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Cardiac surgery is associated with excessive bleeding and complex aortic
surgery poses a higher risk for bleeding diathesis. Predictors of bleeding
include patient factors such as older age, emergency surgery, lower body
surface area and the use of perioperative antiplatelet agents. Operative
factors include prolonged cardiopulmonary bypass (CPB) time, complexity
of surgery, reoperative surgery and prolonged hypothermia. Between 2%
and 15% of patients require re-exploration for bleeding. Although a surgi-
cally correctable source is found in 50% to 67% of cases, bleeding and
surgical re-exploration are independent predictors of adverse outcome. The
use of allogeneic transfusions is associated with numerous adverse outcomes
such as an increase in nosocomial infection and mortality in critically ill
patients. Blood conservation strategies and steps to minimize bleeding are
the desired clinical goal. Preoperative antiplatelet agents are limited when

possible. Transfusion triggers use hemoglobin levels and platelet counts to
guide treatment. Advanced measurements (whole body oxygen-carrying
capacity, oxygen consumption, oxygen extraction ratios and oxygen deliv-
ery) represent accurate methods to estimate the need for transfusion.
Intraoperative deployment of minimally invasive techniques and meticu-
lous hemostasis reduce blood loss. Modified strategies for CPB are discussed
such as using activated clotting time-guided heparinization, retrograde
autologous priming of the CPB circuit, autotransfusion and cell salvage.
Postoperative use of autologous transfusion strategies, and pharmacological
adjuncts, such as aprotinin, lysine analogues epsilon-aminocaproic acid
and tranexamic acid, are discussed. Specific correction of coagulation using
fresh frozen plasma, cryoprecipitate or factor VIla may be required. The
multimodality approach to blood loss aims to optimize outcomes in high-
risk aortic surgical patients.
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Patients surgically treated for thoracic aortic aneurysms, acute aortic
syndromes encompassing type A intramural hematoma, penetrat-
ing aortic ulcers and acute type A aortic dissection area at an increased
risk for blood loss that can complicate surgical repair (1) and lead to
life-threatening coagulopathy (2). Major blood loss is defined as a loss
of 220% total blood volume. Five to seven percent of cardiac surgery
procedures are associated with severe bleeding and up to 50% of
patients require blood transfusions (3). This increases complication
rates, length of intensive care unit (ICU) stay, incidence of multisys-
tem organ failure, hospital stay and mortality. There are multiple fac-
tors that are responsible including patient hypothermia, hemodilution,
fibrinolysis, platelet dysfunction, and activation of a proinflammatory
coagulopathic state due to surgery and cardiopulmonary bypass (CPB).
The beneficial effect of blood transfusion needs to be carefully bal-
anced to avoid potential adverse reactions and complications such as
transfusion reactions, transmitted infections, metabolic disequilibra-
tion, acute lung injury and negative impact on immunological func-
tion (4). This has led to the development of multiple algorithms that
aim to reduce blood loss, promote blood conservation and aid rapid
hemostasis. The present review discusses wide-ranging current multi-
modal strategies deployed pre-, intra- and postoperatively after com-
plex aortic surgery to minimize transfusion and blood product use.

PHARMACOTHERAPY TO INCREASE BLOOD
VOLUME AND REDUCE BLOOD LOSS
To decrease the exposure to allogeneic blood transfusion (ABT), a
reduction of the perioperative blood loss is important. This reduction
may be achieved through the pre-, peri- and postoperative management
of pharmacological adjuvants that decrease bleeding and pharmaco-
logical alternatives to stimulate erythropoiesis and increase oxygen

transport. Routine use of antiplatelet drugs is limited where possible
preoperatively (5,6). It is normal to continue acetylsalicylic acid pre-
operatively because there is good evidence that demonstrates adverse
outcomes in cardiovascular and neurological end points when it is
suddenly discontinued (5). In the elective setting, unless there are
compelling specific reasons, other antiplatelet agents (ADP receptor
inhibitors [eg, clopidogrel, prasugrel, ticagrelor]; phosphodiesterase
inhibitors [eg, cilostazol]; adenosine reuptake inhibitors [eg, dipyrida-
mole; thromboxane inhibitors [eg, terutoban]) are discontinued.
Patients taking warfarin/vitamin K antagonists are bridged with intra-
venous heparin until the operation. This specifically applies to patients
on vitamin K antagonists for metallic cardiac valves because the risk for
thrombosis is high and has catastrophic consequences. Patients on
warfarin for other indications, such as deep vein thrombosis, pulmonary
emboli and atrial fibrillation, are bridged with low-molecular-weight
heparins, with the dose omitted the day before the operation to nor-
malize coagulation before surgery. Patients with low hemoglobin counts
preoperatively need appropriate loading and supplementation with
iron. Patients who are unable to receive blood products (eg, Jehovah’s
Witnesses) or have metabolic reason for pre-operative anemia require
treatment with recombinant erythropoietin (5).

