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Abstract

Purpose: This thesis is focused on studies of blood cardioplegia in order to evaluate regimens
of myocardial protection during cardiac surgery. To further bring down operative mortality and
morbidity, in patients with acutely ischaemic hearts, an optimal peroperative myocardial manage-
ment is essential. During the early 90ties several new regimens of cardioplegia emerged, but their
place in clinical practice has been debated. By using an animal model, subjected to severe myo-
cardial ischaemia, different regimens of cardioplegia were investigated. By using load independ-
ent indices of cardiac function our intention was to gain clinical relevant information about
the appropriateness of these cardioplegic methods.

We specifically investigated the impact of cardioplegic temperature and mode of administration
on postoperative cardiac function. In study I: warm vs. cold cardioplegia; in study II: antegrade
vs. simultaneous antegrade-retrograde cardioplegia; and in study III: warm intermittent vs. con-
tinuous cardioplegia. A study was also performed to further study the conductance catheter
method for cardiac volume measurements (study IV), and to calibrate indices of cardiac function
for changes in heart rate (study V).

Methods: In study I - III pigs were put on cardiopulmonary bypass (CPB) and subjected to
global ischaemia followed by cardioplegic resuscitation. Following reperfusion and weaning
from CPB, cardiac function was measured using the conductance catheter technique with on-
line acquisitions of left ventricular (LV) pressure-volume loops. Among measured indices were
the preload recruitable stroke work relation (PRSW; global cardiac function) and the end-diastolic
pressure-volume relation (EDPVR; diastolic chamber stiffness). In study IV volume measure-
ments were used to compare (by an algorithm) the wave form of the volume curve from a mid-
cardiac volume segment and the volume curve of the global LV volume. In study V the influence
of heart rate on indices of cardiac function was investigated and the influence of heart rate on
pressure-volume loops by atrial pacing in increments up to 160 beats per minute (bpm).

Results and Implications: Blood cardioplegia given continuously showed to have a potential
to resuscitate the acute severely damaged myocardium. The temperature of continuously delivered
cardioplegia was of minor importance for acute post-bypass cardiac function. Warm cardioplegia
caused an increasing coronary vascular resistance during the time of delivery which might have
implications for the cardioplegic distribution. Since warm continuous cardioplegia is not proved
better than cold cardioplegia, the cold technique is advocated due to the added safety of hypo-
thermia. Warm intermittent blood cardioplegia showed to be detrimental for post-bypass cardiac
function when used in the ischaemically insulted heart and should be avoided in these situations.
Simultaneous warm antegrade-retrograde continuos blood cardioplegia did not, in comparison
with antegrade perfusion, impair post-cardioplegic cardiac function despite a small, but signifi-
cant, increase in myocardial water content. Simultaneous cardioplegia has thus the potential
of being an optimal technique for cardioplegic delivery.
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The LV mid-segmental and global volume curves showed a good agreement. This suggests that
the conductance catheter might be simplified with potential for clinical use.

PRSW was rate independent up to 140 bpm. At 160 bpm EDPVR increased significantly and
probably resulted in a decline of PRSW at 160 bpm. ESPVR was rate dependent up to 100 bpm
and should be used with caution when heart rate is different from baseline. From 140 bpm LV
filling started at an increased LV pressure. LV pressure then declined during the whole filling.
This might be the result of a suction mechanism facilitating LV filling during tachycardia at rest.

Keywords: Cardioplegia; simultaneous cardioplegia, intermittent warm cardioplegia; cardiac
function, pressure-volume loops, conductance catheter, heart rate.
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Abbreviations

o slope factor, CO (conductance catheter) /CO (thermodilution).

B beta, the stiffness constant (unit less), diastolic chamber stiffness; EDP=a x gFPVp
bpm beats per minute

CBP cardiopulmonary bypass

CO cardiac output (litre/minute)

DFT diastolic filling time (ms)

dP/dt first derivative of left ventricular pressure (mmHg/s)

E. arterial elastance (mmHg/ml)

EDP end-diastolic left ventricular pressure (mmHg)

EDPVR end-diastolic pressure-volume relation (mmHg/ml), diastolic chamber stiffness
EDV end-diastolic left ventricular volume (ml)

Eed regression coefficient of EDPVR (mmHg/ml)

E regression coefficient of ESPVR (mmHg/ml)

EF ejection fraction (%)

ESP end-systolic left ventricular pressure (mmHg)

ESPVR end-systolic pressure-volume relation (mmHg/ml), systolic LV function

ESV end-systolic left ventricular volume (ml)

HR heart rate (beats per minute)

LV left ventricular

MAP mean arterial pressure (mmHg)

M, regression coefficient of PRSW (mmHg or erg/ml; 1 mmHg= 1.33 x10° erg/ml)
PAP; systolic pulmonary artery pressure (mmHg)

PFR peak filling rate (ml/s)

PRSW preload recruitable stroke work relation (mmHg or erg/ml), global LV function
PRSWA preload recruitable stroke work area (erg*ml), global LV function

SV stroke volume (ml)

SW stroke work (mmHg*ml or erg)

! tau, the time constant of left ventricular isovolumic pressure relaxation (ms)
Vo the volume intercept (ml) of PRSW (study I-III) or ESPVR (study V)

V. parallel conductance (ml)

Ved the volume intercept (ml) of EDPVR

V. the volume intercept (ml) of PRSW (study V)
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Myocardial protection

Historical overview — the 50ties

Protection of organs from ischaemic damage
was early identified as a prerequisite for open
heart surgery. In 1950 Bigelow introduced sys-
temic hypothermia for cerebral and myocar-
dial protection [Bigelow 1950]. Without hypo-
thermia open cardiac procedures had been
limited to 2 minutes of caval inflow occlusion.
In 1955 Lam et al [Lam 1955] reported about
intraventricular injections of potassium chlo-
ride to induce cardiac arrest to facilitate oper-
ations during hypothermia. With the introduc-
tion of the heart-lung machine in the mid 50ties
by Gibbon [Gibbon 1954] it was possible to
operate on the beating or fibrillating [Senning
1952] and continuously blood perfused heart
(with the second successful human operation
with a heart-lung machine1954, performed in
Stockholm by Clarence Crafoord [Crafoord
1957]). During aortic surgery with crossclamp-
ing of the aorta retrograde blood perfusion
through the coronary sinus was used by Lille-
hei already in 1956 [Lillie 1956]. In order to
protect the brain from air embolism during
open beating heart procedures, Melrose 1955
described a method for chemical cardiac arrest,
using potassium citrate [Melrose 1955]. Gott
and Lillehei used Melrose solution to arrest
the hearts in combination with warm antegrade
or retrograde continuos warm blood perfusion
[Gott 1957]. However, this technique was soon
abandoned due to disappointing clinical results
with myocardial necrosis, persistent ventricular
fibrillation and poor ventricular function [Allen
1957, Waldhausen 1960, Bjork 1961]. Initially

the citrate was thought to be the damaging
agent [Holcher 1961, 1967], but later the high
potassium concentration (200 mM) was shown
to be the deleterious factor [Tyers 1975]. By
using potassium in a toxic dose, due to inade-
quate preclinical testing, the use of chemical
myocardial protection (cardioplegia) was
delayed for twenty years until the mid 70ties!

Topical cooling was introduced by Shum-
way 1959 [Shumway 1959], using cold saline
to irrigate the heart, and later Hufhagel used
ice-slush [Hufnagel 1961]. By cooling the heart
myocardial oxygen demand decreased thus in-
creasing the tolerance for ischaemia. To pro-
tect the heart from ischaemic damage the pre-
vailing maxim among cardiac surgeons for
many years then became: “to operate as fast
and to operate as cold as possible” [Buckberg
1991].

The 60ties and 70ties

Many non-cardioplegic strategies for myo-
cardial protection were used during the sixties
to mid seventies and beginning of the eighties.
With the aid of cardiopulmonary bypass using
systemic hypothermia or normothermia, with
or without topical cooling of the heart, opera-
tions were performed on the fibrillating or beat-
ing heart with or without intermittent cross-
clamping of the aorta. For aortic surgery con-
tinuous antegrade blood perfusion with or
without hypothermia was used. These tech-
niques were gradually abandoned when more
safer and more convenient cardioplegic tech-
niques emerged. A risk for myocardal infarc-
tion was shown with antegrade blood perfu-
sion at operations both on the beating [Sapsford
1974 ] and fibrillating [ Hottentrott 1974] heart,
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possibly due to abnormal distributions of co-
ronary blood flow [Miayamoto 1978, Hotten-
trott 1974].

Myocardial infarction was not identified as
a complication of cardiac surgery until late
60ties [Kirklin 1993] when myocardial necrosis
was described as a cause of death after cardiac
surgery [Morales1967]. It was later suggested
that it had to do with the peroperative protec-
tion of the myocardium [Najafi 1969, Hult-
gren 1973]. With the development of enzy-
matic and ECG diagnosis also surviving patients
with perioperative myocardial infarction were
identified [Breweret 1973, Roberts 1973]. As
late as 1972 Cooley described the ““stone heart”
as a fatal complication of cardiac surgery when
normothermic ischaemia was prolonged over
45 minutes [Cooley 1972]! Also post-ischae-
mic myocardial dysfunction or “myocardial
stunning” was identified as a separate entity
[Vatner 1975]. Contrary to myocardial infarc-
tion this was defined as a contractile dysfunc-
tion with fully reversible cell damage without
any cellular necrosis[Piper and Preusse 1993].
It was also described that re-oxygenation after
a prolonged period of ischaemia could further
damage the myocardium [Dabforth 1960,
Hearse 1973, McCord 1985] and “reperfusion
mjury” as a separate entity was defined [Hearse
1977]. All these findings further initiated inter-
est in improving perioperative myocardial
management.

