–1.24

1.13, 0.80–1.60

1.55, 1.15–2.09

0.25, 0.02–2.80

1.09, 0.39–2.99

1.30, 0.32–5.33

0.96, 0.70–1.31

1.18, 0.77–1.80

1.47, 0.86–2.53

0.47, 0.18–1.19

0.32, 0.10–1.08

OR, 95% CI

adjusted analysis

Propensity

de novo renal replacement therapy and/or ICU stay ≥ 5 days; *: Hazard ratio, 95% CI.

was > 14 days; OR: Odds ratio; CI: Confidence interval; ICU: Intensive care unit; Composite endpoint: 30-day mortality, low cardiac output syndrome, stroke,

are reported in percentages; CABG: Coronary artery bypass grafting; RBC: Red blood cell; newer RBC: storage time was ≤ 14 days; older RBC: storage time

P-values and risk estimates are for comparison with all newer red blood cells; nominal variables are reported as counts and percentages; late survival rates

2 (0.6)
119 (38.3)

Atrial fibrillation

6 (1.9)

Stroke

Renal replacement therapy

3 (1.0)
3 (1.0)

94 (32.9)

50 (17.5)

3 (1.0)

41 (13.2)

Low cardiac output syndrome

23 (8.0)

Intra-aortic balloon pump

22 (7.1)

ICU stay ≥ 5 days

3 (1.0)
6 (2.1)

Prolonged use of inotropes (> 12 h) 104 (33.4)

9 (2.9)
11 (3.5)

n = 286

n = 311

30-day mortality

All older
RBCs

All newer
RBCs

In-hospital mortality

Outcome endpoints

Table 14. Outcome of 819 CABG patients according to different red blood cell storage time.

Patients receiving transfusion of all RBC units older than 14 days had similar late
survival compared with patients who received only newer RBCs (Log-rank test: p
= 0.173, propensity score adjusted: HR 0.77, 95% CI 0.50–1.21, Fig. 11).

Fig. 11. Kaplan-Meier estimate of late survival after transfusion of 2–4 units of red blood
cells (RBCs). Patients who received only newer RBCs (storage time was ≤ 14 days) were
compared with those who received all units of older RBCs (storage time was > 14 days).

5.4.2 Transfusion of all newer RBCs versus at least one unit of older
RBCs
The median RBC storage time in patients receiving only newer RBCs (311 patients)
was 10.5 days, whereas it was 17.0 days in those who received at least one unit of
older RBCs (508 patients).
A repeated-measure test showed that the levels of creatinine (p = 0.259) and Creactive protein (p = 0.103) were similar in patients transfused with at least one
RBC unit older than 14 days compared with newer RBC units.
The study groups had similar baseline characteristics. However, we estimated
a propensity score (area under the ROC curve 0.586, 95% CI 0.545–0.628), which
was used to adjust the effect of older RBCs on the outcome. This adjusted analysis
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showed similar immediate and late outcome in patients receiving at least one unit
of older RBCs compared with those who received only newer RBCs (Table 14).
Transfusion of at least one unit of older RBCs was the only independent predictor
of postoperative atrial fibrillation. In-hospital mortality was markedly higher in
patients who received newer RBCs in univariate analysis, but this difference was
not statistically significant when adjusted for propensity score.
Late survival was similar in patients receiving a transfusion of at least one RBC
unit older than 14 days compared with those who received only newer RBCs (Logrank test: p = 0.199, propensity score adjusted: HR 0.85, 95% CI 0.58–1.24, Fig.
12).

Fig. 12. Kaplan-Meier estimate of late survival after transfusion of 2–4 units of red blood
cells (RBCs). Patients who received only newer RBCs (storage time was ≤ 14 days) were
compared with those who received at least one unit of older RBCs (storage time was >
14 days).

5.4.3 Median storage duration of RBCs and the outcome
The median storage duration of RBCs was investigated as a possible predictor of
adverse outcome. Logistic and proportional hazards analyses adjusted for the
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number of RBC units transfused showed that the median storage duration of RBCs
was not associated with any of the immediate outcome endpoints or late survival
(Table 15).
Table 15. Impact of median storage duration of red blood cells on the outcome in 819
patients undergoing isolated coronary artery bypass grafting.
Outcome endpoints

P-value

Risk estimate, 95% CI

In-hospital mortality

0.064

0.88, 0.78–1.01

30-day mortality

0.359

1.37, 0.80–2.36

ICU stay ≥ 5 days

0.101

1.04, 0.99–1.09

Low cardiac output syndrome

0.143

1.03, 0.99–1.07

Prolonged use of inotropes (> 12 h)

0.492

0.99, 0.96–1.02

Intra-aortic balloon pump

0.471

0.94, 0.81–1.09

Stroke

0.226

1.06, 0.97–1.15

Renal replacement therapy

0.121

0.76, 0.54–1.07

Atrial fibrillation

0.146

1.02, 0.99–1.05

Composite endpoint

0.070

1.03, 0.99–1.06

5-year survival

0.495

0.99, 0.95–1.03

Risk estimates are adjusted for the number of transfused red blood cell units; CI: Confidence interval;
ICU: Intensive care unit; Composite endpoint: 30-day mortality, low cardiac output syndrome, stroke, de
novo renal replacement therapy and/or ICU stay ≥ 5 days.