RESTRICTIVE TRANSFUSION THERAPY
Almost all randomized controlled trials (RCTs) have shown that the use
of restrictive transfusion therapy in euvolemic surgical patients does not
increase the rates of postoperative morbidity or mortality, or the length
of hospital stay, while it does reduce both the percentage of transfused
patients and the volume of allogeneic blood administered (5). Patients
without signs of perioperative ischemia tolerate hemoglobin levels as
low as 80 g/L without increased postoperative morbidity or mortality in
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cardiac interventions (7,8). It has been assumed that patients with acute
brain and/or cardiac dysfunction have worse outcomes being exposed to
severe anemia (9). Following cardiac surgery, the general consensus is to
aim for hemoglobin levels >80 g/L to optimize oxygen flux and balance
the risk for graft thrombosis, myocardial infarction, stroke and throm-
botic events associated with chronic renal disease.

FIBRINOGEN
Fibrinogen promotes platelet aggregation and gives rise to fibrin poly-
mers, which form the basis of clot formation when activated by throm-
bin (8). The substitution of crystalloid solutions and/or major bleeding
implicate a loss and dilution of coagulation factors, including fibrino-
gen (7), potentially leading to coagulopathy, which is an independent
risk factor for poor clinical outcome (8-12).

Additionally, preoperative fibrinogen levels are predictive of perio-
perative bleeding (8,13,14). During an active bleeding episode, fibrino-
gen is the coagulation factor that is rapidly depleted, reaching levels as
low as >1 g/L; to effect hemostasis, a fibrinogen level of 1.5 g/L to 4.5 g/L
is needed. The replacement can be obtained through cryoprecipitate or
fibrinogen concentrate (7).

In patients undergoing surgery to repair a ruptured abdominal aortic
aneurysm, the early aggressive administration of fresh frozen plasma
(FFP) significantly reduced mortality rate from 39% to 15%, suggesting
that early correction of clotting factors may improve the clinical out-
come (15). Furthermore, the pre- and postoperative infusion of fibrino-
gen in high dosages increased clot stability and reduced bleeding and
transfusion requirements (15). In a large retrospective study involving
patients undergoing cardiac surgery, the application of fibrinogen and
prothrombin complex concentrates (PCCs) reduced the risk of throm-
boembolic incidents as well as the rates of transfusion (14).

RCT data have demonstrated that hemostasis is more effectively
established with fibrinogen and FFP rather than FFP alone (16).
However, the use of fibrinogen has been associated with increased risks
for coronary ischemia (10), as well as with arterial and venous throm-
boembolisms when high doses were administered (17). These risks
must be balanced at an individual level against the risk of life-
threatening bleeding diatheses. Most algorithms advocate aiming for
fibrinogen levels of >4.5 g/L after major cardiothoracic surgery to
optimize the function of the coagulation cascade.

SYNTHETIC LYSINE ANALOGUES
Tranexamic acid (TXA) and epsilon-aminocaproic acid (EACA) are
synthetic lysine analogues that competitively inhibit the binding of
plasminogen to lysine residues on the fibrin surface, thereby pre-
venting its conversion into active plasmin. TXA is 10 times more
potent than EACA.

In cardiac surgery involving CPB, EACA administration has been
shown to reduce ABT requirements and the rate of re-intervention for
bleeding (18). Trials have shown EACA and TXA to have similar
efficacy in reducing bleeding and ABT requirements (19). Interestingly,
the blood-saving effects of both agents were even observed in patients
treated with acetylsalicylic acid (20). TXA reduced the transfusion
rate and the risk of re-intervention for bleeding in patients undergoing
cardiac surgery with CPB compared with placebo (18). In myocardial
revascularization surgery without CPB, TXA administration reduced
the risk of receiving ABT (21). Topical administration of TXA
reduced postoperative bleeding, whereas it did not reduce ABT
requirements (22). Patients receive the maximum therapeutic dose of
TXA postoperatively and, in cases with massive ongoing hemorrhage,
postoperatively a continuous TXA infusion can be considered until
the coagulation screen is normalized with specific factor correction as
guided by the coagulation profile and tests for clot stability.

