m

Extracorporeal Circulation
and Myocardial Protection
in Adult Cardiac Surgery

Christof Schmid

6.1 Conduct of Cardiac Surgery
with Extracorporeal Circulation - 113

6.1.1 Physiology During Extracorporeal Circulation — 113

6.1.1.1  Hemodynamics - 113

6.1.1.2  Pulsatility - 113

6.1.1.3  Oxygen Consumption - 114

6.1.1.4  Gas Exchange During Extracorporeal Circulation - 115

6.1.1.5  pH Management: a[Alpha] Stat and pH Stat - 116

6.1.2 Anticoagulation During Extracorporeal
Circulation - 116

6.1.2.1 Heparin - 117

6.1.2.2  Heparin-Induced Thrombocytopenia (HIT) and Heparin
Analogues - 117

6.1.2.3  Platelet Aggregation Inhibitors - 119

6.1.2.4  Surface Coating — 121

6.1.3 Myocardial Protection — 121

6.1.3.1  Concepts of Myocardial Protection - 121

6.1.3.2  Cardioplegia Strategies — 123

6.1.4 Side Effects of Extracorporeal Circulation — 125

6.1.4.1  Respiratory System — 125

6.1.4.2  Renal System - 125

6.1.4.3  Gastrointestinal System - 126

6.1.4.4  Endocrine System - 126

6.2 Components of Extracorporeal
Circulation Systems - 127

6.2.1 Standard Heart-Lung Machine — 127

6.2.1.1 Pumps — 128

6.2.1.2  Oxygenators — 129

6.2.1.3  Venous Reservoir — 131

© Springer-Verlag Berlin Heidelberg 2017
G. Ziemer, A. Haverich (eds.), Cardiac Surgery, DOI 10.1007/978-3-662-52672-9_6



6.2.1.4  Bubble Trap and Arterial Filter — 132

6.2.1.5 GasBlender — 132

6.2.1.6  Cannulas and Tubing — 132

6.2.1.7 Cardioplegia Administration — 136

6.2.1.8  VentPlacement — 137

6.2.1.9  Tubing — 137

6.2.1.10 Open and Closed Systems — 137

6.2.2 Miniaturized Extracorporeal Systems - 137

6.2.2.1  MECC System (Maquet®) — 138

6.2.2.2  Resting Heart System (Medtronic) — 139

6.2.2.3  Synergy-Mini-Bypass System (Sorin®) — 139

6.2.2.4  ROC-Safe System (Terumo®) — 140

6.2.2.5 Modifications for Aortic Valve Surgery — 140

6.2.2.6  Functional Differences Between Mini and Standard
Systems — 141

6.2.3 Conduct of Cardiopulmonary Bypass — 141

6.2.3.1  Preparation of Extracorporeal Circulation — 141

6.2.3.2  Monitoring During Extracorporeal Circulation — 142

6.2.3.3  Termination of Extracorporeal Circulation — 142

6.2.3.4  Anesthesia During Extracorporeal Circulation — 143

6.2.3.5 Hemofiltration During Extracorporeal Circulation — 143

6.2.3.6  Problems and Complications During Extracorporeal
Circulation — 143

6.3 Extracorporeal Membrane Oxygenation - 144
6.3.1 ECMO Parameters — 145

6.3.2 Venoarterial ECMO - 145

6.3.3 Venovenous ECMO - 146

6.3.4 Indication for ECMO - 146

6.3.5 Physiological Consequences and Problems — 148
6.3.6 Long-Distance Transport on ECMO - 149

6.3.7 ECMO Resuscitation — 149

References - 150



113

Chapter 6 - Extracorporeal Circulation and Myocardial Protection in Adult Cardiac Surgery

6.1 Conduct of Cardiac Surgery
with Extracorporeal

Circulation

Adult cardiac surgery can be performed in different
ways. For the majority of cardiac surgical proce-
dures, extracorporeal circulation is employed, i.e., a
standard heart-lung machine is connected, whereas
some operations such as off-pump coronary artery
bypass surgery or the transcatheter aortic valve
replacement (TAVR) can be carried out without it
(see also » Chapter «Minimally Invasive Surgery»,
Sect. 26.3.4). Minimized heart-lung machines basi-
cally consisting of a combined pump-oxygenator
provide another tool, which is predominantly used
for coronary artery bypass surgery and in a few
centers for aortic valve replacement too.

6.1.1 Physiology
During Extracorporeal
Circulation

The purpose of extracorporeal circulation is the
maintenance of peripheral perfusion and gas
exchange during open-heart surgery and in car-
diopulmonary failure. Therefore, extracorporeal
circulation has a profound influence on the hemo-
dynamic status and the oxygenation/acid-base
status of the patient. The hemodynamic status is
optimized via the pump flow, whereas the gas
exchange is adjusted with the oxygenator. The
blood flow over artificial surfaces necessitates
anticoagulation and compromises end-organ
function with time. A prolonged cardiac arrest
requires cardioplegic myocardial protection.

6.1.1.1 Hemodynamics

The main task of circulatory support is the main-
tenance or reestablishment of a physiological sys-
temic perfusion. As the required cardiac output
(CO) is related to the patient’s body size and
shape, the necessary pump flow has to be normal-
ized to the body surface (B Table 6.1).

The pump flow aimed at for standard adult
open-heart surgery employing extracorporeal cir-
culation is commonly defined to 2.4 L/min/m? In
miniaturized systems, less hemodilution allows
for a lower pump flow. The regulation of the mean
arterial pressure is achieved by adjusting the
pump output and the systemic vascular resistance

O Table 6.1 Necessary pump flows related to the
body temperature
Body temperature Pump flow L/min/m?

Normothermia 2.2-2.6

Mild hypothermia (32-35 °C) 2.0

Moderate hypothermia 1.5
(26-31°Q)

(SVR). Under normal perfusion conditions, the
central venous saturation (SvO,) should be >65 %,
and the serum lactate should be normal. A
decreasing SvO, during extracorporeal circula-
tion indicates insuflicient circulatory support.

Cerebral autoregulation keeps cerebral perfu-
sion constant for an arterial blood pressure range
of 50-150 mmHg. As brain metabolism decreases
to as low as 40 % of normal during anesthesia, a
perfusion pressure of 40-60 mmHg at full flow suf-
fices during normothermia or mild hypothermia.
In elderly hypertensive patients and those with sig-
nificant carotid artery stenosis, however, one is
inclined to maintain the perfusion pressure some-
what higher to prevent ischemic complications.

The oxygenator of the heart-lung machine
usually contains a heat exchanger, which allows
cooling and rewarming of a patient with a hypo-/
hyperthermia system. Between 22 and 37 °C,
cerebral perfusion remains constant, again due to
autoregulation, and drops below 22 °C down to
15 % of normal. For that reason, the pump flow of
the heart-lung machine can be lowered to 1.5 L/
min/m? at a temperature of about 28 °C and even
further with more pronounced hypothermia.

The benefit or harm of total body hyperperfu-
sion is still unclear. In vasoplegic or septic patients,
who normally present with high cardiac output
and high central venous saturation, respectively, it
is probably advantageous to offer a maximized
pump flow. So far, high pump flows have been
successfully offered only in patients with a total
artificial heart, but this phenomenon has not been
analyzed in proper studies (Copeland et al. 2003).

6.1.1.2 Pulsatility

The significance of pulsatility during extracorpo-
real circulation was a matter of research for
many years. Frequently, there is an erroneous
assumption that a roller pump generates only a
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weak pressure profile. In fact, roller pumps create a
high pulsatility with a hard pulse (dp/dt, pressure
increase over time), which is dampened by the long
tubing system as well as by the windpipe function of
the aorta. For practical purposes, pulsatility can be
most simply generated by varying the rotational
speed of the pump, even with an a priori nonpulsa-
tile centrifugal pump. However, most of the pres-
sure pulse does not reach the aorta as the compliance
of the oxygenator absorbs the pressure pulsation.

Important knowledge with regard to the physi-
ological relevance of pulsatility has been gained
with the introduction of axial and centrifugal flow
pumps for long-term ventricular assist. Taken
together, it seems that pulsatility is meaningless as
long as the pump flow is normal or mildly elevated
(>100 mL/kg/min). The same is true for an inade-
quate low flow (<40 mL/kg/min) with inadequate
oxygen supply, anaerobic metabolism, and acido-
sis. Only in a borderline low but not critical range
pulsatile perfusion may offer an advantage (Bartlett
2005). The reason for this is a stronger stimulation
of aortic and carotid sinus pressure receptors by
the nonpulsatile flow, which ensues a worse micro-
circulation following an increased endogenous
catecholamine release. As the extracorporeal cir-
culation always provides sufficient oxygen, this
mechanism does not play a role in daily practice,
i.e., nonpulsatile flow per se is not harmful.

6.1.1.3 Oxygen Consumption

The oxygen consumption (VO,) is a global instru-
ment to measure cardiopulmonary function and
oxygen transport. In adults, oxygen consumption
is 3-5 mL/kg/min and depends mainly on the tis-
sue metabolism. At rest, oxygen consumption
equals the basal metabolism and increases with
physical activity accordingly (up to tenfold). With
fever or following catecholamine application, it
only rises about 50-60 %. In healthy people, there
is also a linear relationship between oxygen con-
sumption and heart rate. Oxygen is taken up by
the lung as necessary, independent of lung func-
tion. Therefore, oxygen consumption can be mea-
sured with respiratory parameters. As the arterial
oxygen content is independent of age and body
size and oxygen requirement is regulated by car-
diac output, the oxygen consumption (VO,) can
be calculated as product of the difference between
arterial (C,O,) and venous (C O,) oxygen content
and the cardiac output according to Fick:

VO, =(C,0,-C,0,) x Cardiac output
x 10 [normal: 200250 mL/min]

The arterial oxygen content (C O,) defines the
amount of oxygen, which is bound to hemoglobin
and dissolved in plasma, and can be calculated
with the following formula (arterial oxygen satu-
ration S O,):

C,0, =(Hb x 1.39 x S,0,) + (P,0, x 0.003)
[normal: 20.4 mL O, /100 mL blood]

The central venous oxygen content (C O,) can be
calculated in a similar way (venous oxygen satura-
tion § O,):

C,0, =(Hb x 1.39 x S,0,) + (P,0, x 0.003)
[normal: 15.7 mL O, /100 mL blood]

The arteriovenous oxygen difference (AVDO,),
which is normally 4-6 mL O,/100 mL blood, is a
parameter of tissue perfusion. A high difference
(>6 vol.%) is seen with physical activity and car-
diovascular decompensation and a low difference
during hypothermia and sepsis.