Cardioplegia

The word cardioplegia, originally meaning
only “cardiac arrest”, was introduced by Lam
et al [Lam 1957] when experimenting with
acetylcholine for induction of reversible car-
diac arrest. However, the word “cardioplegia”
has also become to be the name of the solution
given to induce the cardioplegia. Thus, “car-
dioplegic arrest” means: cardiac arrest (or car-
dioplegia) induced by cardioplegia (or cardio-
plegia induced by a cardioplegic solution)
(which chemically arrests the heart).

Development of cardioplegia

During the 60ties Bretschneider in Germany
continued to investigate cardioplegic solutions
and their potential to also protect the myocar-
dium from ischaemic damage by preserving the
pool of energy-rich phosphates. He developed
the so-called “intracellular” type of cardio-
plegic solution being a crystalloid solution,
calcium-free, sodium-poor and with moderate
potassium (9mM). Later histidine, as a buffer,
was added to the solution [Bretschneider 1964,
1975]. Another type of “intracellular solution”
later developed was the University of Wiscon-
sin solution, used for preservation of donor
hearts at cardiac transplantations, also being
sodium-poor, but potassium-rich [Stein 1991].
In 1973 Gay and Ebert reported of a cardio-
plegic solution with an “extracellular “ com-
position: high potassium and isotonic sodium
concentration [Gay 1973]. This led to the sub-
sequent development of the St. Thomas” Hos-
pital cardioplegic solution (144 mM sodium,
and 20 mM potassium chloride) by Hearse and
Braimbridge in London 1976 [Hearse 1976]
with their first reported clinical series in 1977
[Braimbridge 1977]. Crystalloid solutions for
cardioplegic arrest were soon widely adopted
[Nelson 1976] an crystalloid cardioplegia was
used at the Karolinska Hospital from 1977.

Development of blood cardioplegia

During the 70ties Buckberg and Barner rein-
vestigated the solution by Melrose which
used blood as a vehicle. Now with a non-toxic
potassium dose, they (re)introduced blood car-
dioplegia [Folette 1977, Barner 1979, Buck-
berg 1979]. Compared with crystalloid solu-
tions one advantage of blood cardioplegia is
the larger oxygen carrying capacity. Other ad-
vantages with blood as the cardioplegic vehicle
include the buftfering capacity of blood pro-
teins with histidine-imidazole groups [Reeves
1972], improved microvascular flow due to
rheologic effects [Heitmiller 1985, Bing 1982],
improved cardioplegic distribution beyond
stenoses [Robertson 1983], less myocardial
oedema [Foglia 1979], less hemodilution, and
endogenous scavengers for oxygen free radi-
cals [Brown 1989]. The use of blood cardio-



plegia was extended by Bomfim and col-
leagues [Bomfim 1981] at the Karolinska
Hospital by their first report 1981 of contin-
uous cold blood cardioplegia to reduce myo-
cardial ischaemia and to preserve ATP during
aortic valve surgery. However, this method
was abandoned due to the inconvenience with
blood in the operating field.

Numerous modifications has then been done
in the compositions and regimens of cardio-
plegic solutions. Besides using depolarising
agents such as potassium, magnesium or pro-
caine for inducing cardiac arrest, hyperpolar-
ising agents such as adenosine, potassium-
channel openers, and sodium-channel blockers
have been and are investigated as possible ar-
resting agents in cardioplegic solutions [Cham-
bers 1999], as well as short-acting [3-blockers
[Mehlhorn 1999]. A further description about
the different constituencies and additives of
cardioplegic solutions and the objectives for
their use is beyond the scope of this reviews.

However, Buckberg later formulated a con-
cept of blood cardioplegia where the energy-
depleted heart was arrested with potassium
chloride and resuscitated” with a continuous
infusion of a warm, aspartate and glutamate
enriched, blood cardioplegic solution, improv-
ing the ischaemic tolerance of the myocardium
[Buckberg 1987]. This was followed by an inter-
mittent infusions of cold blood cardioplegia
during surgery. After surgery before flooding
the heart with the ordinary blood, the heart
was continuously reperfused with a warm
substrate enriched cardioplegic solution to
optimise metabolic repair and restoring the
pool of energy-rich phosphates. Many well-
conducted experimental and clinical studies
have documented the excellent performance
of this cardioplegic regimen [Rosenkranz
1982, 1983, Follette 1977, 1981, Theo 1986,
Buckberg 1995, Schlensak 1999].

Still today the debate is going on if blood car-
dioplegia have benefits compared to crystal-
loid solutions. Although a plethora of experi-
mental studies have documented the advantages
of blood cardioplegia, there is no large pro-
spective, randomised clinical study showing a
superiority of blood cardioplegia, because no
such study is ever conducted. There are
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several reasons why such a study is missing,
Such a study is difficult to do, it might be that
the difference is of minor significance in rou-
tine cardiac surgery, but superior as myocar-
dial protection during operations with pro-
longed cross-clamp time or in the preoperative
ischaemically deranged or metabolically ex-
hausted hearts [Fremes 1984, Conti 1978,
Daggett 1987, Engelman 1980, Rosenkranz
1986, Krukenkamp 1987, Takamoto 1980,
Ibramin 1999, Schlensak 1998]. Consequently,
unless the patient population studied is at high
risk, and then not so numerous, a large number
of patients would be necessary. Additionally,
the proponents of blood cardioplegia claim that
the data from experimental studies and in some
high-risk patient groups, like patients with
evolving myocardial infarction [Beyersdorf
1993, 1995, Schlensak 1999], are so good that
these surgeons would not be willing to use crys-
talloid cardioplegia. To date there is no experi-
mental or clinical study indicating an advan-
tage of crystalloid cardioplegia, most studies
find an advantage of blood cardioplegia or no
difference between them.

However, today in the era of cardioplegia,
intermittent cross-clamping with ischaemic
fibrillatory arrest is still used in some centres,
with its advocates showing excellent results
[Boncheck 1992]. At Karolinska Hospital crys-
talloid cardioplegia was with some exceptions,
routinely used for all cardiac procedures until
the mid nineties, but today blood cardioplegia
is used in more than 90% of the cases.

The aim of modern perioperative myocardial
protection is to enable safe cardiac operations,
also in damaged hearts, for prolonged time
without resultant structural, metabolic or
functional deterioration. This is accomplished
by decreasing the cardiac metabolism and
optimising the energy supply/demand ratio
to avoid or decrease ischaemia and reperfusion
injury. In the severely deranged heart the
aim 1is also to resuscitate the myocardium
before further ischaemic injury is initiated
by interrupted coronary circulation during
the cardiac surgery.
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Myocardial oxygen demand

The normally working heart requires at 37°C
approximately 9 (SD3) ml O»100g heart
weight/ minute [Gertz 1988]. The oxygen
demand per minute is mainly depending on
heart rate and stroke work including oxygen
expenditure for the degree of wall tension and
contractility. In the empty beating heart the
oxygen consumption is lowered to approxi-
mately 5.6 (SD2.0) ml O,/100g/min [Buck-
berg 1977], but oxygen consumption is still
heavily dependant and linearly related to heart
rate (0.033 [Buckberg 1977] to 0.045 [Preusse
1984] ml 0O2/100g/beat). The fibrillating,
vented non-hypertrophied heart at 37°C has
approximately the same oxygen demand
[Buckberg 1977, Krukenkamp 1991]. In the
arrested heart at 37°C the oxygen demand de-
clines to 1 - 2 ml Oy/minute /100g [Buckberg
1977, Bernard 1961], i.e. only 10% to 20 %
of the oxygen consumption in the normally
working heart. When hypothermia, at 22°C
and 5°C, is added to the arrested heart there is
only a small further reduction in oxygen con-
sumption (0.31 and 0.13 ml O/ 100g/minute,
respectively) [Buckberg 1977, Bretschneider
1975]. Hypothermia below 22°C might be un-
necessary since not much more oxygen low-
ering is gained [Buckberg 1979]. However, to
avoid increased oxygen demand due to re-
warming by collateral blood flow, the temper-
ature of cold intermittent blood cardioplegia
has generally been lowered to 6-10 °C.

Oxygen delivery to myocardial tissue

There have been great concern about the
ability for blood to deliver oxygen to myocar-
dial tissue at low temperatures [Buckberg
1979, Magovern 1982]. An in vitro study
showed that only 50% of the oxygen content
in blood cardioplegia is available at 20°C and
38 % at 10°C [Digerness 1981], with oxygen-
ated crystalloid solutions actually delivering
more oxygen. The oxyhemoglobin dissociat-
ion curve shifts to the left by hypothermia
[Astrup 1965] impairing the release of oxy-
gen to the tissue. However, a low tissue PO, ,
a greater affinity of tissue for O, with hypo-
thermia [Longimuir 1962], and an opposing

rightward shift of the dissociation curve (Bohr
effect) induced by tissue acidosis and hyper-
carbia [Astrup 1965, Reeves 1982] may contri-
bute to a significant tissue oxygenation despite
the hypothermia [Penrod 1951, Gutierrez
1986]. Although controversial [Illes 1989] it
has been shown that the protective effect of
hypothermic blood cardioplegia is critical de-
pendent on the oxygen content despite the
greater affinity of haemoglobin for O, at low
temperatures (4-8°C) [Vinten-Johansen 1991].