5.5

Perioperative use of blood products and postoperative stroke
(IV)

As stroke is one of the most deleterious complications related to cardiac surgery,
special attention has been paid to identify its causes. However, the possible
association between transfusion of different blood products and the occurrence of
stroke after CABG remains unclear. Therefore, in the present study, the role of
perioperative blood product transfusion in the occurrence of postoperative stroke
was investigated in 1,314 patients undergoing isolated OPCAB. The status of the
ascending aorta investigated by epiaortic ultrasound and manipulation of the aorta
were taken into account in the analyses.
Baseline, operative and postoperative variables of the patients as well as the
association of these variables with postoperative stroke are described in Table 16.
Postoperative stroke occurred in 23 (1.8%) patients. At discharge, the mean Rankin
score was 4.2 ± 1.3 (score ≥ 4 in 20 patients). All of the patients suffering stroke
had stroke symptoms at discharge. Stroke was detected at the time of extubation in
seven patients. Stroke occurred > 2 days after surgery in 12 patients (Fig. 13).
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Thirty-day, 1-year and 3-year survival rates were 98.1%, 95.5%, and 91.2% in
patients without postoperative stroke, and 77.8%, 73.2% and 68.3% in patients who
suffered stroke (Log-rank test: p < 0.0001). Characteristics of the patients who
experienced stroke are presented in Table 17.

Fig. 13. Timing of stroke after off-pump coronary artery bypass grafting.
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Table 16. Clinical and operative risk factors and postoperative variables in 1,314
patients who underwent off-pump coronary artery bypass surgery. The association of
these variables and any immediate stroke after surgery at univariate and multivariate
analysis is also reported.
Variables

No postop.

Postop.

Univariate

Multivariate analysis

stroke

stroke

analysis

OR, 95% CI

n = 1,291

n = 23

p-value

Age (years)

67.2±9.2

69.8±9.4

0.128

Females

268 (20.8)

4 (17.4)

0.693

Diabetes

371 (28.7)

11 (47.8)

0.046

Hypertension

708 (54.8)

14 (60.9)

0.565

Pulmonary disease

122 (9.5)

0 (0)

0.262

Neurological dysfunction

24 (1.9)

2 (8.7)

0.074

History of stroke

44 (3.4)

2 (8.7)

0.171

eGRF (ml/min/1.73m²)

86±26

83±30

0.522

Baseline haemoglobin (g/l)

137±16

126±19

0.010

Baseline haematocrit

0.40±0.4

0.37±0.5

0.006

LVEF ≤ 50%

323 (25.7)

11 (47.8)

0.016

Baseline variables

Critical preoperative status

90 (7.0)

2 (8.7)

0.748

Myocardial infarction < 3 months

623 (48.3)

16 (69.6)

0.043

Extracardiac arteriopathy

153 (11.9)

3 (13.0)

0.861

Previous cardiac surgery

8 (0.6)

0 (0)

1.000

Atrial fibrillation

139 (10.8)

6 (26.1)

0.020

Previous PCI

98 (7.6)

1 (4.3)

0.559

Urgent/emergency operation

716 (55.5)

15 (65.2)

<0.0001

Preoperative IABP

6 (0.5)

0 (0)

0.743

Potent antiplatelets within 5 days

244 (18.9)

8 (34.8)

0.055

CHADS2

1.4±1.1

2.1±1.3

0.004

CHA2DS2-VASc

2.9±1.6

3.9±1.6

0.001

Operative variables
Epiaortic ultrasound

1291 (100)

23 (100)

-

Diseased aorta

387 (30.0)

12 (52.2)

0.022

Aortic side-bite clamping

1165 (90.2)

18 (78.3)

0.057

No. distal anastomoses

3.9±1.0

3.7±0.9

0.454
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2.641, 1.151–6.060

Variables

No postop.

Postop.

Univariate

Multivariate analysis

stroke

stroke

analysis

OR, 95% CI

n = 1,291

n = 23

p-value

Postoperative variables
Atrial fibrillation

548 (42.4)

Blood loss at 12 hours after surgery 517±349

15 (65.2)

0.029

452±282

0.321

Nadir haemoglobin (g/l)

89±12

84±8

0.028

Nadir haematocrit on op. day

0.29±0.04

0.26±0.04

0.007

RBC transfusion

666 (51.6)

14 (60.9)

0.377

RBC units

0.3±0.4

0.5±0.5

0.260

Octaplas transfusion

315 (24.4)

11 (47.8)

0.010

Octaplas units

1.0±2.1

2.2±2.9

0.097

Platelet transfusion

325 (25.2)

12 (52.2)

0.003

Platelet units

0.04±0.21

0.17±0.39

0.004

3.340, 1.455–7.665

Continuous variables are reported as mean and standard deviation and nominal variables are reported as
counts and percentages; OR: Odds ratio; CI: Confidence interval; eGFR: estimated glomerular filtration
rate; LVEF: Left ventricular ejection fraction; PCI: Percutaneous coronary intervention; IABP: Intra-aortic
balloon pump; Potent antiplatelets: clopidogrel, prasugrel and ticagrelor; RBC: red blood cell.
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Table 17a. Characteristics of 23 patients who experienced stroke after off-pump
coronary artery bypass grafting.
No.