The systemic oxygen delivery (DO,) is fourfold
higher as the oxygen consumption (VO,) and can
be calculated from the arterial oxygen content and
the cardiac output and therefore depends on the
amount of hemoglobin, its saturation, as well as
the arterial partial oxygen tension. Accordingly,
oxygen extraction describes the quantity of oxygen
which actually participates at the gas exchange.
The normal level is 26 +2 %. Calculation is as fol-
lows:

O,ER = ;;OZ x100

2
DO, is independent of the patients size:

DO, =C,0,xCOx10
[normal : 800 -1000 mL /min]

If the oxygen delivery declines, oxygen consump-
tion first remains normal, i.e., more oxygen is
retrieved in the periphery and the central venous

1 5,0, =arterial oxygen saturation, 1.39 = Hiifner’s
constant (1 g hemoglobin can bind 1.39 mL of
oxygen theoretically), PO, = arterial partial oxygen
tension, and 0.0003 = Bunsen solubility coefficient
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oxygen saturation drops. Only when DO, is no
more but twice of the oxygen demand, an oxygen
debt and anaerobic metabolism develop. A 1:1 use
of delivered oxygen is impossible since a few tis-
sues with a low oxygen need (skin, tendons, body
fat) are relatively oversupplied.

In the daily routine of cardiac surgery, oxygen
delivery is hardly ever determined, as oxygenation
can be analyzed quite reliably with pO, and oxy-
gen saturation. In critically ill patients, this can be
problematic since more oxygen can be available
with normal hemoglobin and a pO, of 40 mmHg
as in an anemic patient with a pO, of 100 mmHg.
Interestingly, the human organism has physio-
logic regulatory mechanisms which always aim at
a normalization of DO,. In this regard, cardiac
output increases in case of anemia or hypoxia
until normal levels are regained. In chronic
hypoxia, the number of red blood cells increases,
additionally. Artificially ventilated, hypoxic, ane-
mic, and hypermetabolizing patients should
therefore be generously treated with red blood cell
transfusion, and not only the FiO, (fraction of
inspired oxygen) of the ventilator increased.

Carbon dioxide elimination (VCO,) corre-
sponds closely to the oxygen consumption.
However, the carbon dioxide does not have a lin-
ear relationship with increasing exercise. At about
70% of maximal oxygen consumption, carbon
dioxide elimination rises exponentially, and a
non-compensated metabolic acidosis occurs. The
relationship between carbon dioxide production
and oxygen consumption is termed respiratory
quotient (RQ = VCO,/VO,), which is also depen-
dent on nutrition. In Europe the respiratory quo-
tient is about 0.82.

The pCO, in arterial blood is 40 mmHg and is
kept constant by autoregulation. A metabolic
increase in carbon dioxide production is followed
by an increased respiratory elimination.
Accordingly, carbon dioxide elimination is not
only dependent on hemoglobin and cardiac out-
put but also on respiration. As the carbon dioxide
elimination via the lung is much more effective
than oxygenation, it remains intact for a long time
in case of severe pulmonary dysfunction.

6.1.1.4 Gas Exchange During

Extracorporeal Circulation
During extracorporeal circulation as long as the
heart is ejecting, gas exchange occurs by both the
lung and the oxygenator. Once the aorta is

cross-clamped, the lung cannot contribute to gas
exchange. For oxygen transfer through the oxy-
genator, especially during aortic cross-clamp, the
pump volume plays an important role as the oxy-
gen transfer increases almost linearly with the
pumped volume. Further influencing variables
are related to the properties of the oxygenator. All
available oxygenators have a different internal
resistance and oxygenation performance. The so-
called rated flow of an oxygenator determines its
capacity, i.e., the flow at which venous blood
(5,0,=75%) with a hemoglobin of 12 mg/dL can
be still fully oxygenated. For most oxygenators,
maximal rated flows are about 7 L/min. As long as
the pump flow is below this limit, all blood is fully
saturated, and the oxygen content is determined
by the blood flow and the arterial oxygen content.
The sweep gas is the ventilating gas blown into the
oxygenator, which is either a mixture of oxygen
and carbon dioxide (heart-lung machine) or pure
oxygen (ECMO). In exclusive carbon dioxide
elimination, the gas flow can be raised up ten
times (gas: blood =10:1).

If blood is fully saturated, the maximum oxy-
gen uptake capacity corresponds to the arteriove-
nous oxygen difference (AVDO,). With low
hemoglobin and a high central venous saturation,
the maximum oxygen uptake capacity is dimin-
ished. It can be counteracted by an augmentation
of the pump flow. In low flow situations, more
oxygen can be provided only by an increase of the
oxygen uptake capacity.

With a venoarterial perfusion, the arterial
blood reinfused is saturated to 100 %, and the pO,
can be increased up to 500 mmHg (commonly,
only 150-200 mmHg are used!). If pulmonary
function would be totally lost, the left ventricular
blood would be identical with the right atrial
blood, which would ensue a saturation of about
75% and pO, of 35 mmHg. In the body, the well-
oxygenated perfusate would mix with the badly/
non-oxygenated blood from the lung. With the
assumption of a 50 % perfusion by the extracor-
poreal circulation, an oxygen content of c.
18 mL/100 mL blood with a saturation of 90 %
and a pO, of 55 mmHg would be achieved
(Bartlett 2005).

In case of venovenous perfusion, which is per-
formed only as an ECMO treatment, the P O, and
the arterial saturation in a hypothetically complete
lung failure would be identical to the post perfu-
sion central venous saturation. In a venovenous



116 C. Schmid

ECMO, the arterial saturation would not raise
higher than 95% and would be typically even
lower, P O, would be only around 40 mmHg, and
the patients would be cyanotic and hypoxic
(Bartlett 2005). However, normally, cardiac output
in these patients is compensatorily increased and
the systemic oxygen supply sufficient. An improve-
ment of lung function increases arterial oxygen-
ation, so that recovery of native pulmonary
function can be monitored by the difference of
arterial and venous saturation.

As in the native lung, carbon dioxide elimina-
tion in the oxygenator is much more efficient than
oxygen uptake. Carbon dioxide elimination dur-
ing extracorporeal circulation is (as in the native
lung) mainly determined by the properties of the
oxygenator and hardly by the pump flow. An
increase of the membrane surface or the gas flow
improves carbon dioxide elimination, but not the
oxygen uptake.

In both venoarterial and venovenous ECMO,
carbon dioxide (but not oxygen) levels can be
adjusted to any desired level by choosing the
respective membrane surface and the appropriate
gas flow. In clinical practice, the oxygenator is
usually oversized, and increased carbon dioxide
elimination with a respiratory alkalosis can
develop if the gas flow is not reduced. This overdi-
mension can be useful for long-term use when the
gas exchange surface gradually declines.

6.1.1.5 pH Management: a[Alpha]

Stat and pH Stat

The gas exchange by the oxygenator does not only
allow sufficient oxygenation and elimination of
carbon dioxide, it also has a profound impact on
the acid-base balance and the blood pH. As
changes in the acid-base balance and blood pH
have significant consequences in the physiology
of the circulation, close monitoring and an ade-
quate management are crucial.

There are two possibilities for the pH and
pCO, management. With lower body tempera-
tures, pCO, drops and the pH increases with
0.017 °C, i.e., at 25 °C the pH is 7.6. Employing the
a-stat management, the pH changes are not coun-
terbalanced; a relative alkalosis is the conse-
quence. With the pH-stat approach, the
temperature related pH changes are counterbal-
anced with an increased carbon dioxide applica-
tion to maintain pH as in respiratory acidosis. In
case of the a-stat management, the cerebral blood

flow correlates with cerebral oxygen consumption
during hypothermia as the cerebral auto regula-
tion remains intact. It is the temperature regula-
tion type in poikilothermic animals, where the
degree of ionization of several important enzymes
remains intact. Accordingly, the a-stat manage-
ment seems to be more physiologic and is mostly
preferred in adult perfusion. The advantage of the
pH-stat approach, which is found in hibernating
animals, is the better cerebral perfusion due to the
carbon dioxide-related vasodilatation. This tech-
nique is partially favored in pediatric surgery (see
also » Chapter «Advances in Cardiopulmonary
Bypass for the Neonate and Infant», Sect. 7.3.2.2).

6.1.2 Anticoagulation During
Extracorporeal Circulation

Intact vessel endothelium has active and passive
antithrombogenic properties such as the release
of prostacyclin and endothelium relaxation factor,
which inhibit platelet aggregation. It also activates
the physiologic anticoagulant protein C and inac-
tivates thrombin.

The artificial surfaces inside the oxygenator,
the reservoir, the pump, and tubing (PVC, poly-
urethane, silicone) have no endothelial coverage
and are thrombogenic. There is immediate plate-
let adhesion and consecutive thrombus forma-
tion. An activation of the coagulation cascade, the
kinin-kallikrein system, the fibrinolytic system,
and the complement system follows. The intrinsic
coagulation pathway is initiated by the factor XII
high-molecular-weight kininogen-prekallikrein
complex, whereas the extrinsic cascade is acti-
vated with the release of tissue phospholipids. The
median sternotomy also releases tissue thrombo-
plastin, which activates platelets as well. The
hemodilution during extracorporeal circulation
further  reduces the  concentration of
anticoagulation factors, platelets, and physiologic
anticoagulants protein C, protein S, and anti-
thrombin III.

Due to the activation of the coagulation sys-
tems by the surgical procedure and the use of the
heart-lung machine, a strict anticoagulation is nec-
essary. This is generally accomplished with heparin
at a dose of 300-400 IE/kg. This dose is termed
«full heparinization.» During surgery, anticoagula-
tion is monitored with the activated clotting time
(ACT). An ACT of 350-450 s is considered ade-
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quate. In case of heparinized minimized extracor-
poreal systems, an ACT of >250 s seems sufficient.
After termination of cardiopulmonary bypass, a
1:1 antagonization of heparin with protamine nor-
malizes the ACT to a level of about 120 s.

6.1.2.1 Heparin

Heparin was discovered at the Johns-Hopkins
University in Baltimore in 1916 and was intro-
duced into clinical practice in the 1930s (McLean
1916). In 1939, it became evident that a plasmatic
factor is necessary for the anticoagulant action of
heparin. The identification of this factor, termed
antithrombin III, succeeded not before the 1970s
(Brinkhous et al. 1939).

Standard heparin (unfractionated heparin,
UFH, chain length >18 saccharides) is a mix-
ture of polysaccharides (negative loaded sulfated
glycosaminoglycans) and is mainly obtained
from porcine small bowel and bovine lungs.
Fractionated = low-molecular-weight  heparin
(LMWH, chain length 5-17 saccharides) has a
shorter chain length and differs with regard to the
various coagulation factors.

Both types of heparin bind antithrombins
(AT), predominantly AT III, by which a complex
is formed, which accelerates the activity of AT III
a thousand times. UFH acts faster as LMWH,
since it inactivates not only the prothrombinase
complex (consisting of the activated factor X, acti-
vated factor V, calcium ions, and phospholipids)
as does LMWH but also thrombin. Further mech-
anisms of action include the inactivation of the
factors IX, X1, XII and kallikrein, and the binding
of calcium ions, which augments the anticoagu-
lant properties. Because of the different effective-
ness, the heparin dosage is standardized in
international units (IU) and not in milligram
(mg). One unit of heparin prevents coagulation of
1 mL citrate plasma after addition of calcium chlo-
ride at 37 °C for an hour. AT III is substituted at
levels <50 % of normal because of its importance.