Warm heart surgery

Since most of the myocardial oxygen de-
mand (80-90%) 1is due electromechanical
work, hypothermia might be unnecessary in
the arrested heart, if it is continuously oxygen-
ated. This was the rationale behind the concept
of warm aerobic arrest. First used by Lillehei
et al. 1957 (se above), warm heart surgery was
reintroduced by Lichtenstein et al in 1989, but
now using a modern composition of cardio-
plegia [Lichtenstein 1989, 91]. By continuo-
usly perfusing the heart with normothermic
blood cardioplegia the heart was arrested and
ischaemia was avoided. The addition of hypo-
thermia was no longer considered necessary.
Instead of cold anaerobic arrest this was a con-
cept of warm aerobic arrest where cross-clamp
time had little to do with ischaemic time.
Detrimental effects of hypothermia such as
membrane destabilisation [Martin 1972], Na'-
K" adenosine triphosphatase inhibition with
oedema formation [Martin 1972], and calcium
sequestration [Sakai 1985] could be avoided.
As shown by Kaijser and colleagues [Kaijser
1986] the production of high-energy phos-
phates during deep hypothermia (10°C vs. 15°
C) is reduced more than energy consumption.
This was another negative effect now avoided.

With an ongoing metabolism this method
had the potential for peroperative preservation
of mitochondrial-, membrane-, and enzymatic
function. Consequently, possible improvements
in postoperative outcome was expected, espe-
cially in patients with limited cardiac reserve
and following long cross-clamp times [Lichten-
stein 1992]. However, despite the theoretical
advantages using warm continuous blood car-



dioplegia, results diverge when compared
with cold intermittent blood cardioplegic tech-
niques. With warm cardioplegia good [Licht-
enstein 1991, Salerno 1991, “Warm heart
invest.” 1994, Brown 1993, Yau 1993], but
also detrimental cardiac effects are shown
[Misare 1993, Bufkin 1994, Stahl 1994, Van
Camp 1995]. Systemic effects as increased
risk for neurologic events and low systemic
vascular resistance are reported [Martin 1994,
Christakis 1992]

Warm and cold continuous
blood cardioplegia
- Objectives of study I

Despite the theoretical advantages with
warm heart surgery not all reports have been
in favour of this method (se above). A warm
heart requires 10-20 % more oxygen than a
cold heart. This oxygen demand, though
small, may not be neglectable even in the
perfused cardioplegic heart. If not the continu-
ous cardioplegic perfusion is able to com-
pletely and homogeneously perfuse the whole
myocardium, small areas of ischaemia in a
warm heart may be the net result. Consequently,
the warm heart is more susceptible for inho-
mogeneity in cardioplegic distribution. Cardio-
plegic delivery to myocardium beyond proxi-
mal occlusions or critical stenoses is not opti-
mal, and the distribution may be inhomogene-
ous [Hilton 1979 Tian 1998]. Retrograde deliv-
ery via the coronary sinus is in these situations
probably a superior route of administration
[Partington 1989-1, Haan 1991, Menasche
1991], but also retrograde cardioplegia is in-
homogeneously distributed [Gates 1993-1,
Caldarone 1994], with hypoperfusion of the
right ventricle. Several studies has concluded
that only 25 to 80% of the retrograde deliv-
ered cardioplegia is nutritive [Partington 1989
-1, Solorzano 1978, Gates 1993-2, Carrier
1994, Ardehali 1995].

Even in the absence of coronary artery ob-
structions antegrade perfusion to the cardio-
plegic heart is not homogeneous [Miyamoto
1978] with subendocardial layers being more
vulnerable [Aldea 1990]. Cardioplegic flow

Cardioplegia and Cardiac Function 15

and pressures may in the warm heart be of
more critical importance, and pump accidents
may be fatal due to decreased time margins.
Even in the warm, antegradely perfused myo-
cardium without coronary obstructions, post-
cardioplegic cardiac function is shown to dete-
riorate [Mehlhorn 1995]. Ischaemic damage
may further result when warm “‘continuous”
cardioplegia is temporarily interrupted, as done
by many surgeons to better visualise the oper-
ating field [Matsuura 1916, Lichtenstein-Warm
Heart investigators 1995].

These remarks may have important implica-
tions for the use of warm heart surgery. When
reviewing studies on warm continuous cardio-
plegia we could only find studies where the
warm continuous cardioplegia had been com-
pared with intermittent cold cardioplegia (see
above). Was then the observed differences be-
tween the methods due to different cardioplegic
temperature and metabolism or a result of a
different myocardial perfusion? As a result of
this review we hypothesised that parts of the
observed advantages with warm continuous
cardioplegia might be attributed to the contin-
uous perfusion per se, rather than to favour-
able metabolic effects of normothermia. There
have only been a few studies on continuous
cold blood cardioplegia [Bomfim 1981, Khuri
1988, Louagie 1997], but none of them has
been in comparison with warm blood cardio-
plegia. Even with continuous cardioplegia,
hypothermia may still be an important adjunct
to myocardial protection. Hence the purpose
of study I (warm vs. cold blood cardioplegia)
was to isolate and investigate the role of cardio-
plegic temperature on post-bypass functional
recovery per se, keeping parameters as cardio-
plegic flow, pressure and route of administra-
tion similar between groups. If cold continu-
ous cardioplegia is not inferior to warm contin-
uous, then the cold may have advantages due
to the greater safety margins of hypothermia.
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Simultaneous antegrade-retrograde
blood cardioplegia
- Objectives of study II

As discussed above a homogenous distribu-
tion of the cardioplegic solution may be of crit-
ical importance particularly in conjunction
with warm heart surgery. One solution is to
combine antegrade and retrograde cardiople-
gia. The heart is then arrested with an initial
dose of antegrade cardioplegia, with the subse-
quent doses given through the coronary sinus,
or given by alternating between antegrade and
retrograde perfusion. [Partington 1989-2, Drink-
water 1992, Hayashida 1995, Aldea 1994]. A
further reason for a such regimen is that even
in the absence of coronary stenoses, antegrade
and retrograde cardioplegia may perfuse com-
plementary vascular beds in the cardioplegic
heart [Aldea 1994, Gates 1995, Gates 1996].

To provide an optimal and fast distribution
of cardioplegia, even in the presence of ob-
structed vessels, simultaneous antegrade-
retrograde delivery of the cardioplegic solution
was proposed by Buckberg’s group [Ihnken
1994]. This simultaneous technique is easy to
use without any change from antegrade to
retrograde or vice versa. With the theoretical
potential for homogenous distribution, the
simultaneous antegrade-retrograde cardioplegia
might be an optimal mode of cardioplegic de-
livery. However, several questions are raised:
Is it a safe method? Will the microvascular
hydrostatic pressure increase to such an extent
that myocardial oedema will cause deteriora-
tion of left ventricular function? [Spotnitz
1994]. This possibility is particularly relevant
in situations with acute occlusions and ischae-
mia, which would be an important indication
for simultaneous cardioplegia. Ischaemic in-
jury to the coronary endothelium and myo-
cytes will increase microvascular permeabil-
ity and cause myocardial oedema [Spotnitz
1994], rendering the heart more susceptible to
increased hydrostatic pressure during cardio-
plegia and reperfusion. Giving large quantities
of cardioplegia might then further enhance
myocardial oedema. A study by Mehlhom
and co-workers [Mehlhorn 1995] showed
oedema formation during continuous ante-

grade warm blood cardioplegia with subse-
quent reduction in systolic function, and in a
canine study myocardial water content increase
during reperfusion after global ischaemia re-
sulting in increased chamber stiffness| Weng
1992]. Hence the purpose of study II of this
thesis became trying to answer theses ques-
tions about the safety of simultaneous cardio-
plegia. Antegrade and simultaneous antegrade-
retrograde cardioplegia given via the aortic
root and the coronary sinus was compared with
regard to post-bypass functional recovery, tro-
ponin-T release, and myocardial water content.

Intermittent warm blood cardioplegia
- Objectives of study III

A problem with continuous infusions of car-
dioplegia is that the operating field will be
flooded with blood. One solution is to use re-
trograde perfusion which increase visibility
due to decreased coronary artery flow [Salerno
1991, Lichtenstein 1992], but the perfusion of
the right ventricle will be suboptimal as dis-
cussed above. Continuous saline irrigations,
suction, or blower devices can be applied in
the vicinity of the opened vessel to improve
visibility [Teoh 1991, Maddaus 1992], but
despite this, conditions will not be optimal.
The alternative to shut off blood flow by
circumscribing the arteries with ligatures was at
this time, in the middle of the nineties before
the real beginning of the off-pump surgery,
not considered prudent due to possible risks
of endothelial damage [Pabst 1989].