Gender

Age

Type of

AF

operation

Previous

CHA2DS2-VASc

stroke/TIA

score

1

Male

62

El.

Yes

Yes

5

2

Male

83

Urg.

No

No

6

3

Male

76

Urg.

No

No

4

4

Male

41

El.

No

No

1

5

Male

69

El.

No

No

4

6

Male

70

Urg.

Yes

No

2

7

Male

65

Urg.

No

No

4

8

Female

65

Urg.

No

No

4

9

Male

82

Urg.

No

No

4

10

Male

64

Emerg.

No

No

4

11

Male

63

Urg.

No

No

4

12

Male

79

Urg.

No

No

3

13

Male

56

El.

No

No

0

14

Male

66

Urg.

No

No

4

15

Female

66

Urg.

No

No

4

16

Male

68

Urg.

No

No

5

17

Male

77

El.

Yes

No

6

18

Female

77

El.

Yes

No

6

19

Female

77

El.

Yes

No

6

20

Male

77

Urg.

Yes

No

4

21

Male

71

Urg.

Yes

No

2

22

Male

77

Urg.

Yes

Yes

5

23

Male

72

Urg.

No

No

3

AF: Atrial fibrillation; TIA: Transient ischaemic attack; El.: elective; Urg.: urgent; Emerg.: emergency.
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Table 17b. Characteristics of 23 patients who experienced stroke after off-pump
coronary artery bypass grafting.
No.

Epiaortic

Diseased

Untouched Stroke

Stroke at

US

ascending

ascending

timing

extubation preceding Hb

AF

aorta

aorta

(postop.

stroke

day)
Yes

2

No

No

Lowest
before

Lowest
haematocrit
before

stroke

stroke

89

0.25

1

Yes

Yes

2

Yes

No

No

1

Yes

Yes

108

0.31

3

Yes

Yes

Yes

2

Yes

Yes

88

0.26

4

Yes

No

No

10

No

No

86

0.24

5

Yes

No

No

2

No

No

88

0.26

6

Yes

No

No

17

No

Yes

88

0.28
0.24

7

Yes

Yes

No

2

No

No

83

8

Yes

No

No

2

No

No

84

0.24

9

Yes

Yes

Yes

6

No

Yes

95

0.26

10

Yes

No

No

4

Yes

Yes

73

0.22

11

Yes

Yes

No

13

No

Yes

79

0.23
0.22

12

Yes

No

No

1

Yes

No

76

13

Yes

No

No

1

No

No

84

0.23

14

Yes

Yes

No

4

Yes

Yes

65

0.18

15

Yes

No

No

3

No

No

78

0.23

16

Yes

No

No

8

No

No

97

0.26

17

Yes

Yes

Yes

5

Yes

Yes

85

0.25

18

Yes

Yes

No

9

No

Yes

90

0.25

19

Yes

Yes

No

2

Yes

Yes

95

0.27

20

Yes

Yes

No

2

No

No

99

0.28

21

Yes

Yes

No

7

No

Yes

92

0.27

22

Yes

No

No

8

No

Yes

83

0.24

23

Yes

Yes

No

1

No

No

93

0.26

US: Ultrasound; AF: Atrial fibrillation; Hb: Haemoglobin.
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Table 17c. Characteristics of 23 patients who experienced stroke after off-pump
coronary artery bypass grafting.
No.

RBC units

Octaplas

Rankin

30-day

before

units before units before

Platelet

Symptoms

score at

mortality

stroke

stroke

stroke

discharge

1

0

3

0

Hemiplegia

5

2

0

0

8

Unconscious, hemiplegia

5

Yes

3

3

3

8

Hemiplegia

6

Yes

4

0

0

0

Hemiplegia, dysarthria

1

No

5

0

0

0

Hemiplegia, dysarthria

5

Yes

6

0

0

0

Hemiplegia

4

No

7

2

0

8

Hemiplegia

4

No

8

5

4

8

Hemiplegia

2

No

9

0

0

0

Hemiplegia, dysarthria

4

No

10

15

10

24

Unconscious

5

Yes

11

8

0

8

Hemiplegia, vision problems

4

No

12

2

2

8

Unconscious, hemiplegia

4

No

13

0

0

0

Hemiplegia, dysarthria

5

No

14

10

7

24

Unconscious

5

No

15

2

0

8

Hemiplegia

4

No

No

16

2

0

0

Motoric impairment

4

Yes

17

6

8

16

Hemiplegia

5

No

18

0

0

0

Dysarthria

1

No

19

1

0

0

Motoric impairment

5

No

20

0

3

0

Hemiplegia

5

No

21

3

3

4

Hemiplegia

5

No

22

1

4

0

Motoric impairment

4

No

23

2

4

16

Hemiplegia

5

No

RBC: red blood cell.