It is noteworthy to recognize, that thrombin is
not totally inactivated during extracorporeal cir-
culation despite high dosages of heparin. As a
consequence, thrombus formation may occur in
the clinical setting despite full heparinization.

Apart from the anticoagulation properties,
heparin exhibits various other traits. It increases
fibrinolysis by release of tissue plasminogen acti-
vator (tPA) and has an anti-inflammatory effect by
hindering granulocyte migration into the tissue.

6.1.2.2 Heparin-Induced

Thrombocytopenia (HIT)

and Heparin Analogues

During treatment with heparin, thrombocytope-

nia can develop, where two different types can be

distinguished:
Heparin-induced thrombocytopenia type 1
(HIT 1): 2-4 days after the start of heparin
treatment, the count of platelets mildly
decreases due to direct activation. Within a
few days, the number of platelets spontane-
ously normalizes without therapeutic means.
The exact incidence is unknown. In the liter-
ature, reported incidences vary from 1 to
25 % with unfractionated heparin, while
LMWH heparins are told to have a lower
risk.
Heparin-induced thrombocytopenia type 2
(HIT 2): The HIT 2 occurs less often and
manifests after 4-14 days with a much more
dramatic drop of platelet numbers. The
underlying pathophysiology bases on an anti-
body formation against heparin bound to
antithrombin III. In about 75 % of cases, the
heparin-platelet factor 4 (H-PF 4) complex is
the causative antigen. The antibody, mostly
IgG, recognizes H-PF 4 and activates platelets
via the Fc receptor leading to platelet aggrega-
tion. Despite the thrombocytopenia, bleeding
complications are infrequent, whereas throm-
boses with so-called white clots are reported
to form in arterial and venous vessels in
50-70% of cases (Greinacher et al. 2003). HIT
2 is a life-threatening complication with a
mortality rate of more than 20 %.

Patients with a HIT 2 syndrome must not be
treated with heparin, i.e., heparin therapy has to
be stopped immediately. Anticoagulation can
only be performed with alternative drugs, of
which a few are available (Magnani 1993;
Warkentin and Greinacher 2003) (8 Table 6.2):

Argatroban (Argatra™): Argatroban is a syn-

thetic direct thrombin inhibitor (arginine

analogue), which is only used in patients with

HIT 2. The dosage is adjusted with the aPTT,

which is 1.5-3 times augmented. The metabo-

lism is mostly hepatic and elimination over
the feces. Therefore, renal failure is not prob-
lematic. As half-life is only 50 min, argatroban
is the mostly used alternative drug to replace
heparin, also in ECMO therapy.
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Bivalirudin (Angiomax""): Bivalirudin is a
synthetic bivalent reversible thrombin inhibi-
tor (polypeptide containing 20 amino acids),
which has been occasionally used for extra-
corporeal circulation in HIT 2 patients. A
rather short half time of only 25-34 min due
to a proteolytic degradation independent of
liver and kidney function is advantageous
(renal elimination 20 %). Moreover, bivaliru-
din can be cleared via dialysis (Almond et al.
2006). The dosage is monitored with the eca-
rin clotting time, which is a meizothrombin
generation test that can be used to measure
the activity of the direct thrombin inhibitors.
It should be increased to 400-500 s. A longer-
term use of bivalirudin has been reported in
ECMO therapy, where the ecarin clotting time
was kept at 300-350 s (Koster et al. 2007).
Danaparoid (Orgaran™): Danaparoid sodium
is extracted from porcine intestinal mucosa
and is a mixture of low-molecular-sulfated gly-
cosaminoglycans (heparan sulfate 84 %, der-
matan sulfate 12 %, chondroitin sulfate 4 %)
with only low activity against antithrombin but
strong AT III-mediated anti-factor Xa activity.
The cross-reactivity with HIT 2 antibodies is
low. The monitoring of anticoagulation is only
possible by analyzing factor Xa levels as no
antidote exists. Accordingly, overdosing may
lead to bleeding complications. The biocom-
patibility is close to 100 %; the half-life is
19-24 h, being hardly affected by renal insufhi-
ciency (Wilde and Markham 1997).

Lepirudin (Refludan™): Lepirudin is a recom-
binant hirudin (single-stranded polypeptide),
which is produced with genetically engineered
yeast cells ([Leul, Thr2]-63-desulfohirudin).
It binds noncovalent without the aid of cofac-
tors to thrombin and inhibits its prothrom-
botic activity. Thus, lepirudin is a selective and
irreversible thrombin inhibitor. The dosage is
guided by the activated partial thromboplastin
time (aPTT). With high dosages at an aPTT
>70 s as it is necessary for extracorporeal cir-
culation, the validity of aPTT is limited, and
the measurement of the ecarin clotting time
(measurement of anti-ITa activity) is superior
(Greinacher et al. 2003). Lepirudin undergoes
only minimal metabolism in the liver, and up
to two thirds are eliminated unaltered via the
kidney. Half-life is about 1.3 h and consider-
ably prolonged in case of renal failure.

If patients just have a HIT 2 history without
detectable antibodies, surgery can be performed
with heparin, and the bleeding risk will be lower
than with intraoperative alternative anticoagula-
tion. As new antibodies may be generated with the
repeated heparin use, immediately after this second
surgery, anticoagulation has to be changed to alter-
native drugs in all cases with history of HIT 2. Due
to the significant bleeding risks with alternative
anticoagulation, there is a new discussion about
considering heparin use during extracorporeal cir-
culation even in the presence of HIT antibodies.

Heparinized systems do not require full hepa-
rinization. However, these systems renounce the
sucker as the collected blood would coagulate in
the reservoir despite heparinization. Heparin is
covalently bound on the inner surface (e.g., with
the Carmeda technique) of all blood-contacting
elements including cannulas, tubing, oxygenator,
and filter and can remain efficacious over months
without provoking systemic coagulation. A devel-
opment of HIT 2 has not been reported so far. A
routine use of the heparinized system is hindered
by the increased costs.

6.1.2.3 Platelet Aggregation

Inhibitors

Platelet aggregation inhibitors (8 Table 6.3) are an
integral part of modern interventional cardiology
of coronary artery disease. Especially the long-
term success of percutaneous interventional stent
placement is significantly related to the combined
treatment with acetylsalicylic acid (aspirin) and
thienopyridine derivates (clopidogrel). These
platelet inhibitors as well as a medication with GP
IIb/111a inhibitors (Aggrastat) increase the risk for
bleeding complications in a surgical procedure.
Even if a high bleeding tendency does not mani-
fest in all patients, it seems advantageous to wait
prior to surgery until the drugs’ platelet-inhibiting
properties ceased, if possible. For acetylsalicylic
acid medication, halting the medication for
5-7 days is usually sufficient; the best control
parameter is the normalization of the bleeding
time. In emergency situations, such as unstable
angina, acute myocardial infarction, or PTCA
complication, a delay of surgery is not possible,
but the surgical procedures can still be performed
with an acceptable risk, which in general is limited
to an increased use of blood and blood products.
The significance of excessive thrombocytosis
is not well known, but successful open-heart
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B Table 6.4 Surface-coating techniques

Trade name Type of surface coating Manufacturer
Bioline Covalent heparin binding Maquet
Carmeda Covalent heparin binding Medtronic
Physio Synthetic phosphorylcholine coating (heparin-free) Dideco-Sorin
Softline Synthetic polymer coating (heparin-free) Maquet
Trillium Covalent heparin coating Medtronic
X-coating Synthetic polymer coating (poly-2-methoxyethylacrylat, heparin-free) Terumo

surgical procedures with a heart-lung machine
have been described.

6.1.2.4 Surface Coating

The aim of surface coating (@ Table 6.4) is to aug-
ment biocompatibility of foreign material, i.e., to
lower the risk of thrombus formation. Since many
years, several different techniques of surface coat-
ing, mainly various types of heparin coating, are
tested experimentally and in clinical practice.
Distinct advantages and disadvantages of the
coating techniques are not evident, so far.
However, it seems important to achieve complete
coverage of the whole extracorporeal circuit from
«tip to tip» as only that allows abdication of full
heparinization. As many adverse events manifest
only after longer-term extracorporeal circulation,
the value of surface coating in the daily routine of
extracorporeal circulation is controversially dis-
cussed.

For heparin coating, heparin is covalently
bound to the artificial surface in order to mimic
the antithrombogenic properties of heparan sul-
fate on the natural endothelium. The exact mech-
anism of action of the bound heparin is still
unclear, but a diminished activation of comple-
ment, of proinflammatory cytokines, and of plate-
lets has been widely demonstrated.

Polypeptides are attached to the artificial sur-
face with electrostatic forces and van der Waals
forces. As a consequence, the surface is hydrophi-
lized and more rapidly moistened, which hinders
the adhesion of plasma proteins.

The polymer coverage X-coating (PMEA =
poly(2-methoxyethylacrylate)) consists of two lay-
ers. A hydrophobic layer binds to the foreign sur-
face; the hydrophilic layer is at the luminal side and
in contact to the blood. The hydrophilic layer forms

a barrier by an uptake of water, allowing the blood
proteins to move along without adherence and
denaturation. Platelet adhesion is inhibited too.

6.1.3 Myocardial Protection

The aim of myocardial protection is to create con-
ditions which allow a surgical procedure on the
heart while myocardial integrity and function are
preserved. The optimal conditions are not the
same for all operations but depend on the pathol-
ogy of the heart and the surgical requirements to
repair it. Finally, there is always an individual
compromise between optimal surgical conditions
and ideal myocardial protection (Guyton 1995).

6.1.3.1 Concepts of Myocardial

Protection

Several concepts have been devised for myocar-
dial protection, which can all be employed con-
secutively (Guyton 1995):

mm Myocardial Protection Prior to Cardiac
Arrest

The induction of anesthesia in patients with
impaired left-ventricular pump function or coro-
nary heart disease is more dangerous than in
healthy patients. Several reports have shown that
an injury of myocytes starts already before initia-
tion of extracorporeal circulation in 18% of
patients (Delva et al. 1978). As many patients
reach the operation room in a suboptimal status
(agitation, tachycardia, hypoglycemia, hypovole-
mia) and are thus opposed to an increased risk, a
careful hemodynamic and pharmacological opti-
mization should be performed prior to surgery in
elective cases.
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The decline of mean arterial pressure during
extracorporeal circulation below 60 mmHg can
lead to subendocardial ischemia even in healthy
patients. Accordingly, special care has to be taken
to maintain sufficient perfusion pressure in
patients with coronary artery disease. If neces-
sary, perfusion pressure should be augmented
with «-adrenergic drugs like norepinephrine,
despite the risk of significant side effects.
Furthermore, the heart-lung machine implies
hemodilution, which also may lower subendothe-
lial perfusion (Kleinman etal. 1978). Hypothermia
can impair autoregulation of local blood flow and
translate into local hypoperfusion. In hypertro-
phied hearts and those with coronary artery ste-
nosis, ventricular fibrillation can also favor
subendothelial ischemia. The same is true for
overdistension of the ventricle. Therefore, an
immediate vent placement should follow if a dis-
tended ventricle cannot be rapidly arrested by
clamping the aorta.

mm Lowering the metabolic rate during cardiac
arrest

After optimal preparation for the ischemic arrest,
the latter should be withstood in the best way pos-
sible. For the myocardium, rapid surgery with
brief ischemia is best—this, however, is rarely
possible. Therefore, the heart is protected with
hypothermia and cardioplegia.