DESMOPRESSIN

Desmopressin (1-desamino-8-D-arginine vasopressin [DDAVP]) is a
synthetic analogue of the antidiuretic hormone vasopressin. It increases
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the plasma levels of factor VIII and von Willebrand factor. It does not
affect blood pressure or cause vasoconstriction (23). The use of desmo-
pressin in open heart surgery reduces postoperative blood loss. This is
especially true in patients who have been on acetylsalicylic acid and
those with excessive CPB times (namely the subgroups with higher
platelet dysfunction) (24). These findings have been recapitulated in
two meta-analyses (15,25) and RCTs, and provide the basis for recom-
mending DDAVP for reducing transfusion requirements (26-28).

PCCS

PCCs are plasma derivatives containing clotting factors II, IX and X,
or clotting factors I, VII, IX and X, as well as protein C, protein S,
antithrombin III and/or heparin to prevent thrombin formation (29).
A normalization of international normalized ratio values is usually
obtained within 10 min to 30 min of application (30-32). Most studies
confirm the efficacy of PCCs to prevent bleeding in surgical or inva-
sive procedures (33), and may be preferable to the use of recombinant
factor VIla and/or FFP in surgical patients (34). All patients have their
prothrombin value measured postoperatively and corrected with FFP.

AUTOLOGOUS TRANSFUSION

Autologous transfusion (AT) refers to two distinct steps. First, whole
blood is removed from the patient preoperatively and stored, with
retransfusion postoperatively. During acute normovolemic hemodilu-
tion (ANH), a volume of blood is extracted and anticoagulated, and
simultaneously exchanged for a cell-free crystalloid or colloid solution
during intervention to sustain normovolemia and can be used in
patients undergoing major surgical procedures with an expected mod-
erate to severe blood loss. ANH is usually performed after the induc-
tion of anesthesia, before the intraoperative phase of bleeding. The
favoured technique is to create a moderate ANH of 25% to 30% final
hematocrit (9). The operation is performed in a relatively hemo-
diluted state and whole blood, complete with platelet and clotting
products, is reinfused postoperatively after discontinuation of CPB and
heparin reversal with protamine sulphate. Large observational studies
have demonstrated that the preoperative donation of two autologous
blood units is effective in lowering ABT (35,36).

The results of two meta-analyses of 42 RCTs (37,38) showed that
the use of ANH resulted in a small, significant reduction in transfusion
rate. In combination with additional transfusion strategies, such as
preoperative AT or the administration of TXA, the positive effect of
ANH was nullified.

The second strategy involves the collection of blood that is shed
during surgery followed by its immediate reinfusion after washing.
Typically, the red blood cell component is retransfused (39). In con-
centrated blood autotransfusion, so-called ‘cell salvage’ the patient’s
blood is shed, mixed by a cell saver (CS) with anticoagulant, washed,
filtered and concentrated, and followed by its immediate reinfusion.
Potentially toxic products of injured cells and procoagulants are
reduced, but essential blood elements, such as platelets, plasma pro-
teins and clotting factors are also eliminated (40). However, there are
devices that have increasingly become commercially available that
aim to reconstitute and reinfuse the whole blood containing coagula-
tion factors and platelets (41).

Results from a recent meta-analysis (37) showed that the use of
preoperative AT reduced transfusion rates without increasing pos-
toperative morbidity or mortality. Preoperative AT is contraindicated
in cases with seropositivity, ongoing active bacterical infection, serious
hemodynamic instability, a hemoglobin level <100 g/L and in a pedi-
atric setting (9). Nonrandomized controlled studies involving aortic
aneurysm repairs have been published, mostly reporting a reduction of
transfusion volume with CS use and a decrease in the exposure to
ABT (42-48). A meta-analysis of multiple RCTs has been published
regarding the effect of CS use in elective infra-abdominal aortic aneur-
ysm repairs found a near uniform reduction of ABT (49). Furthermore,
the data show that the CS group of patients had a reduced length of
ICU and hospital stay, and lower requirements for blood products (41).
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MODIFICATION IN CPB CIRCUIT AND
PRIME COMPOSITION

Retrograde autologous priming (RAP) and venous antegrade priming
are used to diminish hemodilution when instituting CPB. Before the
initiation of CPB, these techniques are used to displace crystalloid
prime within the CPB circuit with native blood (50). These perfusion
techniques have increasingly gained interest since it was shown that a
low hematocrit level during CPB has a detrimental effect on cognitive
outcome and end-organ function (51-54).