Nadir haematocrit on the operation day correlated significantly with the number of
transfused units of RBCs (rho: -0.576, p < 0.0001), platelets (rho: -0.317, p <
0.0001) and Octaplas (rho: -0.267, p < 0.0001). Similarly, nadir haematocrit during
the perioperative period correlated significantly with the number of transfused units
of RBCs (rho: -0.656, p < 0.0001), platelets (rho: -0.304, p < 0.0001) and Octaplas
(rho: -0.228, p < 0.0001).
The finding of any degree of atherosclerosis in the ascending aorta at epiaortic
ultrasound was associated with a stroke rate of 3.0% whereas it was 1.2% in
patients without diseased ascending aorta (p = 0.022). However, in patients with
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diseased ascending aorta, when it was left untouched, the stroke rate was 4.1%
(5/121 patients), whereas it was 2.5% (7/278) in those in whom the aorta was
clamped (p = 0.385).
The area under the ROC curve for prediction of stroke by CHADS2 was 0.669
(95% CI 0.546–0.792) and by CHA2DS2-VASc 0.693 (95% CI 0.585–0.802).
Logistic regression (Hosmer-Lemeshow’s test: p = 0.736; area under the ROC
curve: 0.681, 95% CI 0.562–0.801) identified diseased ascending aorta (3.0% vs.
1.2%, p = 0.022, OR 2.641, 95% CI 1.151–6.060) and transfusion of platelets (3.6%
vs. 1.1%, p = 0.003, OR 3.340, 95% CI 1.455–7.665) as independent predictors of
stroke. The risk of stroke with or without diseased ascending aorta and/or platelet
transfusion is summarized in Fig. 14. When these variables were adjusted for
CHA2DS2-VASc (p = 0.005, OR 1.437, 95% CI 1.115–1.852), transfusion of
platelets (p = 0.012, OR 2.906, 95% CI 1.261–6.699), but not diseased ascending
aorta, was associated with stroke. Neither nadir haematocrit on the operation day
nor nadir haematocrit during the perioperative period was an independent predictor
of stroke.
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Fig. 14. Risk of stroke in patients with and without diseased ascending aorta and/or
received platelet transfusion.

CHAID analysis including blood products as continuous variables identified the
number of transfused Octaplas units > 2 and the number of transfused platelet units >
4 as well as diseased ascending aorta as independent predictors of stroke (area
under the ROC curve 0.717, 95% CI 0.595–0.838). The stroke rate was 8.9% in
patients who received more than 2 units of Octaplas and had a diseased ascending
aorta. In patients receiving ≤ 2 units of Octaplas, the stroke rate was as high as 3.8%
in patients who received > 4 units of platelets and 0.9% in those who received ≤ 4
units of platelets (Fig. 15). Patients receiving platelet units > 4, Octaplas units > 2
and having a diseased ascending aorta had a stroke rate of 7.4% (4 out of 54
patients).
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Fig. 15. CHAID tree showing the impact of Octaplas transfusion, platelet transfusion
and diseased ascending aorta on the occurrence of stroke after off-pump coronary
artery bypass surgery.
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6

Discussion

6.1

Impact of bleeding on the postoperative outcome (I)

In study I, the impact of perioperative bleeding and transfusion of blood products
on different outcome endpoints was investigated using the UDPB classification
created by Dyke et al. (2014). The results of this study showed that the UDPB
classification effectively stratifies the severity of bleeding and the related increased
need for blood product transfusion as shown by the markedly increased risk of
adverse events among its highest classes. In particular, the risk of poor immediate
and late outcome was evident in UDPB classes 3 and 4. In addition, several baseline
and operative variables were identified as predictors of increasing UDPB classes,
which further confirms the validity of the classification. These factors are in
accordance with risk factors for excessive bleeding and use of blood products that
were found in previous studies as described in Chapters 2.2 and 2.4.
Study I showed that the highest UDPB classes had a significant effect on both
short-term and long-term survival after CABG. Interestingly, the reduction in
survival seems to be evident specifically during the first two or three months after
surgery (Fig. 8). The detrimental effect of perioperative bleeding and transfusion
of blood products on survival has been documented also by a number of previous
studies (Biancari et al. 2012b, Hajjar et al. 2010, Koch et al. 2006a, Loor et al.
2013, Mikkola et al. 2013, Mohnle et al. 2011, Murphy et al. 2007, Ranucci et al.
2008b, Ranucci et al. 2013, Whitson et al. 2010).
In addition, a markedly increased incidence of stroke in patients in the highest
UDPB classes (Fig. 7, Table 10) was observed. This finding is supported by other
studies presenting both transfusion of blood products (Bahrainwala et al. 2011,
Mariscalco et al. 2015, Mikkola et al. 2012, Murphy et al. 2007), excessive
bleeding (Biancari et al. 2012b, Biancari et al. 2013b) and perioperative anaemia
(Bahrainwala et al. 2011, Habib et al. 2003, Karkouti et al. 2005c) as predictors of
postoperative stroke.
Similarly, postoperative acute renal failure requiring dialysis was associated
with high UDPB classes, particularly patients with UDPB class 4. This is in line
with previous studies highlighting the role of RBC transfusion (Murphy et al. 2007,
Paone et al. 2014, Shimmer et al. 2013, Swaminathan et al. 2003), anaemia (Habib
et al. 2003, Karkouti et al. 2005a, Loor et al. 2012, Ranucci et al. 2005) as well as
a double exposure to intraoperative anaemia and RBC transfusion (Loor et al. 2013,
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Ranucci et al. 2006) in the development of decreased renal function after cardiac
surgery.
LCOS was also a major adverse event associated with high UDPB classes after
CABG. Indeed, the myocardium seems to be particularly vulnerable to the effects
of massive bleeding and related transfusion requirements (Habib et al. 2003, Loor
et al. 2012, Loor et al. 2013, Mohnle et al. 2011, Ranucci et al. 2006, Surgenor et
al. 2006, Whitson et al. 2010).
It seems that the UDPB classification is a promising research tool for a proper
stratification of perioperative bleeding. This could be applied to objectively
evaluate measures adopted to reduce blood losses and blood transfusion. Moreover,
this classification may be beneficial for estimating the prognostic impact of
excessive bleeding. The identified risk factors of increased UDPB classes, some of
them potentially preventable, should be targeted when considering strategies
aiming to reduce the risk of perioperative bleeding and use of blood products.
Especially, as seen also in previous studies (Biancari et al. 2012a), preoperative
antithrombotic medication contributes remarkably to the risk of excessive bleeding
if it has not been discontinued for an adequate time. The results of study I support
a preoperative pause of five days for clopidogrel, prasugrel and ticagrelor and a
pause of at least two days for warfarin.
Based on the results of study I, it is not possible to know how much
perioperative bleeding and administration of blood products independently account
for the worse outcome associated with higher UDPB classes. The results of the
study give rather an overall insight into the detrimental influence of excessive
CABG-related bleeding and subsequent transfusion of blood products.
The retrospective nature of study I, as of all four substudies, can be considered
as a limitation. Even though some of the data were collected retrospectively, the
data on transfused blood products, blood losses and patients’ death in the entire
study population were retrieved from prospective electronic registries which can
be considered reliable. Study I evaluated the prognostic impact of the UDPB
classification in patients undergoing isolated CABG and therefore further studies
should be performed to assess its value in patients undergoing other cardiac
procedures.
6.2