It is long known that the heart can be pro-
tected with hypothermia. In the nineteenth cen-
tury, Van't Hoff demonstrated a decline of
myocardial metabolism of 50 % for every 10 °C
drop in cardiac temperature. Thus, the use of
hypothermia during cardiac surgery was sug-
gested early and initially applied to the whole
body. Later, surface cooling with irrigation of cold
saline was introduced.

Simple cardiac surgical cases are operated upon
with adequate cardioplegia in normothermia. In
more difficult cases with extended ischemic times
exceeding 1.5-2 h, hypothermia around 30 °C is
mostly favored. Only if a long ischemic time
beyond 2 h is anticipated, hypothermia below
28 °C is recommended. Nowadays, even rather
complex operations with ischemic times of 3 h can
be performed safely if myocardial protection is
adequate.

Many earlier publications emphasized a cool-
ing rate not to exceed 1 °C/min for the patient.
This is no longer true as an improved gas exchange

management at the membrane oxygenator allows
faster cooling, as it is our practice for years. Yet,
the temperature difference between heat
exchanger and blood in the oxygenator should
not exceed 10 °C, even if scientific evidence is
lacking. If deep hypothermia below 20 °C is aimed
at, e.g., for aortic arch surgery, administration of
an o-blocker can be helpful as it enables a more
evenly and faster temperature decline. During
deep hypothermia, a circulatory arrest is relatively
well tolerated for up to 45 min.

Historically, rewarming was even more care-
fully performed than cooling, since the high pO,
in bubble oxygenators could lead to gas embolism.
Since introduction of membrane oxygenators and
a precise pO, management to achieve 150 mmHg
at the outlet, the formation of microbubbles is
much less, and therefore a faster rewarming is pos-
sible. Nevertheless, blood temperature in the oxy-
genator should not exceed 38 °C.

The underlying pathophysiology during hypo-
thermia and rewarming are only partially known.
With cooling, the metabolism responds rather
inconsistent, which also leads to a significant
alteration of myocardial homeostasis. This means
that the supply of the hypothermic heart with
oxygen and substrates does not maintain normal
cellular function (Cameron and Gardner 1988). A
further disadvantage, especially for deep hypo-
thermia, is a significant postoperative coagulopa-
thy and cardiac edema formation.

Cardioplegia is more effective in protecting
the heart than hypothermia alone. The oxygen
consumption of an arrested heat is only about one
fifth of a normal beating heart at 37 °C. The com-
bination of hypothermia and cardioplegia poten-
tiates cardiac protection. Studies have shown that
even rather cold solutions (2 °C) do not harm the
myocardium, but the cooling of heart with infu-
sion of cold solutions is quite heterogeneous,
especially in patients with coronary artery dis-
ease. A topical cooling may help to create a more
uniform hypothermia. The optimal myocardial
temperature is still discussed controversially.
While crystalloid cardioplegic solutions are
applied with 4 °C, the assumed temperature opti-
mum for blood cardioplegia is higher (15-20 °C).
Even normothermic blood cardioplegia protocols
have been established in some institutions (Abah
et al. 2012). Due to the higher temperature range,
blood cardioplegia requires reinfusion about
every 20 min.
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== A Favorable Metabolic Milieu Increases
Safety During Cardiac Arrest

During cardioplegic arrest, cardiac metabolism is

altered. Accordingly, it is important to maintain

an adequate metabolic milieu during cardioplegic

arrest. This task is in part accomplished with car-

dioplegia in various ways:

1. By minimizing interstitial and intracellular
edema formation

2. By hindering loss of cellular metabolites

3. By supplying sufficient substrates for the
metabolism

4. By preserving an equated acid-base balance

Frequently, the metabolism is not properly
kept up, as coronary artery stenosis and myocar-
dial hypertrophy lead to regional underperfusion
and hyperperfusion. Moreover, cardioplegia can
be washed out in part by collateral flow. In this
regard, blood cardioplegia seems advantageous as
blood is the natural perfusion media with all
nutritive elements and excellent buffering proper-
ties. In the same way, reconvalescence of ischemic
myocardium with blood cardioplegia is probably
superior (see below).

== Controlled Reperfusion Lowers Structural
and Functional Myocardial Damage

The problem of reperfusion injury caused by oxy-
gen free radicals and a massive increase of endo-
thelial permeability with cellular edema
formation is well known. The increasing tissue
pressure hinders reperfusion, and the tissue
edema leads to an increased diffusion distance
through the tissue. Both worsens metabolism.
Several concepts for controlled reperfusion with
warm and cold, low calcium, and substrate-
enriched solution have been designed and pres-
ent advantages in experimental and clinical
studies. However, there is still no defined opti-
mum and no concept for daily routine established
for controlled reperfusion after cardiac ischemia
(Mohan Rao and Simha 2011).

6.1.3.2 Cardioplegia Strategies

Over the years, a wide spectrum of cardioprotec-
tive (protecting the myocardium) strategies has
evolved. Multidose crystalloid cardioplegia was
introduced in 1976. Cold blood cardioplegia fol-
lowed in 1978 with the idea to add myocardial
nourishment to the substrate-depleted heart
(Buckberg 1995). The idea of warm cardioplegic

reperfusion («hot shot») was to limit reperfusion
damage (1977). The rationale for this cardiopro-
tective action is that amino acids like glutamate
and aspartate play an important role in myocar-
dial intermediary metabolism and their relative
importance is further enhanced during and after
ischemia (Caputo et al. 1998). Before the release
of the aortic cross-clamp, a normothermic
substrate-enriched blood cardioplegia is applied,
mostly via the coronary sinus to actively resusci-
tate the ischemically damaged, substrate-depleted
myocardium by maximizing the kinetics of repair.
Thereafter, reperfusion with normothermic blood
follows until cardiac activity resumes (Ascione
et al. 2008). Considering the induction of cardio-
plegia as first phase of reperfusion, warm cardio-
plegic induction was extensively studied in 1983
to prove the «active resuscitation» of the heart
(Buckberg 1995) (@ Table 6.5).

The techniques of delivery include single and
multidose, continuous, antegrade, and retrograde
(either, both alternatively or simultaneously). For
single-dose cardioplegia application, low- and
high-volume concepts exist, which means that
some centers administer less than 1000 mL and
others more than 2000 mL. The rationale for mul-
tidose cardioplegia derives from the occurrence
of noncoronary collateral flow, which replaces the
carefully formulated cardioplegic solution with
systemic blood at the temperatures prevailing in
the surrounding systemic arteries. Additional
benefits of multidose cardioplegia are formula-
tions that include buffering and hypocalcemia
which may limit reperfusion damage during sub-
sequent doses (Buckberg 1995).

Microplegia is a more recent concept. It is
marketed as a cost-effective strategy utilizing
undiluted blood with targeted amounts of car-
dioprotective additives, adjustable to meet the
changing requirements of each patient during
cardioplegia procedures (Menasché 1996, 1997).
As it delivers blood from the circuit and additives
for cardioplegia with minimal crystalloid, it is
sometimes called blood cardioplegia without the
crystalloid. Standard blood cardioplegia contains
crystalloid in a 4:1 or 8:1 dilution. The constitu-
ents of microplegia total 1.5 mL of crystalloid for
each 100 mL of circuit blood, equalling a ratio of
66.6:1.

Regardless the delivery technique, no superi-
ority of either could be proven. As a consequence,
cardioplegia administration is far from being
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B Table 6.5 Crystalloid preservation solutions

Bretschneider’s solution

St. Thomas solution

University of Wisconsin solution

Celsior solution

Histidine

Mannitol

Histidine x HCI (H,O)
Sodium chloride
Potassium chloride

Magnesium chloride (6 H,0)

Potassium hydrogen-2-oxoglutarat

Tryptophan

Sodium chloride

Potassium chloride
Magnesium chloride
Sodium hydrogencarbonate
Calcium chloride

Potassium lactobionate
Raffinose

Potassium phosphate
Magnesium sulfate
Adenosine

Glutathione

Allopurinol

HAES (polyhydroxyethyl starch)
Heparin

Sodium hydroxide
Lactobionate

Mannitol

Histidine

Glutamate

Sodium chloride
Magnesium chloride (6 H,0)
Glutathione

Calcium chloride (2 H,0)

From Schmid (2014); used with permission

180.0 mmol/L
30.0 mmol/L
18.0 mmol/L
15.0 mmol/L
9.0 mmol/L
4.0 mmol/L
1.0 mmol/L
2.0 mmol/L
110.0 mmol/L
16.0 mmol/L
16.0 mmol/L
10.0 mmol/L
1.2 mmol/L
100.0 mmol/L
30.0 mmol/L
25.0 mmol/L
5.0 mmol/L
5.0 mmol/L
3.0 mmol/L
1.0 mmol/L
5.0%

1000 U/L
100.0 mmol/L
80.0 mmol/L
60.0 mmol/L
30.0 mmol/L
20.0 mmol/L
15.0 mmol/L
13.0 mmol/L
3.0 mmol/L

0.25 mmol/L
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standardized, and every surgeon chooses the most
convenient and in his eyes superior technique to
deliver cardioplegia.

6.1.4 Side Effects of Extracorporeal
Circulation

6.1.4.1 Respiratory System

Open-heart surgery employing cardiopulmo-
nary bypass can compromise the whole respira-
tory system including the lung, bronchial system,
chest wall, and diaphragm, especially if there is
extensive preexisting disease. The most frequent
comorbidities are nicotine abuse and pulmonary
emphysema, but chronic bronchitis, subclini-
cal pneumonia, preoperative lung edema, and
muscular weakness are also important. During
extracorporeal circulation with the heart arrested,
the lung is only perfused by the bronchial arter-
ies since the pulmonary blood flow is interrupted
or virtually absent. It is unclear whether the
alveolar cells suffer ischemia/reperfusion injury
during surgery. Various other factors including
hemodilution, lowered oncotic pressure, micro-
embolism, and release of vasoactive and inflam-
matory substances increase vascular permeability,
perivascular edema, and bronchial secretion. The
combination of the aforementioned factors leads
to a decline of pulmonary compliance and func-
tional residual capacity, as well as to an increase
of breathing work. Moreover, a sternotomy or
thoracotomy has an immense influence on the
compliance of lung and chest wall (Peters et al.
1969). Three days after surgery, a maximal loss
of compliance of about 30 % is present, and after
6 days, a significant decrease of compliance is
still evident (Vargas et al. 1992). Lung volume
and pulmonary flow rates drop immediately after
surgery and can persist for 6 weeks (Berrizbeitia
et al. 1989). Disconnection of the ventilator, the
complete withdrawal of the positive end-expira-
tory pressure (PEEP), and single-lung ventilation
frequently have the consequence of a relevant gas
exchange disorder during weaning oftf cardio-
pulmonary bypass and thereafter. Immediately
after extubation, functional residual capacity is
decreased by 40-50 % and hardly recovers during
the first 72 h (Stock et al. 1986). The entry into the
pleural space and the preparation of the ITA ves-
sels have no isolated impact.