Consequently, both cold and warm continu-
ous perfusion was considered cumbersome by
most surgeons. Thus in practice the warm blood
cardioplegic perfusion, when used, was inter-
rupted during shorter or longer intervals to
better visualise the operating field, converting
the continuous perfusion to an intermittent one.
Many studies on “continuous” warm blood
cardioplegia have in fact been studies on
warm intermittent rather than continuous
cardioplegia. In Lichtenstein’s original publi-
cation on warm heart surgery it was stated
that cardioplegic perfusion was occasionally
turned off for 10 to 15 minutes [Lichtenstein



1991]. In a later randomised trial a mean of
48 % of the cross-clamp time was off cardio-
plegia, the highest mean for any surgeon be-
ing 64 % [Warm heart invest. 1994]. In that
study the longest ischaemic time off cardio-
plegia was on average 11 minutes, and further
analysis suggested that warm blood cardiople-
gia interrupted for more than 13 minutes is a
risk factor for adverse outcome [Liechtenstein
1995].

The practice of interrupting cardioplegic de-
livery influenced surgeons to specifically ad-
dress the intermittence of warm cardioplegia.
During the mid 90ties there were an increasing
number of papers advocating this technique.
The majority of studies showed excellent re-
sults, concluding that intermittent warm blood
cardioplegia in the protocols used was safe and
provides a myocardial protection equivalent or
superior to the various regimens of myocardial
protection used for comparison [Yau 1992,
Landymore 1992, Matsuura 1993, Ko 1993,
Ali 1994, Pelletier 1994, Landymore 1994,
Calafiore 1995, Tian 1995, Mezzetti 1995,
Landymore 1996, Tonz 1996, Torracca 1996,
Carias de Oliveira 1997,Caputo 1998 ]. Indeed,
Calafiore et al [Calafiore 1995] showed that
intermittent warm blood cardioplegia given
during only 12 % of the total cross-clamp time
and with ischaemic episodes of up to 15 min-
utes “is a safe, reliable, and effective tech-
nique of myocardial protection”.

However, in the warm cardioplegic heart an
oxygen debt occurs after 3.5 minutes of warm
ischaemia [Landymore 1992], and two studies
conclude that interruptions of warm blood car-
dioplegia for 7- or 10-minute episodes cause
ischaemic damage with detrimental functional
effects and structural defects [Matsuura 1993,
Ko 1993]. It is important to emphasise that
intermittent warm cardioplegia, is not a de-
fined entity, but represents a wide range of re-
gimens of in the hands of the different inves-
tigators. Warm intermittent cardioplegia is
also warm intermittent ischemia. With in-
creasing ischaemic time the result will inevi-
tably be an ischaemic injury.

When reviewing the literature we found that
most investigators have studied warm intermit-
tent cardioplegia in the normal heart, evaluat-
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ing its safety and trying to establish a longest
safe interval off cardioplegia. The purpose of
study III was to investigate intermittent warm
cardioplegia in the already ischaemic and
compromised heart. The regimen we chose
was similar to, but not identical, that used by
Calafiore et al [Calafiore 1995]. As in study I
and II antegrade continuous blood cardioplegia
was used for the comparison. Variables studied
were post-bypass left ventricular function, re-
lease of troponin T and myocardial water con-
tent.

Measurements of
cardiac function

Preload, afterload and contractility

The classic determinants of muscular perfor-
mance; preload, afterload, heart rate and force
of contraction (contractility ) were originally
defined during studies of isolated muscle
strips. Preload was the load put on the muscle
before it was stimulated to contract. Practically,
it was a weight hanged at the end of the muscle
stretching it to a length consistent with its rest-
ing length-tension relation. When the muscle
was stimulated and shortened during contrac-
tion this was called an isotonic contraction. If
the muscle was allowed to shorten first after
having developed an extra force in addition to
the preload this additional force was called the
afterload. Practically, this was also a weight
hanged at the end of the muscle strip, but with
a device made not to lengthen in addition to
the length caused by the preload weight. This
contraction was then called an afterloaded iso-
tonic contraction and the total load was the
sum of the preload and afterload weights. In
this setting preload and afterload were com-
pletely independent of muscular contractility
and the load was constant during the contrac-
tion.

In the nineteenth century Fick [Fick 1882]
and Blix (in Sweden) [Blix 1885] demon-
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strated the existence of a direct relationship
between muscle fibre length and contractile
force. However, problems have arisen when
transferring this concept to the intact heart. As
the heart starts to contract and ejection begins
both preload (measured as ventricular pres-
sure or volume) and afterload (measured as
arterial or ventricular pressure, ventricular wall
stress or arterial impedance) will change.
Furthermore there is no way to direct measure
ventricular force, tension or wall stress. The
load will also be different in different parts of
the heart due to different wall radius and wall
thickness, and due to different orientation of
the muscle fibres at different depths of the my-
ocardial wall [Sagawa 1988]. Although pre-
load and afterload, at the beginning of the
contraction, are reasonable well defined, the
force of contraction or the contractility is even
more difficult to quantify and translate to the
cardiac system in vivo.

Cardiac function curves, Frank-Starling
relationship

Cardiac contractility described in terms of
function curves was first done by Otto Frank in
1885 describing a pressure-volume diagram of
a frog ventricle plotting the peak pressure in
the ventricle during contraction at different
volumes. (At that time pressure-volume dia-
grams had also been used to describe the
work of engines). However, the non-linearity
of his pressure-volume diagram and its load
dependence made it difficult to use practically
[Frank 1885]. Later Starling formulated: ’//the
larger the volume of the heart, the greater is
the energy of its contraction//” [Starling 1918].
Starling and his group [Patterson 1914 x2]
have later been associated with three relations:

1. The pressure-volume relation used by
Frank;

2. Cardiac output plotted against atrial pres-
sure, a concept further developed by
Guyton with his pump function curves
1955 [Guyton 55];

3. Stroke work plotted against end-diastolic
pressure, end-diastolic volume or atrial
pressure.

The Frank-Starling relations (length-tension re-
lations) were further developed by Sarnoff and
Berglund 1955 [Sarnoff and Berglund 1955],
investigating the relation between ventricular
stroke work and filling pressure, showing the
existence of numerous function curves depend-
ing on inotropic state, and suggesting that the
relation between stroke work and end-diastolic
volume might be linear. Later force-velocity
relations were investigated by Sonnenblick
[Sonnenblick 1962 ] and the maximal velocity
of shortening was used as a preload independ-
ent index of contractility [Ross 1966]. Also
various indices derived from the first derivative
of left ventricular pressure increase, dP/dt
[Gleason 1962] was investigated and is still
used, but being preload dependent [Little 1985],
(afterload independent if occurring before o-
pening of the aortic valve). Among many indi-
ces of cardiac function are the load dependent,
but clinically much used stroke work index
and ejection fraction. The latter is easily ob-
tained non-invasively. In the 70ties Suga and
Sagawa developed the end-systolic pressure-
volume relation (ESPVR) as an index of con-
tractility, independent of both pre- and after-
load [Suga 1971, Sagawa 1977, 78]. Unfortu-
nately, ESPVR has later been shown to be in-
fluenced by afterload [Maughan 1984, Baan
1988, Van der Velde 1991], and is in vivo
often curvilinear [Burkhoff 1987, Su 1989,
Kass 1989]. With the development of better
methods for on-line volume measurements
(sonomicrometry), Rankin’s group could
further investigate the function curves of
Sarnoff and Berglund and presented in 1985
the concept of preload recruitable stroke rela-
tion (PRSW) [Glower 1985]. This is left ven-
tricular stroke work plotted against the end-
diastolic volume and it is claimed to be a
preload- and afterload-independent index of
cardiac function [Glower 1985].

Interdependence between load and
contractility

A problem when defining “contractility” is
the intimate interdependence between load and
contractility which is seen in the intracellular
regulation of the availability and sensitivity of



calcium-ions to the contractile elements. Con-
sequently, on the myocyte level contractility,
preload, and afterload cannot be defined inde-
pendent of each other [Kass 1988, Lakatta
1987]. Changes in load influence the length of
muscle fibres (length-tension relation), which
again influences the Ca**-sensitivity of the my-
ofilaments (also as the contraction proceeds)
and thus the inotropic state or contractility of
the myocardium.

However, in both clinically and in experi-
mental studies the ability to describe changes in
pump performance, independent of changes
in pre- or afterload, is of great importance.
Thus a surrogate for cardiac force, whether or
not representing true “‘contractility” on the
basic muscular level, will be a useful tool as
long it is operational, does change with in-
otropic state, and is reasonably independent of
“preload” and “afterload”. Such indices are
the ESPVR and PRSW which today are used
mostly for experimental evaluation of systolic
and global ventricular function. These indices
are relatively insensitive to changes in preload
(Suga 1979, Spratt 1987, Glower 1985), but
ESPVR, and to a lesser degree PRSW, are not
completely insensitive to afterload [Maughan
1984, Baan 1988, Van der Velde 1991].

The force-frequency relation

A positive inotropic effect of increased con-
traction frequency was described in frog ven-
tricles by Bowditch already in 1871 [Bowditch
1871]. This force-frequency relation also
known as the interval-force relation or stair-
case (“Treppe”) [Woodworth 1902], is consid-
ered to be one of the fundamental determinants
of myocardial contractility [Braunwald 1992,
Seed 1992]. It has been seen in isolated cardiac
muscles [Koch-Weser 1963] and in anaesthe-
tised animals [Covell 1967] as well as in con-
scious animals [Mahler 1974, Freeman 1987]
and humans [Sonnenblick 1965]. Research by
Ross et al have shown that in addition to the
regulation of contractility by direct beta-adren-
ergic stimulation, length-dependant activation
(Frank-Starling relation), and heart rate, there
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is also an indirect beta —adrenergic effect [Ross
1995]. Beta —adrenergic stimulation is shown
to amplify the force-frequency relation and
thereby influence both systolic and diastolic
function possibly a mechanism involved in the
pathophysiology of heart failure [Kambayashi
1992, Eising 1994, Hasenfuss 1999].