Red blood cell transfusion and myocardial injury (II)

Study I already showed that excessive bleeding and related massive transfusion of
blood products were associated with decreased cardiac function as measured as
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prevalence of LCOS and prolonged use of inotropes after CABG. Accordingly, the
results of study II indicate that perioperative RBC transfusion may be a major
determinant of increased levels of TnI in patients undergoing isolated, elective
OPCAB. The remarkable association between RBC transfusion and postoperative
increased TnI release, in particular TnI > 6.6 µg/l as an indicator of type V
myocardial infarction (Pegg et al. 2011), is of clinical relevance. In fact, this
association was evident independently of either haemoglobin or haematocrit nadirs
and therefore confirms the effect of RBC transfusion on the occurrence of
perioperative cardiovascular events after CABG. Increased TnI release was not
associated with any major postoperative adverse event either. The findings of study
II suggest that prevention of major bleeding requiring RBC transfusion may be
cardioprotective during coronary surgery and potentially associated with improved
early and late outcome.
To date little data confirm the findings of study II, but the results are in line
with numerous studies that demonstrated a significantly higher risk of cardiac
events and mortality in patients who experienced ACS or underwent cardiac
surgery and received RBC transfusion (Aronson et al. 2008, Cooper et al. 2011,
Mohnle et al. 2011, Singla et al. 2007). RBC transfusion was seen to be detrimental
in particular in patients without severe anaemia (Aronson et al. 2008, Singla et al.
2007). Mohnle et al. (2011) reported that RBC transfusion predicted cardiac events
including myocardial infarction, congestive heart failure and death from cardiac
causes after CABG in patients with low to moderate mortality risk profiles,
postoperative haemoglobin level ≥ 10 g/dl and minimal postoperative blood loss.
Murphy et al. (2007) found an association between RBC transfusion and ischaemic
outcomes including myocardial infarction after cardiac surgery. In addition, Tsai et
al. (2010) showed a decrease of microvascular blood flow and functional capillary
density after RBC transfusion in experimental normovolemic anaemic conditions.
The mechanisms behind the detrimental impact of transfused allogeneic RBCs
on the myocardium are not explicitly known. As RBCs undergo irreversible
biochemical and biomechanical changes during storage, the so-called storage lesion
has been proposed to cause occlusion and vasoconstriction in the microcirculation,
which enhance ischaemic end-organ injury and explain, at least partly, the observed
effects. These findings suggest the detrimental effects of RBC transfusion on
myocardial protection may be a valid argument against the currently widespread
use of RBC transfusion and may decrease the risk of potential complications related
to it (Tsai et al. 2010). The alterations occurring in stored RBCs are further
described in Chapter 2.7.1.
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The lack of perioperative hemodynamic data is a remarkable limitation of study
II as unfavourable haemodynamic conditions may contribute to myocardial injury
after cardiac surgery (Jain et al. 1997). Indeed, RBCs are often transfused in case
of severe perioperative haemodynamic instability even in the absence of severe
anaemia, which may introduce a severe bias in the analysis of any clinical study.
Therefore, RBC transfusion could also be considered simply as a marker of
haemodynamic instability. However, the reliability of the results is increased by the
fact that several important confounding factors including ACS, use of cardioplegic
heart arrest and of CPB (Mohammed et al. 2009) were exclusion criteria of this
study and a patient population with a low risk of significant troponin release was
selected by including only patients with stable angina pectoris and normal
preoperative TnI levels undergoing elective, isolated OPCAB.
Because of the limited number of patients receiving RBC transfusion, the
analysis of the influence of RBC transfusion in patients with different degrees of
anaemia could not be performed, which may be of particular significance in this
setting. As a matter of fact, results from previous studies indicate that RBC
transfusion may be beneficial only in patients with critical anaemia (Aronson et al.
2008). Further studies are required to specify whether troponin release is affected
simply by RBC transfusion or by unstable hemodynamic conditions in the presence
of mild and severe anaemia. In addition, further investigations could elucidate the
possible impact of RBC transfusion on myocardial injury in patients undergoing
cardiac procedures other than elective OPCAB.
6.3