The problem of postperfusion syndrome, also
known as «pump lung,» is rather historical. In the
early days of extracorporeal circulation, 15-25%
of patients suffered fatal postoperative lung fail-
ure. During autopsy, atelectasis, abnormal elastic
fibers, but no edema or cellular infiltrates were
seen (Baer and Osborn 1960). Due to comparable
findings in postmortem examination, it is
assumed that the postperfusion syndrome is a
special type of adult respiratory distress syndrome
(ARDS). Nowadays, ARDS is a rare finding after
extracorporeal circulation and mostly a conse-
quence of intrabronchial bleeding due to a trau-
matic lesion following intubation or right heart
catheterization. The impact of blood product
transfusion is still unclear.

6.1.4.2 Renal System

The influence of extracorporeal circulation on kid-
ney function has been already studied 40 years ago.
At that time, a decline of renal blood flow and glo-
merular filtration during extracorporeal circulation
of 25-75% was reported (Lundberg 1967; Porter
et al. 1966). These alterations were only partially
reversible within the early postoperative days. Likely
underlying causes were hypothermia, renal vaso-
constriction, and the loss of pulsatile perfusion. In
summary; the best results with nonpulsatile perfu-
sion could be achieved with a mean systemic blood
pressure >65 mmHg and a pump flow of 30-50 mL/
kg (Hilberman et al. 1979; Yeboah et al. 1972).

It has been shown that the preoperative organ
function of the kidney and all other organs is
decisive for its behavior during extracorporeal
circulation. The most important negative impact
factors are age >70 years, diabetes mellitus, heart
failure, and a prolonged duration of surgery and/
or cardiopulmonary bypass, respectively (Bhat
et al. 1976; Stafford-Smith et al. 2008).

During surgery with extracorporeal circula-
tion, a certain degree of kidney injury seems to be
unavoidable. Renal flow, creatinine clearance,
water elimination, and urine volume decrease. A
mild proteinuria is common. Hemodilution ame-
liorates these side effects by improving renal
blood flow, glomerular filtration rate, creatinine
and water clearance, and urine excretion.

After surgery, hypotensive periods are the
main reason for acute renal failure. A diminished
renal perfusion augments production and release
of renin and angiotensin II, which further impair
renal perfusion. Kidneys with preexisting
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dysfunction and those with ischemic damage are
very susceptible to additional injury. Overall, a
postoperative oliguric renal failure increases the
mortality and morbidity risk eightfold.

6.1.43 Gastrointestinal System

The incidence of severe gastrointestinal complica-
tions is estimated to be about 1 %, i.e., gastrointes-
tinal complications during and after extracorporeal
circulation are rare (Filsoufi et al. 2007). Until
now, there are only few data on this topic available.
In contrast to the lung, there seem to be no typical
gastrointestinal consequences or lesions during
extracorporeal circulation. In a clinical inconspic-
uous setting, blood chemistry may present ele-
vated liver enzymes, an increase of serum amylase,
and in animal studies also mild edema formation
in intestines and pancreas. The main cause of gas-
trointestinal complications is probably hypoten-
sion, however, still an unproven assumption.
Arterial hypotension seems to promote gastric
acidosis, where a relationship between gastric pH
level and duration of extracorporeal circulation
has been found. In the intestines, an increased
endotoxin release suggests a disturbance of the
intestinal barrier (Andersen et al. 1993).

The role of extracorporeal circulation in the
development of nonocclusive mesenteric isch-
emia (NOMI) is unclear. Nevertheless, NOMI is a
serious complication in open-heart surgery and
associated with a significant mortality (Klotz et al.
2001). Initially, NOMI leads to intestinal disten-
sion and paralytic ileus, which is followed by
intestinal necrosis.

Human and animal studies on liver and pan-
creas during nonpulsatile extracorporeal circula-
tion demonstrate a considerable decline of organ
perfusion. Complications are less when pulsatile
flow is established (Ranmsey 1995).

6.1.44 Endocrine System

Through many physiological interactions, extra-
corporeal circulation affects the endocrine system
in multiple ways. A distinct analysis of the hor-
monal changes is difficult as further parameters
including age, comorbid conditions, and anes-
thetics also have impact on the endocrine system.

= s Glucose/Insulin

Alterations of glucose and insulin levels are
primarily influenced by infusions and priming
liquids of the heart-lung machine. The

consecutive impact of the extracorporeal cir-
culation on pancreatic function and glucose
metabolism is different in diabetic and non-
diabetic patients:
In nondiabetic patients, glucose levels during
extracorporeal circulation are elevated and
normalize thereafter within 1-2 days. When
employing hypothermia, the increase in glu-
cose levels is less pronounced and starts
immediately with rewarming of the patient
(Kuntschen et al. 1985). High postoperative
glucose levels have been associated with a
poor neurological recovery after cerebral
events (Longstreth and Inui 1984). The insu-
lin level declines with induction of anesthesia,
remains low during extracorporeal circula-
tion, and rises again with rewarming.
Diabetic patients suffer insulin deficiency
during extracorporeal circulation, which is
far smaller under hypothermic conditions.
During rewarming of the patients, insulin
levels can increase up to sixfold and then nor-
malize within 3 days (Crock et al. 1988).

== Thyroxine

With the initiation of extracorporeal circulation,
triiodothyronine (T3) levels drop and consecu-
tively recover to about 60 % of normal. Thyroxine
(T4) and thyrotropin (TSH) decline insignifi-
cantly, although heparin augments free T3 and T4
levels. The combination of a low T3, low normal
T4, and normal TSH is also seen in numerous
other diseases and also in trauma patients and is
called euthyroid sick syndrome or low T3 syn-
drome (Holland et al. 1991).

mm Parathyroid Hormone (PTH) or
Parathormone

With going on cardiopulmonary bypass, PTH

levels decrease and normalize again 90 min after

termination of extracorporeal circulation. The

impact of hypothermia is unclear and controver-

sially discussed (Bannister and Finalyson 1995).

== Antidiuretic Hormone (ADH), Also Known
as Vasopressin or Arginine Vasopressin
(AVP)

Trauma and surgical stress promote ADH release,

which can be counteracted by an appropriate nar-

cosis (with opioids). Despite anesthesia, cardiopul-

monary bypass increases ADH, which returns to

normal the following day (Kuitunen et al. 1993).
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6.2 Components of Extracorporeal

Circulation Systems

The standard heart-lung machine is the central
part of the most frequently utilized type of
extracorporeal circulation (ECC). It is the work-
place of the perfusionist, who monitors and
pilots the extracorporeal circulation during the
surgical procedure. All steerable parts of the
device are mounted on a console and aligned to
each other in order to be easy to read and to
reach and to keep the workplace ergonomically
optimized.

6.2.1 Standard Heart-Lung Machine

The heart-lung machine (8 Fig. 6.1) enables surgi-
cal procedures on the arrested heart by maintain-
ing systemic perfusion and replacing pulmonary
function, also. Moreover, operations can be exe-
cuted with the heart beating. Surgery on neigh-
boring structures, which would not be tolerated
hemodynamically without extracorporeal sup-

port, is also facilitated avoiding considerable
blood loss in these cases, too.

With a standard heart-lung machine circuit,
blood is drained from the right atrium or the
caval veins with cannulas. With the aid of a pump,
it is transported through an oxygenator back into
the aorto-arterial tree. An arterial filter lowers the
load of systemic emboli (microparticles and air
bubbles). One or more suckers or vent lines col-
lect blood from the operative field and take it back
to the reservoir after passing a venous filter with
an integrated bubble trap. Usually, there is also a
separate system for cardioplegia application.
Multiple sensors with an online display for line
pressures, temperatures, electrolyte concentra-
tions, and blood gases guarantee monitoring of
the physiologic milieu and enhance the security
of the extracorporeal circulation system.

A hypo-/hyperthermia system can be option-
ally used to cool and to rewarm a patient during
the surgical procedure. The hypo-/hyperthermia
system cools down and heats a water circulation,
which is connected to the oxygenator and thus
alters blood temperature.
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6.2.1.1 Pumps

The arterial pump and the oxygenator are the
most important components of the extracorpo-
real circulation. The main task of a pump is to sus-
tain sufficient blood flow for systemic circulation
and to assure adequate end-organ perfusion dur-
ing cardiac arrest. The pumps further allow
unloading and venting of the heart, suction with
various types of suckers, and also application of
cardioplegic solution.

= Roller Pump

The traditionally used pump is the peristaltic
roller pump (8 Fig. 6.2). A peristaltic pump works
by an alternating pattern of squeezing and releas-
ing flexible tubing to move fluid through the
pump. The roller pump consists of a stator and a
rotor, connected to a drive unit. The stator is a
pump bed holding an elastic silicon tube which is
arranged around the rotor. Small amounts of
blood are trapped in the silicon tube and mas-
saged forward along the tube by rotating cylindri-
cal rollers. Valves are not necessary for
unidirectional flow. Several types can be discrimi-
nated with regard to number of rollers, with dou-
ble roller pumps being the mostly used.

Pump flow primarily depends on the rotational
speed and the diameter of the tube. It is important
for the rollers to be occlusive, i.e., the wipers are
totally compressing the lumen of the tube, as

backflow would considerably increase the degree
of hemolysis.

The design of the roller pumps is variable and
has undergone certain modifications with time. The
pure U form has merged into an omega style, which
is hemodynamically beneficial. A lower-pressure
increase (dp/dt) reduces the stress of blood compo-
nents. There are large and small pumps and double-
headed pump consoles available. All are driven by
electric motors adjustable from 1 to 250 rpm.

mm Centrifugal Pump

Centrifugal pumps (8 Fig. 6.3) are hemodynami-
cally equally effective as roller pumps, but much
less traumatic to blood elements (cells and pro-
teins), and hence advantageous. The inlet in the
central axis takes up the blood which is then
expelled at the peripheral outlet by rotation of the
pump head. As there is no valve, blood can pour
through the pump in both directions (depending
on the pressure gradient), if the pump head halts.
Accordingly, the arterial line has to be immediately
clamped in case of a pump stop. The pump flow is
continuous and pulseless and increases with the
rotational speed. However, in contrast to the roller
pump, the pump flow of a centrifugal pump is
dependent on preload and afterload. It rises with
an augmented preload and a reduced afterload. A
deleterious increase of the line pressure, e.g., with a
kinking tubing, therefore does not occur. But due

B Fig.6.2 Roller pumps from Stockert/Sorin (Courtesy of Sorin)
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to the preload and afterload sensitivity, surveillance
of the line pressure is not sufficient. A flow mea-
surement is mandatory and can be achieved with
electromagnetic or Doppler sonography devices.
Centrifugal pumps can generate forward pressures
up to 900 mmHg; maximal suction is about 400-
500 mmHg. As a consequence, cavitation phenom-
ena as well as gaseous and microparticle embolism
are reduced (@ Table 6.6).