Prospective randomized trials have demonstrated the efficacy of
RAP (55). Patients consistently demonstrate higher hematocrit levels
on CPB after RAP and VAP (50,55), decreased intraoperative blood
loss and shorter total hospital stay (56). RAP improves outcomes even
in cases with known risk factors such as female sex, low body surface
area and preoperative hematocrit, and irrespective of the complexity
of CPB-conducted cardiac procedures (56). The appeal of RAP is its
low cost and that all CPB circuits can be modified to accommodate
RAP. The procedure can be performed with similar volume reduction
without the use of vasopressors.

MINIATURIZED CPB
Miniaturized CPB (mCPB) is a concept of CPB based on a closed low
prime volume circuit consisting of a rotary blood pump, coated systems
(57) and a membrane oxygenator to reduce hemodilution (53,58),
mechanical blood trauma and blood-air contact (59). Because the
venous blood returns through active drainage, there is no venous res-
ervoir and cardiotomy suction is avoided (60).

A meta-analysis performed to analyze the impact on the rate of
transfusion and on patients’ cardiac and neurological outcome after
cardiac surgery including 16 RCTs comparing mCPB and standard
cardiac surgery reported an association of mCPB and significant reduc-
tions in neurological damage, peak cardiac troponin levels and in the
number of transfused patients in the setting of no differences in mor-
tality between the cohorts (59). Other benefits that have been
reported include higher mean arterial blood pressure during CPB,
lower consumption of vasoactive drugs and a reduced inflammatory
response. A meta-analysis of 33 RCTs demonstrated lower risk for
blood loss, postoperative stroke and mortality compared with conven-
tional CPB (61).

The major difference from conventional CPB is a lack of a venous
reservoir and cardiotomy suction; this leads to significantly decreased
tubing length and decreased priming volume. The minimal extracor-
poreal circulation provides a closed circuit with no blood-air contact.
Cell salvage of suctioned blood avoids contact of activated blood that
may also be contaminated with tissue debris and lipids. The reduction
in bleeding and transfusion are likely to be due to reduced hemodilu-
tion and coagulation cascade activation. The use of mCPB requires
considerable change to surgical practice. Suturing may be difficult due
to blood in the operative field. The heart cannot be completely emp-
tied without the use of a cardiac vent. There is increased risk for gas
embolism from venous air intake. Due to these limitations, it has only
been studied in coronary artery bypass surgery and aortic valve replace-
ments. Its role remains undefined in long, complex operative proced-
ures with extensive dissection of tissue planes or emergent cases.

ALTERATION OF COOLING/NEUROPROTECTIVE
STRATEGIES TO OPTIMIZE EFFECTS ON THE
COAGULATION CASCADE
Antegrade selective cerebral perfusion, in combination with profound-
to-deep hypothermic circulatory arrest (DHCA), has been the gold
standard and the method of choice for surgery of aortic pathologies
involving the transverse arch during the past decade (62,63). Detailed
discussion of neuroprotective strategies is beyond the scope of the
present review (we refer readers to a published review in this area
[64]). Considering the use of antegrade selective cerebral perfusion
and DHCA several studies presented excellent results in total aortic
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arch replacement/complex aortic surgery (65). Recently, there has
been a shift among aortic specialists toward more moderate body circu-
latory arrest, advocating the use of moderate to mild hypothermia
(28°C to 35°C) during interventions on the aortic arch (66-68). This
concept has similarly been introduced for the emergency repair of
acute aortic dissections (69). Mortality in these studies was low, as
were stroke and paraplegia rates. However, as operative times increase,
so does the risk for adverse neurological outcomes. Nonetheless, it
should be noted that these changes in temperature management simi-
larly increased the risk for ischemic spinal cord injuries and ischemic
visceral damage during prolonged circulatory arrest (65).