Red blood cell storage time (III)

The results of study III demonstrate that the duration of storage of transfused RBCs
does not have an impact on the immediate and late outcome of patients with
moderate perioperative bleeding after coronary surgery. There was no difference
between “old” and “new” RBCs in terms of immediate and late mortality as well
as in a number of major adverse postoperative events (Table 14). Only
postoperative atrial fibrillation was related to transfusion of older RBCs. These
findings were confirmed in multivariate analyses in which a number of
confounding factors were taken into consideration in propensity score adjusted
analyses. Previous data also indicate that RBC transfusion may increase the risk
of postoperative atrial fibrillation (Alameddine et al. 2014, Koch et al. 2006b,
Paone et al. 2014).
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The possible impact of aged RBCs on postoperative outcome is controversial
and the results of previous studies vary markedly. This is probably due to
heterogeneity in the study designs and patient populations of prior studies. In order
to diminish the effect of possible confounding factors, a large and rather
homogenous population, at least in terms of extent of bleeding and transfusion
requirements, was investigated in study III.
Koch et al. (2008) reported that transfusion of RBCs older than 14 days was
associated with increased risk of postoperative adverse events as well as with
decreased short-term and long-term survival. Nevertheless, the number of
transfused RBC units per patient varied from 1 to even more than 9 in their study.
Even though the authors adjusted the storage duration of RBCs for number of units
transfused, such high amounts of transfused RBCs indicate remarkable
perioperative blood loss, which by itself may negatively affect the outcome and
thus result in a bias. With the intention of avoiding this potential bias, only patients
receiving two to four units of RBCs were included in study III. Therefore, the
patients were not exposed to significant bleeding and the ischaemic effects
associated with it as well as to the potential adverse influence of massive blood
transfusion. The small variation in the number of RBC units transfused may
decrease confounding factors and further increase the reliability of the results.
In some studies that emphasize the deleterious impact of aged RBCs on
patients’ outcome, the RBC units transfused were stored for up to 42 days (Koch et
al. 2008). In study III, the maximum storage duration of RBCs was 35 days for the
entire study period, which might have contributed significantly to these findings.
In a study including 3,597 patients undergoing isolated CABG, van Straten et al.
(2011) found no association between storage time of transfused RBCs and early or
late mortality. It is worth noting that both the operative characteristics and the
stratification of patients into three groups based on the storage time of RBCs with
a cutoff point of 14 days was similar to study III. Even though the number of
transfused RBC units in van Straten's study varied from one to ten, the results of
both studies were alike. In contrast to the results reported by Koch et al. (2008),
van Straten et al. (2011) also observed that the number of transfused RBC units
predicted early mortality. Similarly, the amount, but not the storage time, of
transfused RBCs was an independent predictor of increased mortality and ICU stay
in a study by van de Watering et al. (2006). A number of other studies also failed
to show an association between RBC storage time and adverse outcome (McKenny
et al. 2011, Vamvakas & Carven 2000, Voorhuis et al. 2013, Yap et al. 2008).
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Wang et al. (2012a) performed a meta-analysis including 21 studies and
reported that transfusion of older stored RBCs was associated with a markedly
increased risk of death. According to subgroup analyses, the increased risk was not
restricted to a certain type of patient, size of trial or amount of blood transfused.
However, the reliability of the meta-analysis is questionable as the studies included
in this analysis appeared to be highly heterogeneous in terms of study design,
methods and patient populations. Importantly, the definition of older stored RBCs
varied significantly between the included studies. (Wang et al. 2012a). Few studies
demonstrated an association between transfusion of older RBCs and increased risk
of renal insufficiency (Koch et al. 2008, Sanders et al. 2011, Shimmer et al. 2013)
but these findings were not supported by the results of study III.
Study III was planned to assess the effect of transfusion of older RBCs in
patients with a modest amount of bleeding who required a moderate number of
RBC transfusions. Therefore, a possible negative impact of transfusion in patients
receiving large amounts of older RBCs cannot be excluded. Moreover, the findings
of study III should be viewed in light of a somewhat shorter maximum RBC storage
duration compared with previous studies.
6.4

Blood products and stroke (IV)