6.2.1.2 Oxygenators

The purpose of an oxygenator (B Fig.6.4) is to
replace the gas exchange function of the lung dur-
ing extracorporeal circulation. An oxygenator not
only enriches venous blood with oxygen but also
eliminates carbon dioxide. By doing this, blood
elements should not be traumatized, and the
priming volume to fill the oxygenator should be as
low as possible. Basically, there are different pos-
sibilities for a blood and gas interaction: blood
can be fed to a gaseous phase (film oxygenator—
obsolete in clinical practice), gas can be added to
blood (bubble oxygenator—rarely used anymore),
or blood and gas can be separated by a membrane
(today’s membrane oxygenator).

B Fig.6.3 Schematic drawing of a centrifugal pump
(Courtesy of Maquet)

B Table 6.6 Clinically available centrifugal pumps

The 300 million alveoli of the human lung
generate a gas exchange area of 160 m2. Within
the alveoli, the red blood cells come as close as
0.7 pm to air, which allows sufficient diffusion of
oxygen and carbon dioxide in either way. In the
oxygenators, the blood capillaries are much larger,
and the gas exchange area is considerably smaller
as compared to the human lung.

== Bubble Oxygenator

Bubble oxygenators consist of three components
including the oxygenation chamber, the defoamer,
und an arterial filter. These components can be
aligned in series or in a concentric manner from
inside to outside. First, oxygen is passed through
a dispersion plate into the venous blood. Bubbles
are generated, with their size depending on the
outlet size of the dispersion plate, gas flow, blood
viscosity, and surface tension of the blood. Gas
exchange takes place at the surface of the bubbles.
Smaller bubbles offer a larger gas exchange area
but are more difficult to be removed afterward.
Nitrogen cannot be added to the gas inflow as a
significant risk for embolism would evolve due to
its low solubility.

The elimination of the gaseous bubbles
occurs in the defoaming chamber. The
defoamer is mainly composed of polypropylene
fibers and polyurethane foam, coated with anti-
foam silicone. The remaining air bubbles are
destroyed or finally trapped by a filter (125-
175 um). Important functional parameters are
blood flow behavior and velocity, surface active
substances, and absorption mechanisms. As
nitrogen cannot be supplemented as part of the
gas flow, considerable nitrogen losses can occur.
Finally, the blood is collected in a reservoir. The
maximal operating time of a bubble oxygenator
is limited to 6-8 h.

ROM (1/min)  Flow (L/min) Pressure (mmHg) Bearing Heparin coating
Biomedicus 540 and 550°  0-4500 0-9.9 —300-999 Mechanic ~ Carmeda
Delphin® (Sarns) 0-3600 0.3-9.9 0-700 Mechanic X-coating
Capiox® (Terumo) 0-3000 0-8.0 0-800 Mechanic X-coating
Rotaflow® (Maquet) 0-5000 0-9.9 0-750 Magnetic  Bioline
Centrimag® (Levitronix) 1500-5500 0-9.9 0-600 Magnetic -
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O Fig.6.4 Oxygenator with semi-permeable silicone membrane a and microporous membrane b (Courtesy of Maquet,

Sorin and Medtronic)

== Membrane Oxygenator

The membrane oxygenator mimics the human lung
better as blood and gas are separated by a gas per-
meable membrane. The blood is pressed in between
numerous small capillaries. The membrane was
formerly manufactured of cellulose, polytetrafluor-
ethylene, and polyethylene; now there are only two
types left: diffusion membrane (silicone) and
microporous membrane oxygenators.

== Microporous Membrane Oxygenators
Nowadays, the majority of oxygenators are made
of capillaries with a micro porous surface
structure. The membrane of these microporous
capillary membrane oxygenators consists of poly-
propylene, a hydrophobic material containing
pores with a size 0.03-0.07 pm in half of the sur-
face. Gas exchange is by free diffusion through the
pores, ie., blood is in direct contact to the gas.
Since the membrane surface is hydrophobic and
the pores are small, no ultrafiltration of water
occurs and gas and serum remain separated. If the
gaseous pressure in the capillaries exceeds that of
blood, gas can pass the micropores. So membrane
oxygenators have a lower diffusion resistance and
an excellent carbon dioxide transfer without the
need of enlarging the membrane surface. Longer
use may lead to adsorption of plasma proteins to
the wall of the pores, which renders them hydro-
philic and decreases surface tension. Eventually,
plasma leakage can develop necessitating an oxy-
genator replacement.

m = Diffusion Capillary Membrane Oxygenators
In this type of oxygenator, the capillaries are addi-
tionally covered with a thin (<1 pm) skin as a bar-
rier to prevent plasma leakage. This barrier is
frequently composed of silicon rubber, a homoge-
neous nonporous material. The gas exchange
occurs (as before) in the microporous part by dif-
fusion. The driving force is the diffusion pressure
or the difference of partial pressures of the gases,
respectively. Within the barrier, transportation is
based on a solution process, i.e., the gases dissolve
in the polymer matrix, penetrate the barrier, and
pass out again. The diffusion rate is related to the
pressure drop and to the permeability of the
membrane but independent of the gaseous sub-
stances. As the pressure difference is high for oxy-
gen (up to 720 mmHg) and low for carbon dioxide
(45 mmHg), oxygen transfer is sufficient, and
carbon dioxide elimination is more difficult. The
diffusion of anesthesiology gases is limited due to
their large molecule size.

mm The Newest Developments
are oxygenators with a polymethylpentene coat-
ing. A better gas transfer coefficient enables an
unrestricted gas exchange, and plasma leaking
during long-term use does not occur. Priming
volume and pressure gradients are comparable to
the microporous design.

Membrane oxygenators are considerably safer
than bubble oxygenators since only few solid and
gaseous emboli are generated and the regulation
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of the gas exchange is simplified. In all membrane
oxygenators, oxygen diffuses along a concentra-
tion gradient through a membrane according to
FicK’s principle, depending on the oxygen pres-
sure gradient and the permeability of the mem-
brane. Since gas and blood are physically
separated, other gases like nitrogen or air can be
added to alter the oxygen concentration (FiO,) or
transfer. The carbon dioxide elimination works
similarly, as it diffuses along a concentration gra-
dient from the venous blood to the gaseous phase.
The exchange rate is related to the surface, the
carbon dioxide gradient, and the permeability. A
loss of nitrogen can be counteracted by a high
nitrogen supplementation at the inflow gas (which
is not possible in the bubble oxygenator).

The effective gas exchange area for adults in
the current oxygenators is ranging from 1.3 to
2.5 m?; the respective heat exchange area is 0.14-
0.6 m?. Transfer rates for oxygen and carbon diox-
ide may be as high as 450 mL/min. During

long-term use (as in ECMO), aqueous vapor can
condensate in the capillaries and compromise gas
exchange. Nevertheless, membrane oxygenators
have much longer run times than bubble oxygen-
ator, they may run up to several weeks, and the
impairment of the blood components is less.

6.2.1.3 Venous Reservoir

The venous reservoir (B Fig.6.5) receives the
venous return and the spilled blood from the oper-
ative field is collected by the suckers in a large con-
tainer or bag. Drainage of the venous system and/
or the heart is usually passive by gravity with the
reservoir being mounted 40-70 cm below the level
of the heart. Apart from the position of the reser-
voir, central venous pressure, cannula size, and
tubing affect drainage. Cardiopulmonary bypass
can run on rather low central venous pressures by
partially exsanguinating the patient (minus 1-3 L),
namely, shifting part of the combined patient/ECC
circuit into the venous reservoir.

B Fig.6.5 Venous reservoir: hard shell (left) and soft bag (right) (Courtesy of Maquet)
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Most reservoirs have an integrated blood fil-
ter. It is composed of Dacron wool or polyure-
thane foam and catches particles from 20 to
100 um, depending on the filter size. An incorpo-
rated bubble trap allows elimination of air bub-
bles. Furthermore, the venous reservoir offers
access for drug application and blood sample
withdrawal.

Technically, reservoirs can be constructed as a
rigid container or a soft bag. The rigid systems are
advantageous as they are larger, and volume esti-
mation and air elimination are simpler. Likewise,
priming and vacuum-assisted drainage are easier.

6.2.1.4 Bubble Trap and Arterial Filter

Bubble traps are incorporated as first element into
the venous line, i.e., prior to the pump and oxy-
genator. Blood and air bubbles are split up by
gravity and centrifugal forces, and the blood addi-
tionally passes a membranous sieve with a poros-
ity of 40-200 um. The priming volume is about
150 ¢cm?, which is not problematic in a normal
heart-lung machine but is of significance in a
mini-ECC setting. Special air removal devices
consist of combined bubble detection and bubble
elimination, which functions as an automatic pro-
cess in a rather effective manner.

Arterial filters are integrated into the arterial
line prior to the blood returning into the patient.
They also have a sieve with a pore size 0f 20-40 um,
trapping air bubbles and small solid particles. A
peculiar variant is the so-called dynamic bubble

O Fig.6.6 Curved and

trap, which accumulates the bubbles in the mid-
line stream and eliminates them from there.

Bubble traps and arterial filters are available as
single components as well as an integrated part of
a complete system, e.g., cardioplegia sets. The
sizes have to be adapted because of priming vol-
umes and flow limitations in very small patients
only. The eflicacy of bubble traps and arterial fil-
ters is judged rather inconsistently. However,
most studies demonstrate a reduction of air
bubbles and microembolism in transcranial
Doppler sonography measurements.

6.2.1.5 Gas Blender

With only few exceptions, oxygen and carbon
dioxide transfer is determined by a gas blender.
Gas flow can be altered from 0 to 16 L/min, and air
can be supplemented so that an oxygen tension of
21-100% can be offered to the patient. A high
oxygen concentration leads to a higher pO, and
consecutive enhanced oxygen transfer. In contrast,
carbon dioxide transfer is governed by the gas
flow. A higher gas flow accelerates carbon dioxide
washout by better maintaining the pCO, pressure
difference. Another way to regulate carbon diox-
ide exchange is to admix it to the sweep gas.