Measurements of cardiac function using
mechanical function indices

In this thesis the most applicable and impor-
tant variable for investigation was the preload
recruitable stroke work relation (PRSW) used
to quantify global cardiac function (Fig. 2 and
“Materials and methods). In addition the
end-diastolic pressure-volume relation (EDPVR)
and the stiffness constant (beta) were used to
quantify chamber stiffness (late diastolic func-
tion) (Fig. 1). The end-systolic pressure-volume
relation (ESPVR) was only used in study V
due to its tendency of being curvilinear in
vivo making it difficult to use accurately. The
ESPVR not only change its steepness, but also
its curvilinearity with changing inotropic state
[Burkhoft 1987, Su 1989, Kass 1989] (Fig. 1,
3 and 4, also see further discussion in paper
V). These indices of cardiac function are
called “mechanical function indices” as they
are cardiac function relations obtained by
preload or afterload interventions. To derive
end-systolic and end-diastolic pressure and vol-
ume, as well as stroke work for individual
heart beats during changing of preload or
afterload on-line acquisitions of pressure-
volume loops have to be done. For on-line
volume measurements we used a conductance
catheter and for pressure measurements a
transducer-tipped pressure catheter. A pressure-
volume loop is a convenient way to describe
the heart beat during its various phases. A
“guide” to the interpretation of the pressure-
volume loop is given in figure 5.
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Fig 1. Pressure-volume loops during vena cava occlusion at baseline (pre; left loops) and after ischaemia (post;
right loops) in one animal. After ischaemia the end-systolic pressure-volume relation (ESPVR) has become less
steep indicating a deterioration in systolic left ventricular (LV) function. The end-diastolic pressure-volume
relation (EDPVR) has become steeper indicating an increased chamber stiffness (deterioration in late diastolic
function). After ischaemia the loops have moved rightwards and slightly upwards due to LV failure (increased
end-diastolic volume and pressure). After ischaemia the loops are closer to each other due to tachycardia. The
heart rate is in average 87 and 122 beats per minute at baseline and after ischaemia. Note the increased blun-
ting of the left lower corner of the pressure-volume loops after ischaemia. The left ventricle starts to fill at a
higher LV pressure.

4000 |
N ~e._ PRSW pre
‘E 3000 | o PRSW post
*
(@]
I
e
£ 2000}
<<
o
2
e
S 1000 |
n
O N N N N N
0 20 40 60 80 100

End-diastolic volume (ml)

Fig 2. The preload recruitable stroke work relation (PRSW) before (pre) and after (post) global ischaemia in one
study subject. PRSW calculated from the loops in Fig. 1. Each point in this diagram is calculated from the area
(stroke work) of a single pressure volume loop and its corresponding end-diastolic volume. The regression
coefficient (M,,) of PRSWis 123 and 67 erg x1 0°/ml respectively, indicating a severe post-ischaemic deterioration
of global left ventricular function.
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Fig 3. Pressure-volume loops during an acute occlusion of vena cava inferior. For each new heart beat the end-
diastolic volume is reduced and consequently also reduction of end-systolic pressure, end-systolic volume, and
stroke work (loop area). The end-systolic points are used for calculation of the end-systolic pressure-volume
relation (ESPVR). Since ESPVR often is slightly curvilinear there is a problem when adjusting it to a straight
line in order to quantify systolic function as Ees (the regression coefficient of ESPVR). It is of uttermost importance
that limits for the calculation are defined, otherwise Ees will easily be a function of the number of loops used for
calculation! In this figure Ees increases 35% when all pressure-volume points down to a pressure of 60 mmHg are
used instead of eight points down to 80 mmHg (Ees is 2.3 and 3.1 mmHg/ml respectively).
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Fig 4. Pressure-volume loops during a vena cava occlusion in one animal with the ESPVR shown as dots. These
loops are from an acutely failing heart due to global ischemia (not from the same animal as in the figure 3). The
ESPVR has become concave against the y-axis. This is seen in severely failing hearts [Burkhoff 1987]. The first
part of the ESPVR can, as in this figure, even be steeper than in the same heart before the failure. The problem
of calculating a linear Ees is obvious. Thus ESPVR was not used in any of the studies I-1II, but was investigated
in study V ( se material and methods for study V).
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Fig 5. A single heart beat, from a study animal, is presented as a pressure-volume loop. To follow the
heart cycle the loop is followed counter-clockwise, starting at end-diastole (1). Heart rate is 82 beats
per minute. It is 4 milliseconds between the small dots in the loop showing its relative speed during
different parts of the heart cycle. 1. The beginning of systole and the heart beat. End-diastole with
closure of the mitral valve and start of the “isovolumic contraction”. 2. Opening of the aortic valve
and start of the “ejection” phase. The left ventricle is emptied. 3. End-systole, ejection stops, and the
aortic valve closes. Beginning of diastole and the “isovolumic relaxation” with declining left
ventricular pressure (relaxation velocity is measured as tau). 4. Opening of the mitral valve and start
of left ventricular filling. First the passive “rapid filling”, enhanced by active diastolic relaxation
(filling velocity is measured as PFR), followed by the late filling” due to atrial systole (starting at the
arrow). Tau is the time constant of isovolumic pressure relaxation (ms) measured from dP/dt,,;, , and
PFR is the peak filling rate (ml/s) (For definitions of tau and PFR se “materials and methods”).(The
velocity of the rapid and late filling is measured by echocardiography as the E- and A- wave.) Note
the small protuberance in the loop where atrial systole begins. For this heart beat atrial systole
contributes 26% to the filling volume. The width of the loop represents stroke volume (SV) and the
area stroke work (SW), dp/dt max and min (mmHg/s) is the maximum positive and negative first
derivative of the LV pressure increase and decrease, respectively. ESP and ESV are end-systolic
pressure and volume. EDP and EDV are end-diastolic pressure and volume. The ejection fraction can
be estimated by just looking at the width (SV) of the loop and its location. (If the width of the loop is
larger than its distance from zero volume (y-axis), then ejection fraction is more than 50%.) In a
single pressure-volume loop the angle of a line drawn from “x” on the volume-axis to the end-systolic
point is proportional to the effective arterial elastance (E,) which is a measure of afterload (E, =
ESP/SV). For calculation of mechanical function indices as PRSW (preload recruitable stroke work -
global function), ESPVR (end-systolic pressure-volume relation — systolic function), EDPVR (end-
diastolic pressure-volume relation - chamber stiffness/late diastolic function) or Beta (stiffness
constant- EDPVR described as a curvilinear function), multiple pressure-volume loops have to be
obtained by changing preload or afterload.



Heart rate and cardiac function
- Objectives of study V

In study L, II, and III the pigs were tachycar-
dic after ischaemia-cardioplegia and cardiopul-
monary bypass, probably as a compensation
for failing cardiac pump function. Even though
the increase in heart rate was almost the same
in the different study groups we were con-
cerned about the validation of the different
indices used to measure cardiac function (se
materials and methods). The main variable for
the evaluation of cardiac function in study I to
IIT was the regression coefficient of the preload
recruitable stroke work relation (PRSW), being
an index of global cardiac function or “con-
tractility”.

By the force-frequency relation, also known
as the interval-force relation, heart rate will in-
fluence myocardial contractility in anaesthe-
tised animals [Covell 1967; Skinner 1963,
Koch-Weser 1963, Mahler 1974, Bowditch
1871]. Consequently cardiac function may be
influenced by changes in heart rate, even when
investigated by a preload independent func-
tion index such the PRSW. When reviewing
the literature there were no studies really appli-
cable to our adult pigs with regard to the their
range of heart frequencies. There are only a
few studies on heart rate and PRSW. Glower
et al [Glower 1985] paced six dogs from 110
to 160 beats per minute (bpm) with no change
in PRSW. In eight humans [Liu 1993] PRSW
increased 20% during pacing from 71 to 120
bpm, and two studies in new-born piglets
showed no changes in PRSW with increasing
pacing rate, but studied from a baseline heart
rate of about 150 bpm [Klautz 97, Davies].
Accordingly the behaviour of PRSW may be
different in species having different ranges of
heart rates or in the same species at different
maturity of the myocardium.

The human study was also the only study
where diastolic function indices were concom-
itantly investigated. Since PRSW as a global
index contains diastolic properties, diastolic
dysfunction may also influence PRSW. Since
much cardiovascular research is done on an-
aesthetised pigs, we wanted to “calibrate” the
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adult anaesthetised pig model with increasing
heart rate. Beside the PRSW we also wanted
to investigate the end-systolic pressure-volume
relation (ESPVR) (systolic function), the end-
diastolic pressure-volume relation (EDPVR)
(chamber stiffness), the stiffness constant
(chamber stiffness), and tau (early diastolic
relaxation) [Glower 1985, Suga 1973, Mirsky
1984]. In addition standard hemodynamics
were recorded and pressure-volume loops were
analysed. By designing the study as multiple
increments of heart rate from a steady-state
level we wanted to reduce possible influences
of the preceding heart rate history.