Recent analysis of the hemi-arch replacement with unilateral
selective cerebral perfusion (SCP) at a moderate temperature of
28.6°C and a deep average temperature of 24.3°C found similar opera-
tive mortalities for elective and urgent cases, no difference in the inci-
dence of temporary neurological deficits and a similar re-exploration
rate for bleeding (70). However, patients with moderate versus deep
temperature management experienced a significantly lower rate of
permanent neurological deficits (70).

Other clinical studies suggest an advantage for bilateral perfusion
with regard to quality of life in cases that require prolonged SCP of
>40 min (71) and >40 min to 50 min (72). Obviously, bilateral ante-
grade SCP is currently the method of choice for cerebral protection,
especially in complex cases of total arch replacement from >30 min to
40 min, whereas unilateral SCP may be sufficient if circulatory arrest
is limited (73). The use of unilateral SCP increases the risk for non-
adequate cerebral perfusion and, therefore, requires adequate cerebral
blood flow monitoring to change to bilateral SCP if required (65).
Detailed discussion of cerebral protection strategies and cerebral mon-
itoring are outside the scope of the present review, but readers are
referred to other comprehensive literature regarding this topic (74).

MINIMALLY INVASIVE PROCEDURES TO REDUCE
PERIOPERATIVE BLEEDING
Ministernotomy procedures through an inverted C-, L- or J-shaped
hemisternotomy aim to reduce operative trauma and expedite recov-
ery. These techniques are typically used for isolated aortic valve
replacements; however, enthusiastic centres have performed ascending
aortic replacements via this approach (75). The data show a signifi-
cant reduction in the length of ICU stay and a trend toward reduction
in postoperative blood loss within the first 24 h in ministernotomy

patients compared with conventional sternotomy patients (76).

USE OF TOPICAL ADJUNCTS FOR HEMOSTASIS
There is a wide range of local hemostatic adjuncts (LHAs) to
achieve hemorrhage control in surgery. LHAs include collagen, gel-
atin- or cellulose-based products, fibrin and synthetic glues or adhes-
ives that can be used for both external and internal bleeding, while
polysaccharide-based and inorganic hemostatics are primarily used
and approved for external bleeding. In cardiac surgery, LHAs are
mainly used to reduce bleeding from the sternum in the form of bone
wax (2). LHAs are increasingly used in surgical procedures (77-83).
Collagen-based agents trigger platelet aggregation, resulting in clot
formation when they come in contact with a bleeding surface. They
are often used in combination with a procoagulant substance, such as
thrombin, to enhance the hemostatic effect. A positive hemostatic
effect has been shown in several studies (78,84,85). Gelatin-based
products can be used alone or in combination with a procoagulant
substance. The expansion of the gelatin in contact with blood
reduces blood flow and, in combination with a thrombin-based com-
ponent, enhances hemostasis. A similar or superior hemostatic effect
has been observed compared with collagen-based agents (80-82).
Fibrin and synthetic glues or adhesives have both hemostatic and
sealant properties, and their significant effect on hemostasis has been
shown in several human RCTs involving vascular, bone, skin and
visceral surgery (83,86,87).
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MULTIDISCIPLINARY SUPPORT

The importance of a multidisciplinary team that provides organized
blood transfusion management and hemostatic support is vital. In
general, access to blood conservation measures, the implementation of
transfusion coordinators and the organization of a multidisciplinary
network can facilitate education about available transfusion options,
recognize different approaches and promote blood conservation and
alternatives to transfusion.

One possible strategy would be the installation of specially trained
transfusion coordinators providing advanced knowledge and skills to
guarantee optimal care to patients, families and medical staff. It is
important to anticipate possible transfusion needs and have a blood
conservation strategy in place. A current and accurate database for
patients enrolled in the blood conservation program is important to
ensure further studies are performed based on good contemporary pro-
spective data, and blood/blood product use audited according to set
criteria and standards.

Studies have shown that the placement of transfusion coordinators
and implementation of blood conservation strategies has led to a
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reducing postoperative infection rates and length of hospital stay (35).

DISCUSSION AND CONCLUSION

Over the past decade, mounting evidence points to the significant
disadvantages associated with blood transfusions. In cardiothoracic
surgery, especially complex aortic work, the data are convincing
that there are immediate and long-term negative consequences of
transfusion. Recent developments have significantly improved our
techniques of blood conservation in cardiac operations and could
help to substantially decrease the number of ABTs and improve
patient outcomes.
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