6.2.1.6 Cannulas and Tubing

Various cannulas (8 Fig. 6.6) are available to con-
nect an extracorporeal circuit to a patient.
Standard cannulas are manufactured by a trans-
lucent flexible synthetic material. The cannula

straight arterial cannulas,

== 1>

curved and straight venous
wire-enforced cannulas,

two-stage venous cannula l:

(Courtesy of F. Merkle)
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tips are composed of a rigid material, either of
synthetic material or of metal. The cannula tips
are also the narrowest part of the cannula and
therefore responsible for pressure drops, jets, tur-
bulences, and cavitation phenomena (vein col-
lapse around the cannula due to excessive
drainage). Cannulas can become either directly
or indirectly (jets) most dangerous as they can
lacerate the arterial wall (dissection!), loosen ath-
erosclerotic plaques, and cause hemolysis.
Hemolysis and protein disintegration may also
occur with pressure gradients >100 mmHg.
Kinking is prevented in all cannulas. Arterial
cannulas are most often have a stiffened wall of
various kinds, while venous cannulas have a
metallic spiral reinforcement inside the cannula
wall. Numerous cannula heads have been
designed to accommodate the clinical needs.
Angled cannula heads are advantageous for
bicaval cannulation; single cannulas for the right
atrium can be straight or angled. As drainage can
be impaired with single (one-stage) right atrial
cannulation, a so-called two-stage cannula was
designed, which drains the superior caval vein
indirectly via the right atrium and the inferior
caval vein directly.

Central cannulation of the heart and/or the
adjacent large vessels offers the best drainage and
consequently provides the best cardiopulmonary
support/temporary cardiopulmonary replace-
ment. According to the planned procedure, the
arterial cannula can be either inserted into the
ascending aorta, the aortic arch, or brachioce-
phalic trunk. A more distal cannulation, especially
in the aortic arch, reduces the risk for cerebral
embolism. Extrathoracic but still central cannula-
tion can be accomplished via the axillary, subcla-
vian, or carotid artery. All aortic cannulas are
introduced after a 5 mm stab incision and during
a mean arterial pressure of 60-80 mmHg. They
are fixed with purse-string sutures in the
adventitial layer, which can be reinforced by pled-
gets. Thus, the aortic insertion can be sealed and
the cannula fixed. Transmural stitches are avoided
as they would increase the risk of subadventitial
hematomas and continuous bleeding. During
cannula placement, it is important to verify that
the tip is readily inserted into the aortic lumen
and directed toward the aortic arch. Extrathoracic
cannulas are inserted in the same manner as any
other peripheral cannula. Possible complications
include vessel wall tearing and dissection (aortic

dissection <1 %), dislodgement of atheromas, and
thrombi (stroke !). A screening for endovascular
atheromas can be performed by palpation, echo-
cardiography, or with epiaortic ultrasound
(Bolotin et al. 2005). The latter has been recom-
mended in patients with a history of transitory
ischemic attack or stroke, severe peripheral arte-
rial occlusive disease, and palpable or visible aor-
tic wall calcifications and even in any patient
beyond an age of 50-60 years! The practicality of
these measures has to be accessed on an individ-
ual basis. An extraordinary risk for thromboem-
bolism and stroke is present in patients with a
porcelain aorta, which is evident in 1.2-4.3% of
cases. A special protection system positioning a
sieve as a filter (pore size 120 um) just before the
aortic cannula did not gain widespread accep-
tance, even if clinical studies demonstrated collec-
tion of embolic dfebris in 97% of patients
(Banbury et al. 2003) (@ Fig. 6.7).

The purse strings for the venous cannulas either
into the right atrium or into the caval veins are best
performed with transmural sutures. If the right
atrium has not to be entered during the procedure,
e.g., none or only left-sided structures are opened,
a two-stage cannula placed into the right atrial
appendage will sufficiently drain both caval veins.
A surgical procedure involving entry into the right
atrium or the presence of an intracardiac shunt
mandates separate bicaval cannulation employing
tourniquets around both caval veins also. Right-
angled cannulas for individual caval cannulation
may be least disturbing. The cannulation of the
superior caval vein can be achieved at the base of
the right atrial appendage, i.e., via the right atrium,
with a long tip cannula, or by direct access to the
vein with a short tip cannula. It is important not to
injure the sinus node and to avoid vessel narrowing
after removal of the cannula. The inferior caval vein
is best entered 1 cm above the diaphragm, more
laterally than anterior. Both a straight or angled
cannula serve the purpose well (8 Figs. 6.8 and 6.9).

A persisting left superior vena cava (LSVC),
which is present in 0.3-0.5% of patients (Wood
1956), is usually connected to the coronary sinus
and therefore drains into the right atrium. In 10 %
of these cases (unroofed coronary sinus), however,
it drains directly into the left atrium. These very
rare cases should be picked up clinically due to
oxygen saturations only around 90 %, unless they
are masked by a large ASD with a supervening left
to right shunt.
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B Fig.6.7 Cannulation of ascending aorta. A purse-string suture is placed and the cannula inserted after a stab
incision a or with the aid of a small Satinsky clamp in children b

O Fig. 6.8 Exposition of the superior caval vein a, the inferior caval vein is provided with a tourniquet b

Suspicion for any LSVC should arise when no
or only a diminutive brachiocephalic vein or an
unusually large/dilated coronary sinus is visible.
In presence of a brachiocephalic vein, it may
sufficiently drain the LSVC when temporarily or
even definitely occluded. If probatory clamping of
a LSVC without visible connection to the right
side does not result in a left-sided caval pressure

much higher than 15 mmHg, simple clamping
may be allowed during ECC. Otherwise, clamp-
ing of the vessel could lead to venous stasis and
finally to a cerebral impairment. In these cases,
the left superior caval vein should be cannulated,
either directly close to the left atrial appendage or
via the coronary sinus. A retrograde cardioplegia
has to be adapted to the anatomical findings.
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B Fig.6.9 Cannulation of the superior caval vein via the atrial appendage a; both caval veins are placed b

Absent or dilated coronary sinus may not allow
for administration of retrograde cardioplegia.

The size of the aortic cannula is kept small to
avoid extensive laceration of the aortic wall.
However, the tip of the cannula is the narrowest
part, where pressure drops and jets and
turbulences develop which can injure the aortic
wall from inside. Venous cannulas are chosen as
large as possible to guarantee optimal drainage
from the heart. According to Hagen-Poiseuille’s
law (at laminar flow), the resistance correlates
with the 4 power of the radius of the cannula.
Therefore, a short cannula with a large diameter
allows for maximal pump flow.

At the arterial side, blood is propelled by the
pump, i.e., flow resistance in cannula and tubing
have to be overcome. The pressure in the arterial
line rises in relation to the pump flow. Usually the
flow is set, and the resultant pressure is measured.
Line pressures up to 300 mmHg are tolerated.
Systemic relationships of flow and pressure in
cannulas and tubing are expressed with the help
of the so-called M-figure. Small cannulas have a
high shear stress which destroys blood cells. The
critical limit of shear stress dependent hemolysis
is unknown; in the literature, values from 80 to
400 N/m? have been reported. The limit for plate-
lets is significantly lower with 10-35 N/m?. The
venous blood is mainly drained by gravity, where
the central venous pressure and the hydrostatic
pressure (difference in height between patient and
reservoir) are the driving forces. With a known
blood viscosity (c. 3 cP), the necessary minimal
cannula size can be chosen.

Peripheral cannulation is an alternative to
central cannulation. In standard surgical proce-
dures with median sternotomy, it is no longer
used, except for emergency situations including
severe bleeding, cardiac arrest, acute aortic dis-
section, reoperation, and minimally invasive
procedures. During recent years, the cannula-
tion of the subclavian artery has proven very
advantageous in patients with acute aortic dis-
section, since this vessel is only rarely involved
in the disease, giving unrestricted flow access to
the aortic arch. Mostly, the vessel is not directly
cannulated. Instead, a Dacron graft (size
6-8 mm) is anastomosed to it in an end-to-side
manner, and a straight aortic cannula is tied into
it. Lacerations of the subclavian vein and the
brachial plexus may occur but are infrequent.
Apart from the subclavian vessels, iliac and fem-
oral arteries as well as the jugular vein may serve
as access for extracorporeal circulation. Arterial
cannulas can be rather short; venous cannulas
should be long enough to reach the right atrium
in order to prevent collapse of the inferior caval
vein resulting in poor drainage.

In contrast to intrathoracic cannulation, a
peripheral access with a single venous cannula
usually does not permit total bypass, i.e., complete
mechanical support. Only 80 % of blood volume
can be drained via peripheral cannulas, whereas
20 % of blood volume passes the lung. This means
also that the maximal pump flow is lower as com-
pared to central cannulation (3.5-4 L/min). With
a femoral perfusion and a still ejecting heart, the
arterial ECC blood hardly reaches the aortic arch.
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B Fig.6.10 Cardioplegia cannula with sidearm for venting a, coronary sinus catheter b

Venous drainage can be improved with suction by
integrating a roller pump or centrifugal pump
into the venous line or by connecting the hard
shell reservoir to a vacuum. Venous suction for
optimizing drainage has several advantages: (1)
unloading of the right atrium and ventricle is
improved; (2) the cannula size can be reduced by
25 %, which is very usefully in peripheral cannula-
tion; (3) the extracorporeal circulation is less sus-
ceptible to an air block after lacerating of the right
atrium; and (4) procedures at the pulmonary
artery can be performed with a two-stage cannula.

The term «total bypass» is used when on full
ECC flow, all systemic venous flow is forced into
the venous cannulas by closing the tourniquets
around the individual caval cannulas. This term
may not be applicable for two-stage venous can-
nulation, although it may come close with excel-
lent drainage.

6.2.1.7 Cardioplegia Administration

For the application of cardioplegia, a large bore
sharp needle is sufficient. Alternatively, special
catheters can be inserted and fixed with a suture.
Most of the latter have a sidearm, which allows

measurement of the aortic pressure during car-
dioplegia delivery. In case of retrograde cardio-
plegia administration, a balloon catheter is placed
ventrally to the venous cannula with a purse-
string suture and into the coronary sinus. There
are self-inflating balloons and those to be manu-
ally inflated with the aid of a syringe. Catheter
placement is simple and can be achieved even if
only the right atrium and ventricle are prepared in
redo procedures. Its highest value of retrograde
catheters is in aortic root surgery as well as in
coronary reoperations. Correct positioning can
be judged best by digital palpation of the balloon
just below the left atrial appendage. Failure of
catheter placement is rare and then caused by a
Chiari net (remnant of the embryologic large
valve of the sinus venosus) or an extraordinary
small coronary sinus. After initiation of extracor-
poreal circulation, a constant flow from the cath-
eter must remain evident, despite proper venous
drainage and low central venous pressure. If the
heart is lifted up during retrograde cardioplegia,
swollen veins including the posterior descending
vein (V. cordis media) should be visible
(@ Fig. 6.10).
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6.2.1.8 Vent Placement

With institution of extracorporeal circulation,
pulsatility decreases and with good drainage may
finally cease on full flow and/or total cardiopul-
monary bypass and an empty heart. However, as
bronchial and Thebesian veins drain into the left
atrium and ventricle even with total bypass, the
left ventricle will fill and distend, or blood will
spill into the operative field if the heart is entered
and not vented after cross-clamping.