In study IV, 23 (1.8%) patients experienced stroke after OPCAB. It is worth noting
that stroke occurred also several days after the operation (Fig. 13). In study IV,
stroke was related to decreased immediate and late survival (Log-rank test:
p<0.0001) and poor general outcome measured by a modified Rankin scale (mean
4.2±1.3, score ≥ 4 in 20 patients, Table 17). The poor outcome of the patients
emphasizes the significance of attempts to explore the possible causes of
perioperative stroke in order to prevent such a deleterious complication.
Study I already demonstrated that excessive perioperative bleeding and use of
blood products were associated with stroke after CABG. In study IV, the most
important risk factors for stroke after OPCAB were atherosclerosis of the ascending
aorta as well as transfusion of platelets and/or Octaplas. Urgent or emergency
operation, pre- and postoperative atrial fibrillation, baseline haemoglobin and
haematocrit as well as nadir haemoglobin and nadir haematocrit on the operation
day were not statistically significant in multivariate analyses. Similar results have
also been reported by other authors (Loor et al. 2013, Senay et al. 2009, van
Wermeskerken et al. 2000). CHADS2 and CHA2DS2VASc predicted
postoperative stroke accurately.
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Some studies supporting the possible association between low
(Chatzikonstantinou et al. 2014) or high (Bugnicourt et al. 2010,
Chatzikonstantinou et al. 2014) degree of calcified aorta and atherosclerosis of the
cerebral vessels have been published. Moreover, evidence favouring the role of
aortic plaque as a contributor to the increased risk of stroke after cardiac surgery
exists (Djaiani et al. 2004, Nah et al. 2014, van der Linden et al. 2001). However,
rather often the possible intraoperative manipulation of the aorta and its role in the
occurrence of stroke were not taken into account and therefore it remains unknown
whether postoperative stroke occurred as a result of aortogenic embolization or
whether atherosclerosis of the aorta simply reflected atherosclerosis of the cerebral
arteries.
In study IV, the finding of any degree of atherosclerosis in the ascending aorta
at epiaortic ultrasound was related to a markedly increased risk of stroke (p = 0.02).
Nevertheless, in patients with diseased ascending aorta, when this was not
manipulated, the stroke rate was 4.1%, whereas it was 2.5% in patients in whom
the aorta was clamped (p = 0.39). As only Grade III diseased aortas (Biancari &
Yli-Pyky 2011) were left untouched, this suggests that atherosclerotic changes in
the ascending aorta may indicate generalized atherosclerotic disease and
mechanisms other than embolization from the aorta may induce the development
of stroke after OPCAB. Patients with mildly atherosclerotic aorta could also be
considered at high risk of stroke because of their risk of generalized atherosclerosis.
However, aortogenic embolization as a cause of stroke cannot be excluded, and
therefore, also in case of mildly diseased aorta detected at epiaortic ultrasound, the
“no-touch” aorta policy should be considered in order to prevent postoperative
stroke. Supporting this, in a study of patients with mildly diseased ascending aorta,
side-bite clamping of the ascending aorta during OPCAB was related to more
cerebral embolic events compared to an anastomosis with a clampless facilitating
device (Heartstring, Maquet Cardiovascular LLC, San Jose, California, USA) (El
Zayat et al. 2012).
The risk of stroke was remarkably high in cases of atherosclerotic ascending
aorta and transfusion of platelets (7.2%) as well as atherosclerotic ascending aorta
and transfusion of more than two units of Octaplas (8.9%). It is notable that in
logistic regression analysis only transfusion of platelets, and not of Octaplas, was
an independent predictor of stroke. Nevertheless, it is probable that an interaction
between the use of platelets and Octaplas existed and this became obvious in
CHAID analysis. Moreover, a cutoff for the number of units of these blood products
was identified by CHAID analysis, which makes the risk of stroke significant.
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With regard to the impact of transfused blood products, study IV confirms most
of the findings by Mikkola et al. (2012), but it is powered by the data on epiaortic
ultrasound, data on nadir haemoglobin and haematocrit, a standard operative
approach, the routine postoperative use of LMWH as well as by detailed data on
the timing, type and course of stroke events. The study population in study IV was
highly homogeneous as it included only patients undergoing isolated OPCAB. In
contrast to the results of study IV, Mariscalco et al. (2015) reported that transfusion
of RBCs was an independent predictor of stroke after OPCAB. However, several
important confounders including transfusion of FFP and platelets were not
considered in the study (Mariscalco et al. 2015).
The mechanisms accounting for the harmful effects of platelet and
FFP/Octaplas transfusion are poorly investigated in previous studies. Even if this
is purely speculative, perioperative platelet and/or Octaplas transfusion may induce
a prothrombotic status, which potentially increases the risk of thrombus formation
in cerebral vessels that are probably already diseased. Further investigations are
required to address this issue.
Study IV is limited by the lack of data on the status of the internal carotid
arteries and intracranial cerebral arteries as well as on perioperative haemodynamic
instability, which potentially could have contributed to the development of stroke.
Moreover, an attempt was made to adjust all the analyses for pre- and postoperative
nadir of haemoglobin and haematocrit. Because Octaplas and platelets are
transfused in patients with, even transient, excessive blood loss, the study cannot
completely disentangle the potential detrimental impact of mild or severe anaemia,
which even transiently might have induced suboptimal oxygen delivery to the brain,
and was corrected by quick autologous blood transfusion.
6.5

Perioperative blood management in CABG

The present study confirms the results of previous studies, which demonstrate that
excessive perioperative bleeding and the administration of allogeneic blood
products predict increased morbidity and mortality after coronary surgery. This
highlights the significance of attempts to prevent excessive bleeding and to avoid
unnecessary transfusion of blood products. Causes of bleeding in patients
undergoing CABG are multifactorial. Therefore, prevention and treatment of
perioperative bleeding require a thorough understanding of bleeding physiology,
and an interdisciplinary multimodal approach is needed.
124