Segmental and
global LV volumes

- Objectives of study IV

Measurements of left ventricular (LV) vol-
ume are necessary for more exact assessment
of cardiac function. In this thesis measurements
of LV volume was done with the conductance
catheter [Baan 1984] (se material and methods).
Other more common methods for volume
measurements such as contrast angiography,
radioisotope imaging, magnetic resonance or
computer tomography have all the disadvan-
tages of not being on-line, or demanding gated
sampling over several beats at steady state con-
ditions, or as the conductance catheter, being
invasive. Methods for on-line registration of
LV volume are radiopaque metallic markers
[Vine 1976], sonomicrometry [Ranking 1976]
and the conductance catheter method [Baan
1981]. LV measurements by the conductance
catheter is the latest developed method, but
metallic markers and sonomicrometry have
their place in long term animal models also
giving the possibility to measure LV wall
thickness. The conductance catheter tech-
nique has been used in humans [Baan 1984;
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Liu 1993], but the invasiveness of this tech-
nique has made it unsuitable for most clinical
applications.

Echocardiography is today the clinical meth-
od of choice for assessment of LV dimensions,
having the advantage of being a bedside and
non-invasive procedure. By using transesopha-
geal echocardiography in conjunction with
automated border detection LV area curves
can be displayed on-line [Perez 1992, Vanden-
berg 1992]. These area-changes are shown to
be good estimates of the corresponding chang-
es in LV volume and the technique can be
used for on-line monitoring in clinical prac-
tice[Gorcsan 1993x2]. However, with in-
creased cardiac dyskinesia, assumptions drawn
from area changes in single cross-sections may
be violated. One solution is to use multiple
area discs by which the LV volume, measured
by echocardiography has shown to be linearly
related to global volume measured by the con-
ductance catheter [Gorcsan 1996].

A weakness of methods using areas is that
geometric assumptions and calculations of
global volume have to be done [Wyatt 1980].
This can be avoided by further using the con-

ductance catheter technique, by which the mo-
mentaneous volume in multiple intraventric-
ular volume segments can be measured [van
der Velde 1992]. With both segmental and
global volume measured by the conductance
catheter, we hypothesised that changes in five
intraventricular volume segments correlate
with concomitantly measured changes in glob-
al LV. If valid, it would be a further indication
that echocardiography, perhaps with thicker
areas, could be used for on-line measurements
of LV volume. There might also be a possibil-
ity that the conductance catheter not necessar-
ily has to cover the whole left ventricular long
axis, but only a central segment thus making
the technique more easy. For this study, which
was done in co-operation with the Division of
Medical Engineering at Karolinska Institutet,
an algorithm was constructed for purpose of
comparing the momentaneous differences be-
tween the curve shape of global and segmental
volumes. The comparisons were done at base-
line, after 60 minutes of apical ischaemia, dur-
ing changes of preload and changes of after-
load.
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Aims of the study

This thesis is focused on studies of blood cardioplegia in order to evaluate some novel regimens
of myocardial protection in the acutely ischaemic heart. The studies were performed in pigs sub-
jected to global ischaemia, and outcome was evaluation by load independent indices of cardiac
function derived from pressure-volume relations acquired with the conductance catheter method.
Studies were undertaken to further study the conductance catheter method for cardiac volume
measurements and to calibrate the technique for changes in heart rate. The objectives were:

e To evaluate the effect of the temperature of blood cardioplegia. Is continuous
cold blood cardioplegia similar to continuous warm cardioplegia with respect
to post-cardioplegic cardiac function?

e To investigate if simultaneous antegrade and retrograde blood cardioplegia is det-
rimental to post-cardioplegic cardiac function. Will myocardial oedema develop,
and if so, will it influence cardiac function?

e To study if warm intermittent blood cardioplegia is a method to be used in the
metabolically deranged heart. Is warm intermittent blood cardioplegia as good
as warm continuous cardioplegia with respect to post-cardioplegic cardiac
function?

e To correlate, if possible, continuous volume changes in a mid-cardiac volume
segment with volume changes in the global left ventricular volume (with vol-
umes measured by conductance catheter). Is volume changes in a mid-cardiac
volume segment an estimate of volume changes in global volume?

e To examine, in a comprehensive study, the rate dependency of systolic and
mechanical function indices. How do indices of mechanical function and cardiac
performance change with changing heart rate in the anaesthetised pig?
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Materials and methods
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Anaesthesia and surgical procedures

Study population

All animals received humane care in compli-
ance with the European Convention on Animal
Care and all studies were approved by the
Ethics Committee for Animal Research at
Karolinska Institutet, Stockholm, Sweden.

In all 5 studies Swedish farm pigs were used
(study I: 44 (40-48) kg; study II: 42 (40-44)
kg; study III: 40 (39-42) kg; study IV: 41 (40-
41) kg; study V: 42 (41-43) kg [median (quar-
tile limits)] ). A model with pigs on cardiopul-
monary bypass (CPB) was principally the
same in study I-III, differing in the different
regimens of cardioplegic administration. All
studies were conducted in anaesthetised, open
chest pigs, but study IV and V without CPB.

Anaesthesia and surgical procedures
(study I-V)

All pigs were premedicated with intramuscu-
lar ketamine hydrochloride (20 mg/kg) and
atropine sulphate (0.5 mg). Anaesthesia was
induced with intravenous sodium pentobarbital
(15 mg/kg) and maintained by a cocktail (0.35
ml/kg per hour) containing 2 mg fentanyl cit-
rate, 25 mg midazolam and 24 mg pancuron-
ium bromide in a volume of 57 ml. The infus-
ion was preceded by a bolus of 0.15 ml/kg.
The pigs were intubated and ventilated with a
volume-cycled ventilator (Engstrom 300,
Datex-Engstrom AB, Bromma, Sweden).

Catheters were inserted into the right femo-
ral artery and vein for drug and fluid adminis-
tration, blood sampling, and pressure moni-
toring. A catheter and a temperature probe
were surgically introduced into the urinary

bladder (study I-III). An electrocardiogram
was recorded by surface electrodes. In study
II-V a Swan-Ganz catheter (Baxter Health-
care Corp.) was placed in the pulmonary artery
through the right external jugular vein for pres-
sure monitoring, cardiac output measurements,
and injections of hypertonic saline solution for
parallel conductance calibrations. In study I
an ordinary catheter was placed in the pulmo-
nary artery instead of a Swan-Ganz catheter,
hence cardiac output was in this study only
measured by the conductance catheter (see
below).

The pericardium was opened after median
sternotomy. A SF transducer-tipped pressure
catheter (Mikro-Tip, Millar Instruments Inc.)
and a 7F, 12-pole conductance catheter with 9
or 7-mm spacing between the electrodes, de-
pending on heart size (Cordis Webster), were
introduced into the left ventricle through a stab
wound in the apex. The catheters were fixed by
a purse string suture and a tourniquet (Fig. 6)

The tip of the conductance catheter was
brought through the aortic valve. A proper po-
sition of the catheter was confirmed before
each set of measurements by inspection of the
individual segmental volume signals. In study
I-II a “single field” and in study III-V a “dual
filed” conductance catheter was used. The later
is an improved model for increased accuracy
of volume measurement. The catheters were
inserted through the apex, in order not having
to remove and reposition them before and after
cross-clamping the aorta. In study IV two extra-
cardial pacemaker wires were sutured to the
right atrium and connected to an external pace-
maker generator (Medtronic 5375, Medtronic
Inc.). In study I-III ventricular or atrial pacing
was sometimes used during reperfusion and
weaning from CPB.



28 Anders B. Ericsson

Fig 6. Catheters for acquisition of pressure-volume
loops. A conductance catheter with five segments
and a pressure catheter inserted through the heart
apex (can also be inserted from aorta). An electrical
field is set up between the two most proximal and
distal electrodes (here “dual excitation” with two cur-
rents, I; and I, , having opposite polarity). Note the
extra segment in aorta. This segment can be re-
cruited depending on heart size. (This segment will
then be “number 5" and the mid-cardiac segment
will be doubled in thickness). Also note that the
electrical field will spread to the right ventricle and
to other surrounding structures.

Surgical procedure, cardiopulmonary
bypass (study I-1II).

After heparinisation (activated clotting time
> 480 seconds), the ascending aorta was can-
nulated for cardiopulmonary bypass (CBP)
with a 20F arterial cannula. Venous return was
through a 32F two-stage cannula in the right
atrium. CPB was initiated with a flow of 75 to
90 ml/kg per minute using a roller pump
(7400, Sarns Inc./3M Health Care) and a mem-
brane oxygenator (Maxima, Medtronic Blood
System) primed with Ringer’s acetate solution,
in study III also with Dextran 70 (Macrodex).
During CPB the temperature was allowed to
drift to 29°C (study I) and 34°C (study II-III).
The left ventricle was vented by a 16 - 20F
catheter inserted through the left atrial append-

age, brought through the mitral valve and con-
nected to the venous line for passive drainage.
A cardioplegia cannula was inserted into the
aortic root with a side branch for pressure
monitoring. Cardioplegic flow, in study I, was
continuously measured by an ultrasound transit-
time flowmeter with the flow probe on the car-
dioplegia tubing (HT207, Transonic Systems
Inc.), and in study III by the cardioplegia de-
livery pump (continuous group) and by calcu-
lating delivered volume (intermittent group).
For study II se below (Fig. 7).