A vent catheter usually has a mandrel or a
reinforced but flexible tip, which facilitates its
placement. Main indication is a left-sided valve
replacement or LV aneurysm resection. Thus, the
operative field is kept bloodless, and de-airing the
heart at the end of the procedure is easier.
Standard approach is the right superior pulmo-
nary vein. Cannulation through the interatrial
groove just anterior to the pulmonary vein may
prevent pulmonary vein obstruction in the rare
event of tears in the vein requiring extensive
sutures/repair. Alternatively, especially in emer-
gency situations, vent placement can occur via the
left ventricular apex after a stab incision. Insertion
of the vent into the pulmonary artery trunk is also
possible. For coronary artery bypass surgery, a
vent is placed into the aortic root, often as a com-
bined cannula for antegrade cardioplegia delivery.

6.2.1.9 Tubing

The tubing system connects the various compo-
nents of the ECC with the patient. In many insti-
tutions, the ECC components are individually
selected and preassembled in a custom pack,
which eliminates the infectious risk almost com-
pletely. The length of the tubing must be appropri-
ately sized to provide sufficient distance to the
non-sterile heart-lung machine. In general, the
diameter should be large enough to keep flow
resistance and shear stress which impair blood
components as low as possible. On the other
hand, tubing should be shortest possible und
small in diameter to allow minimal priming and
low gradients along the tubing. Most commonly,
for adult patients, the arterial line is 3/8” in diam-
eter and the venous lines 1/2" in diameter.

Cannulas and tubing are transparent to facili-
tate the evaluation of the blood with regard to
color, air bubbles, and clots. Most of the tubes are
available with heparin coating, which is supposed
to reduce the heparin need and thus lessens the
risk of bleeding complications.

6.2.1.10 Open and Closed Systems

In open systems, the venous reservoir can be de-
aired during operation. Mostly, the venous reser-
voir is built with a rigid housing and an integrated
defoamer. The latter allows removal of air in a
simple manner, but if the blood levels drop below
a critical level, air embolism may occur. Therefore,
a blood level sensor is necessary, which not only
monitors the level and alarms in time but also
stops the heart-lung machine automatically.

Closed venous reservoirs are flexible bags
which can crumple. Air is trapped on top of it and
can be removed via a valve. If the blood levels
decrease, the walls of the bag collapse and prevent
dislodgement of critical amounts of air to the
patient.

Reliable data suggesting preference for one
system over the other are not available; both sys-
tems are on the market with the rigid housing/
open system taking the larger share.

6.2.2 Miniaturized Extracorporeal
Systems

After more than 30 years of clinical success with
standard ECC, about two decades ago the side
effects of extracorporeal circulation became the
focus of intensive discussion. Off-pump coronary
artery bypass surgery (OPCAB) emerged, but the
technical challenge of this new surgical technique
could not be met by all surgeons. Even when
OPCAB surgery could not convince the cardio-
surgical community with clearly superior results,
the desire for less traumatic tools and techniques
remained and lead to the development of minia-
turized extracorporeal systems. They combine an
adequate safety standard with reduced side effects
claimed (Remadi et al. 2004; Wiesenack et al.
2004).

A miniaturized heart-lung machine is not
only a reduced size system but also a new con-
cept of extracorporeal circulation. Its goal is a
constant volume perfusion with minimal blood
trauma, reduced hemodilution, less postopera-
tive systemic inflammatory response syndrome
(SIRS), lower transfusion requirements, and
finally faster and better reconvalescence. The
first mini-systems were slimmed standard
heart-lung systems, i.e., suckers and the venous
reservoir were left off and the tubing was short-
ened. The pump consisted (and still does) of a
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O Fig.6.11

centrifugal pump and a low flow oxygenator
with a small priming volume. Some systems are
heparin coated including all tubing. A separate
heating device is unnecessary as a heat exchanger
is an obligate and integral part of each oxygen-
ator. Bubble traps are optional. Cardioplegia is
administered with low-volume techniques too.
Most often, the Calafiore technique is employed,
where arterial blood is deviated from the main
line, enriched with potassium, and afterward
reintegrated into the venous return (Calafiore
et al. 1995). A systemic blood sucker does not
exist as spilled blood is not immediately fed to
the venous line to keep the circuit closed.
Instead, it is collected and washed with a cell
saver and returned to the patient thereafter.

All these individual procedures are not new, but
their combination delineates a completely new
principle of extracorporeal circulation. The main
indication for miniaturized extracorporeal systems
is coronary artery bypass (CABG) surgery where
the cavities of the heart are not entered. An aortic
valve replacement and a resection of a left ventricu-
lar aneurysm may also be achieved with a mini-
system, but the surgical procedure is more complex
and needs further refinements of the system, and
the basic idea to prevent the blood air contact is par-
tially undermined. It is self-evident that before
starting valve surgery with a mini-bypass system,
significant experience with coronary bypass surgery
employing this system should have been obtained.

There are several mini-systems commercially
available. Their components can be individually

MECC system. Set-up a, schema b (Maquet) (Courtesy of Maquet)

assembled, or the system can be purchased as a
complete set. Due to the different technical fea-
tures, the mode of operation of the systems varies.
An optimum cannot be defined, yet.

6.2.2.1 MECC System (Maquet®)

The MECC (miniaturized extracorporeal circula-
tion) system (B Fig.6.11) was developed in the
late 1990s and was the first mini-system which
was commercially available. It is completely
assembled from Maquet products (Maquet
Cardiovascular, Rastatt, Germany; Wayne, NJ,
USA):A Rotaflow® centrifugal pump, a Quadrox
D? oxygenator with a diffusion membrane, and an
optional venous bubble trap to eliminate circulat-
ing air bubbles. All components are heparin
coated (Bioline®), allowing a short-term run of
the device without full heparinization. This is
truly advantageous for patients with a high bleed-
ing risk. The arterial Quart® filter may be added
as well but also increases the priming as does the
bubble trap by 25 %. The preparation of the sys-
tems requires only about 1-2 min.

The Rotaflow® pump can propagate 4.0-
45 L/min and has a priming volume of
32 mL. The Quadrox D® oxygenator offers a
membrane surface of 2.4 m? and requires a
priming volume of 250 mL. The great advantage
of the MECC systems is that the bubble traps
and the arterial filter can be easily left out which
lowers the basic priming volume to 500 mL and
hemodilution is minimal. No other system pro-
vides this opportunity.
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6.2.2.2 Resting Heart System

(Medtronic)
The Resting Heart® system (@ Fig. 6.12) is a com-
plete set based on Medtronic products (Medtronic,
Minneapolis, MN, USA): the centrifugal Bio-Pump
Plus® and their Affinity NT® membrane oxygen-
ator. The whole system is heparin coated with the
Carmeda® technology. The Bio-Pump Plus® can

O Fig.6.12 Resting Heart system (Medtronic) (Courtesy
of Medtronic)

propel 1-6 L/min. The oxygenator has a membrane
surface of 2.5 m? and a priming volume of
250 mL. An interesting feature is the Affinity
Venous Air Removal Device (VARD®). With the
help of two ultrasound detectors, air bubbles are
recognized, an audiovisual signal is turned on, and
the bubbles are automatically removed. A filter with
a pore size of 38 um is integrated in the VARD®.
The advantages of this system are its high safety
level and the perfect bubble elimination. The large
priming volume of 1400 mL is a disadvantage as it
equals or even exceeds that of a normal heart-lung
machine ECC circuit. Thus, hemodilution and
inflammation are not substantially influenced.
Since April 2013, the complete ECC set is no
longer available in the United States, but all compo-
nents are still obtainable to assemble the system.

6.2.2.3 Synergy-Mini-Bypass System

(Sorin®)
The Synergy® system (B Fig. 6.13) is a fully inte-
grated complete system from Sorin (Sorin S.P.A,
Milan, Italy) and includes a centrifugal pump,
a microporous polypropylene oxygenator with a
membrane surface of 2.0 m? an arterial filter, a
venous bubble trap, and a heat exchanger within

B Fig.6.13 Synergy-Mini-Bypass system (Sorin) (Courtesy of Sorin)
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one device body. The maximal pump flow is
reported as 8 L/min. The compact construction
renders the priming volume with 680 mL in an
acceptable range, but the tubing system has to be
added. An air purge system for automatized air
bubble elimination can be well added to the system.

The Synergy system differs from its competi-
tors by its compact construction. Another advan-
tage is the possibility to convert the closed system
in an open system with a reservoir with a few steps.

6.2.2.4 ROC-Safe System (Terumo®)

The ROC-Safe® system (Terumo Corp., Hatagaya,
Japan), R, O, and C (8 Fig. 6.14) being the initials
of the perfusionist who invented the system, is a
closed perfusion system, which was developed for
coronary bypass surgery. With an additional
module, other surgical procedures can be accom-
plished as well. Its centrifugal pump offers up to
6 L/min, whereas the polypropylene oxygenator
has a surface of 1.8 m? and a heat exchanger inte-
grated. A venous bubble trap removes larger bub-

bles; an arterial filter eliminates microbubbles. In
case of air entering the circuit, an ultrasound
detector reduces pump speed and finally blocks
the venous line in an automated process. The
inner surface of the whole system is equipped
with the biocompatible X-coating.

The safety feature with the venous bubble trap
and the arterial filter is opposed by a large prim-
ing volume which may lead to a considerable
hemodilution. A retrograde autologous filling can
lower the priming volume.

Modifications for Aortic
Valve Surgery

Aortic valve replacement with mini-systems has
been performed with several systems. Cannulation
of the aorta and right atrium is as usual; blood
cardioplegia is administered ante- or retrogradely.
The main problem is to keep the aortic root dry.
As a standard vent in the left atrium would aspi-
rate large amounts of air and cause air blockade, it
cannot be used when the aorta is opened. Instead,

6.2.2.5
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B Fig.6.14 ROC-Safe system (Terumo) (Courtesy of Terumo)
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a (second) vent catheter is inserted into the
pulmonary artery, which drains the pulmonary
vascular bed and the left atrium. All blood which
is collected by the vent is immediately returned to
the patient’s venous line via a vacuum bag or cell
saver system. Accordingly, the system has also be
termed «semi-closed.» Despite the increased
complexity, a small incision, minimal access aor-
tic valve surgery is possible.

Functional Differences

Between Mini and Standard

Systems

The operation of both, the mini and standard sys-

tems, is comparable, but there are some differ-

ences due to the composition of the devices:
The tubing of the mini-systems is usually
shorter, so that the device has to be placed
much closer to the surgeon. Heparin coating
and the biocompatible surfaces which are
hardly seen in standard heart-lung machines
seem to be advantageous for the reduced
need of anticoagulation, but there is hardly
any evidence for that.
Since mini-systems are closed systems, prior
to initiation of extracorporeal circulation, all
air bubbles have to be meticulously removed
from both the arterial and venous line. Bub-
ble traps, if present, are only useful for small
amounts of trapped air.
The principle of closed systems also includes
that back bleeding during coronary artery
bypass surgery cannot be arbitrarily removed
by suction at the arterial vent, as air bubbles
can enter the arterial line over the vent l