Defining unnecessary transfusions of RBCs (and other blood products) is
difficult. It is widely agreed that at a critical level of anaemia, transfusion of RBCs
is lifesaving. However, there is not much evidence that indicates a specific level of
haemoglobin is sufficient to trigger transfusion of RBCs. The present study was
also not designed to determine a preferred haemoglobin level that would trigger
RBC transfusion. Kilic & Whitman (2014) made an extensive review of RBC
transfusion practices in cardiac surgery and found four RCTs, of which one was
conducted in cardiac surgical patients, comparing the effect of restrictive and liberal
transfusion triggers on patients’ outcome. The authors summarized that based on
these RCTs, there is a lack of benefit to a liberal transfusion strategy. Highlighting
the lack of evidence, the authors preferred transfusion of RBCs at a haemoglobin
of 8 g/dl with exceptions including end-organ ischaemia, ongoing bleeding,
hypotension refractory to low-dose vasopressors and a mixed venous saturation that
cannot be made to go over 50% by increasing cardiac output safely. (Kilic &
Whitman 2014).
According to current evidence, preferable strategies to reduce the use of blood
products include recognition and treatment of preoperative anaemia, optimal
perfusion strategies to reduce haemodilution, continuous evaluation of the bleeding
and coagulation status of patients, restrictive volume management as well as a
meticulous surgical technique to minimize blood loss. As a matter of fact, in
patients undergoing cardiac surgery and refusing blood transfusion for a religious
reason, such multimodal blood management programmes have been established
effectively, indicating that better outcomes can be achieved by correction of
preoperative anaemia and avoidance of RBC transfusion. (Theusinger et al. 2012).
As anaemia has been shown to predict RBC transfusion and affect patients’
outcome remarkably, management of preoperative anaemia according to the
aetiology of anaemia is of utmost importance. Iron deficiency is the most common
reason for anaemia particularly in elderly patients, but other causes should also be
considered. Iron supplementation and the use of recombinant human erythropoietin
are among the most often adopted methods to treat preoperative anaemia in patients
undergoing elective surgery. (Tasaki et al. 1995, Theusinger et al. 2012). Cladellas
et al. (2012) found that administration of intravenous recombinant human
erythropoietin and iron in anaemic patients prior to valve replacement improved
postoperative survival, decreased blood transfusions and shortened the in-hospital
stay. Similarly, in elective spine surgery, preoperative administration of
recombinant human erythropoietin has been shown to reduce allogenic blood
requirements (Colomina et al. 2004).
125

The significance of an individual surgeon’s technical efforts to decrease
bleeding is highly emphasized as surgeons may contribute remarkably to reduction
of the amount of perioperative blood loss (Biancari et al. 2012c, Mikkola et al.
2013). Preoperative discontinuation of potent antithrombotic drugs when feasible
is also important (Andreasen et al. 2012, Mikkola et al. 2013). Intraoperative use
of antifibrinolytics has been considered safe and effective and is therefore
encouraged (Andreasen et al. 2012, Mikkola et al. 2013, Theusinger et al. 2012).
Use of algorithm-based transfusion protocols guided by point-of-care coagulation
tests instead of individualized decisions has been seen to be of benefit (Andreasen
et al. 2012, Shore-Lesserson et al. 1999). In addition to minimizing the need of
blood products, these bleeding management strategies allow specific and goaldirected treatment of patients, decreasing costs and improving patient outcomes
(Mikkola et al. 2013, Theusinger et al. 2012).
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7

Conclusions

In the present study, risk factors and impacts of perioperative bleeding and
transfusion of blood products were investigated in patients undergoing isolated
CABG. This study showed that excessive perioperative bleeding and use of blood
products were associated with increased morbidity and mortality. The results
emphasize the significance of prevention of major bleeding and unnecessary blood
transfusion. The conclusions related to the specific study questions are:
I

Increased UDPB classes were associated with significantly poorer immediate
and late outcome. The risk of poor outcome was particularly obvious in UDPB
classes 3 and 4. The UDPB classification appears to be a promising research
tool to stratify the severity of perioperative bleeding and to assess its prognostic
influence after coronary surgery. Numerous risk factors, some of them
potentially preventable, were associated with higher UDPB classes and should
be the target of policies attempting to decrease the risk of perioperative
bleeding and transfusion of blood products.
II RBC transfusion in patients undergoing elective, isolated OPCAB was
independently associated with increased TnI release. These findings suggest
that prevention of major bleeding leading to blood transfusion may be
cardioprotective during coronary surgery and possibly associated with better
early and late outcome. Further investigations are needed to verify whether TnI
release is affected simply by RBC transfusion or by unstable hemodynamic
conditions in the presence of mild and severe anaemia.
III The findings suggest that, when the maximum RBC storage time is 35 days,
the duration of storage of transfused RBCs does not affect the immediate and
late outcome of patients with moderate bleeding after CABG.
IV The most important risk factors for stroke after OPCAB were any degree of
atherosclerosis of the ascending aorta as well as transfusion of platelets and/or
Octaplas. Consequently, in cases of mildly diseased aorta detected at epiaortic
ultrasound, the “no-touch” aorta strategy should be considered with the
purpose of preventing postoperative stroke. Indeed, patients with diseased
ascending aorta could be considered at high risk of stroke because of their risk
of generalized atherosclerosis. The mechanisms responsible for the detrimental
effect of platelet and Octaplas transfusion are less known and require further
investigations.
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