Surgical procedure, additional in study 11.

The hemiazygos vein, which in the pig con-
nects with the great cardiac vein to form the
coronary sinus, was ligated. The ostium of the
coronary sinus was dissected, and a suture with
a tourniquet was placed around. This was done
also in the group given only antegrade cardio-
plegia to provide the same surgical trauma as
in the simultaneous antegrade-retrograde cardi-
oplegia group (se below). A retrograde cardio-
plegia catheter (Research Medical, Inc.), with
the balloon removed, was then introduced into
the coronary sinus through a stab wound in the
right atrium and secured with a purse string
suture. In the group given simultaneous cardio-
plegia, the cardioplegia lines to the aortic root
and coronary sinus were connected by a Y-
connector. During administration of simultane-
ous cardioplegia the suture around the coro-
nary sinus ostium was tightened around the
retrograde catheter. Pressure was measured
both in the coronary sinus and in the aortic
root. Cardioplegic flow was continuously
measured by the cardioplegia delivery pump
and by an ultrasound transit-time flowmeter
(CM 1000, CardioMed A/S, Oslo, Norway)
with a flow probe on the cardioplegia tubing
to the coronary sinus to measure the relative
antegrade and retrograde distribution of cardio-
plegia. Mean cardioplegic delivery pressure
and flow were continuously displayed. (Fig.7)
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Fig 7. This figure shows the instrumentation in study Il (antegrade vs. simultaneous antegrade-
retrograde cardioplegia). The same principal instrumentation was also applied in study I (warm vs.
cold antegrade cardioplegia), and in study III (warm intermittent vs. warm continuous antegrade
cardioplegia), but without the line to coronary sinus (C.S.) (and with no ligation of vena hemiazygos
or snaring of coronary sinus). The pig is cannulated for cardiopulmonary bypass (ECC) with inflow
cannula in the ascending aorta (“‘from ECC”) and outflow cannula in the right atrium (“to ECC”),
as well as a vent in the left ventricle (“LV vent”) draining blood flow from collaterals and
Thebesian veins. Blood cardioplegia (“BCP”) is given through a separate line, with oxygenated
blood from the heart-lung machine (ECC). High or low potassium cardioplegic solutions are given
into the coronary circulation via the aortic root (study I and Ill), and in study II also via the
coronary sinus . Cardioplegic flow and pressure are measured. During ischaemia and
cardiopulmonary bypass the ascending aorta is clamped (“clamp”). A conductance catheter for
volume measurements and a pressure catheter are inserted through the LV apex. These catheters
are connected to a signal processor and a computer to display the pressure-volume loops on-line. A
snare is put around inferior vena cava (IVC) for preload reductions to obtain pressure-volume
relations. A Swan-Ganz catheter is put into the pulmonary artery for (1) measurements op
pulmonary artery pressure (PAP), (2) injections of saline for parallel conductance corrections
(offset calibration), (3) and for cardiac output (CO) measurements to correct conductance catheter
volumes to absolute volumes (gain calibration).
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Data Acquisition (study I-V)

Hemodynamic and mechanical data were
acquired during disconnection of the ventila-
tion for 15 to 20 seconds in end-expiration to
minimise the effects of intrathoracic pressure
variations. The mechanical data were acquir-
ed during unloading of the heart by clamping
the inferior vena cava for 10 to 15 seconds. In
study IV there was an additional intervention
where afterload was increased by clamping the
descending thoracic aorta during a few beats.
Every measurement was repeated at least twice
with an interval of two minutes for circulatory
stabilisation between acquisitions.

The conductance catheter was connected to
a Leycom Sigma-5 signal-conditioner proces-
sor (CardioDynamics BV). The pressure and
volume signals were processed (Conductance-
PC software, CardioDynamics BV), and the
left ventricular pressure-volume loops were
displayed on-line and stored on the computer
hard disk for later analysis. The volume signal
was calibrated to absolute volume by correct-
ing the signal for the parallel conductance, for
the cardiac output measured by thermodilu-
tion (not in study I) and for the blood resistiv-
ity. The principle and technique for volume
measurement have previously been presented
in detail [Baan 1984, 1989]. Data were ac-
quired with an IBM-compatible computer with
an AD converting board (DAS-1601, Keithley
Data Acquisition) at a sampling frequency of
200 to 250 Hz. The time-varying conductance
G(t) from five intraventricular cylindrical seg-
ments, perpendicular to the LV long axis of
the conductance catheter, was recorded and
added in the Leycom Sigma-5 giving the time-
varying volume V(t) by the formula:

V(t) = [1/0] [L*/6] / [G(t)-Gp]

o is a slope factor giving the relation between
the "true" cardiac output and the cardiac output
measured by the conductance catheter. In study
I cardiac output by thermodilution was not
measured, but approximated to 0.6 [Steendijk
1993]. In study II-V cardiac output was meas-

ured by thermodilution (CO) (Cardiac com-
puter, Sat-2, Baxter Healthcare Corp.) 3-5
times after each set of recordings by injecting
10 ml of cold (4°C) glucose 5%. L is the dis-
tance between the electrodes on the catheter
and o is the resistivity of the blood, which was
measured in a cuvette before each set of vol-
ume recordings. Gp, the parallel conductance
from structures surrounding the left ventricle
(septum, right ventricle, lungs and the great
vessels), was calculated by a bolus injection
of 4 ml hypertonic (10%) saline solution into
the pulmonary artery (Baan et al 1989). This
was repeated at least twice after each set of
baseline recordings. The transducer tipped
pressure catheter was calibrated to zero pres-
sure with the sensor just below the surface of
water and the corresponding electrical zero
was checked in the computer.

Data analysis and calculations

Hemodynamics, study I-V (with some ex-
ceptions). End-diastole was defined as the
lower right-hand comer of the pressure-volume
loop. At this point left ventricular (LV) end-
diastolic pressure (EDP) and volume (EDV)
were measured. Variables calculated were
stroke volume (SV) as maximum minus mini-
mum volume, conductance catheter measured
cardiac output as SV x heart rate, ejection frac-
tion (EF) as SV/ maximum volume x 100,
stroke work (SW) as the area within the
pressure-volume loop, mean arterial pressure
(MAP) (study I-III), pulmonary artery pres-
sure (PAP) (study I-III), the time constant of
LV isovolumic pressure relaxation (T) as the
time from peak -dP/dt until LV pressure had
reached half the value at peak -dP/dt (study II,
11, V) (Mirsky 1984).

Additional hemodynamics in study I. Coro-
nary vascular resistance was calculated as the
cardioplegic perfusion pressure, measured in
the aortic root, divided by cardioplegic flow.

Additional hemodynamics in study V. End-
systole for steady state beats was defined at the



timepoint of maximum systolic elastance (max-
imum LV pressure/ LV volume). At this point
LV end-systolic pressure (ESP) and volume
(ESV) were measured. Variables also calcu-
lated were peak filling rate (PFR) as maximum
dV/dt (V= LV volume), peak dP/dt (first deri-
vative of LV pressure), diastolic filling time
(DFT) as the time from onset of peak -dP/dt
to end-diastole, beat-to-beat interval (RR-
interval) as 1/heart rate, and systolic time (sys-
tole) as RR-interval minus DFT. Arterial load
was quantitated as the effective arterial elas-
tance (E, ) being ESP / SV [Kelly et al 1992].
The LV pressure at the opening of the mitral
valve (MVOP) was, by us, defined as the point
of the pressure-volume loop, where a line paral-
lel to the diagonal connecting the end-diastolic
and end-systolic points was tangent to the left
lower corner of the pressure-volume loop.

LV mechanical function (study I-II1, V). All
curves were individually analysed and inspect-
ed visually beat by beat. Global LV function
was quantitated by the slope (My) (mmHg or
erg*103/m1) of PRSW, with Vy, (ml)as its x-
axis intercept (in study I-III: V), using the
equation (Glower et al 1985):

SW = M,, (EDV-V,,)

LV diastolic chamber stiffness was quantitated
by the stiffness constant (3) (unit less) and by
the slope (Eeq) (mmHg/ml) of EDPVR with “a”
as y-axis (pressure) intercept, and V¢4 (ml) as
x-axis intercept. Since Eq is an adjustment to
a curvilinear relation the value is dependent on
the amount of pressure-volume points used for
the calculation. This differed between, but not
within study I-III, giving different baseline
values in these studies. The following equa-
tions were used:

EDP = ae P*EPYV)
EDP = E¢q (EDV-V)
Additional mechanical function study II.

Preload recruitable stroke work area was cal-
culated, with Vi as the maximal volume
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intercept obtained over the entire study (= 68
ml) and V as the volume intercept of PRSW,
using the equation (Glower et al 1988):

PRSWA = ¥ My, (1.2Vomax- Vo)

Additional mechanical function study V. LV
systolic function was quantitated by end-sys-
tolic elastance E., (mmHg/ml), which is the
slope of the ESPVR using the equation (Sa-
gawa 1978):

ESP = E (ESV- Vo)

V is the x-axis intercept calculated by the iter-
ative method [Kono 1984]. The reason not
using ESPVR in study I-III was its tendency
to be curvilinear [Burkhoff 1987, Kass 1989].
To adjust the often curvilinear ESPVR to a
straight line, according to the above formula,
we strictly followed a few rules when analys-
ing ESPVR in study V: (1) the drop in ESP
between the first and second beat used for the
Ees calculation should be >2.0 mmHg, (2)
twelve heart beats were used unless condition
3 and 4 interfered, (3) only beats with ESP >60
mmHg were used, (4) the ESPVR used for
analysis should be a straight line or a smooth
curve convex against the y-axis, if not, this
ESPVR was not used, (5) single heart beats
giving an irregularity in the beginning or end
of the ESPVR could be taken away, but
ESPVR'’s where the volume increased for one
or more beats were not used (as with extra
beats), (6) all analysis was done by one inves-
tigator.

Calculations - study IV

A computer algorithm was constructed to
compare the curve shape of segmental vol-
umes with the curve shape of global volume.
In order to analyse the absolute difference be-
tween curve shapes of segmental versus glob-
al volume, segmental volumes were normal-
ised to equalise the corresponding global vol-
ume 1:1 at global end-diastole and end-systole.
For the calculations the mean of ten beats were
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used. During vena cava and aortic occlusion
the first beat in each acquisition was used as
reference. Both mean and peak differences are
presented as per cent of global stroke volume.

Myocardial water content
- study II and III

Transmural samples of the left ventricular an-
terolateral wall were taken at the end of the
experiments, weighted, and dried to a con-
stant weight. Water content was determined
by the following formula:

Water content (%) =
100 (wet weight - dry weight) / wet weight.

Troponin T
- study II and III

Troponin T concentration in serum was ana-
lysed with the second generation of cardiac
troponin T enzyme-linked immunosorbent
assay (Katus wt al 1992) using the Enzymun-

Test® troponin T (Boehringer Mannheim).
The serum was stored at -70 °C and all sam-
ples were analysed at the same time. Troponin
T was analysed in arterial blood at baseline
and after 90 minutes of reperfusion, in study
II also in coronary sinus blood.

Experimental protocols

Study I-11I (beginning and end)

After circulatory stabilisation baseline haemo-
dynamic and mechanical data were recorded
followed by cannulation and start of totally
vented CBP. The aorta was clamped and the
hearts fibrillated (study I, II) if still beating
five minutes after cross-clamping. Following
30 minutes of “unprotected”’, normothermic
global, ischaemia cardioplegia was delivered
during 45 minutes according to the protocols in
study I-III (se below and Fig. 8).

After the 45 minutes of cardioplegic delivery

the infusion was stopped, the aorta unclamped
and rewarming begun. After 30 minutes of re-
perfusion the LV vent was discontinued and
after additional 15 minutes the pigs were grad-
ually weaned from bypass. Within 60 minutes
after declamping all pigs were weaned from
CBP and decannulated. No inotropic support
was ever used, but during reperfusion and
weaning atrial or ventricular pacing was some-
times used but not thereafter. After 90 minutes
of reperfusion post-bypass haemodynamic and
mechanical data were acquired. In study III ar-
terial blood and in study II arterial and coro-
nary sinus blood was sampled for troponin T.
At the end of all experiments, in all studies, the
pigs were given a lethal intravenous injection
of pentobarbital and potassium.

Study I (Cold vs. warm continuos
blood cardioplegia)

Pigs were randomised to cold (n= 12; 6-7°
C) or warm (n= 13; 34-35° C) continuous ante-
grade blood cardioplegia. An initial dose of
500 ml high-potassium cardioplegia was given,
followed by a low-potassium solution (Table
I). Cardioplegic flow was continuously ad-
justed to maintain an aortic root pressure of
55 to 60 mm Hg and flow was recorded after
5, 15, 25, 35, and 45 minutes. High potassium
cardioplegia was reintroduced if needed to su-
stain a totally arrested heart. In the cold group
body temperature was allowed to drift, but in
no animal below 29° C. In the warm group it
was maintained at 33-37° C.

Study Il (Antegrade vs. simultaneous
antegrade-retrograde blood cardioplegia)

Pigs were randomised to antegrade (n=S8) or
simultaneous antegrade-retrograde (n=9)
continuous warm (35-36°C) blood cardio-
plegia.

An initial dose of 500 ml of high-potassium
cardioplegia, followed by low-potassium car-
dioplegia was given. In the simultaneous group
the coronary sinus tourniquet was tightened to
prevent backflow of cardioplegia into the right
atrium during cardioplegia infusion. Cardiople-



gic flow was continuously adjusted in the ante-
grade group to maintain an aortic root pressure
of 70-80 mmHg. In the simultaneous group
flow was adjusted to a pressure in the coro-
nary sinus (and thus also in the aortic root) of
40-45 mmHg. Pressure and flow of cardiople-
gic infusion were registered after 5, 15, 25, 35,
and 45 minutes of delivery. If the heart started
to fibrillate, high-potassium cardioplegia was
reintroduced until total arrest.

After 45 minutes of reperfusion, immediately
before start of weaning from CBP, arterial and
coronary sinus blood samples were drawn for
troponin T measurements, and the coronary
sinus catheter was removed.

Study Il (Continuous vs. intermittent warm
blood cardioplegia)

Pigs were randomised to continuous (n=S8)
or intermittent (n=10) warm (34°C) blood car-
dioplegia. The hearts were not fibrillated and
continued to beat for up to 10 minutes. After
the ischaemic period cardioplegic perfusion
was begun, given continuously or intermit-
tently. During delivery of cardioplegia, cardi-
oplegic flow was continuously adjusted to
maintain an aortic root pressure of 75 to 80
mmHg in both groups. In the continuous
group, an initial dose of 12ml/kg high-potas-
sium cardioplegia was given, followed by a
continuous infusion of a low-potassium car-
dioplegia. In the intermittent group, an infu-
sion of 12ml/kg high potassium cardioplegia
was given and then repeated every 10 minutes
after stop of the prior bolus. During the last 2
minutes before unclamping, cardioplegia was
given in the intermittent group irrespective of
the time from the prior bolus. Cardioplegic
flow was registered at 5, 15, 25, 35, and 45
minutes of delivery in the continuous group
and during times of delivery in the intermit-
tent group.

Study IV (Segmental vs. global LV volume)

Six pigs were operated. After preparation the
animals were stabilised for at least 30 minutes.
Following calibrating procedures haemody-
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namic data were acquired at baseline, during
occlusion of vena cava and occlusion of the
descending aorta. To intentionally create an
apical myocardial infarction the left anterior
descending coronary artery (LAD) was li-
gated immediately distal to the second diago-
nal branch. After 60 minutes of apical ischae-
mia haemodynamic data were again acquired.

Table 1. Content of cardioplegic solution
mixed 1:4 with blood (study I-11)

Component High K + Low K +
(mmol) Solution
KClI 101 30
MgSO4 16 15
Glucose 5 g 28 28
THAM 20 20
Normal (0.9%) saline

solution to a volume 1000 1000

of (ml)

THAM, Tris hydroxymethyl-aminomethane
(=Trometamol).

Study V (Heart rate vs. cardiac function)

Eleven pigs were operated. After preparation
the animals were stabilised for at least 30 min-
utes. After correcting the volume signal for
blood conductivity, baseline hemodynamic
data were recorded including measurements
of CO by thermodilution. Mechanical data
were collected as described above followed
by correction measurements for parallel con-
ductance. This data set was called “baseline
17, and was followed by atrial pacing to 100
beats per minute (bpm). After 5 minutes of
pacing haemodynamic and mechanical data
were again recorded. The pacemaker was
turned off, and following 10 minutes of heart
rate stabilisation a “baseline 2 was recorded.
These procedures were repeated at 120, 140
and 160 bpm giving eight sets of recordings
(baseline 1 to 4 with corresponding increments
in heart rate). The time span for each set was
20-30 minutes.
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Statistical analysis

Paired or unpaired t-tests, and one- or two-
way ANOVA with repeated measures were
used in study I and II respectively. Data in these
studies were reported as mean with quartile or
90%-95% confidence limits.

In analysing cardioplegic flow, regression co-
efficients for individual slopes were given in
study I and III, and ANOVA with repeated
measures was used in study IL.

In study III, IV and V Wilcoxon matched
pairs test was used for within group analysis.
Data were presented as median with quartile
limits or minimum to maximum range.

In study III due to a skewed randomisation,
treatment effects (baseline - post-bypass Myy)

became correlated to baseline values. To ac-
complish an unbiased estimate of the differ-
ence between continuous and intermittent car-
dioplegia, avoiding a “regression to the mean
- effect”, only post-bypass values were consid-
ered in the analysis of hemodynamic and

mechanical data. Two pigs, in the intermittent
group, dying of cardiac failure were assigned
worst rank for the analysis of mechanical data
and the Mann-Whitney U test was used for the
intergroup comparison. In presenting a 95%
confidence interval for the difference between
post-bypass Myy , a “trimmed mean” was used

to compensate for the two non-surviving pigs
in the intermittent group, and thus two pigs
were excluded in the upper tail of this group.
To correct for changing baseline values in
study V, the differences between the value at
paced heart rate and the corresponding base-
line value were analysed using the Wilcoxon
matched pairs test. For analysing any trend with
increasing heart rate increments, linear and
second order polynomial regression were used.
The individual regression coefficients were an-
alysed using the 2-sided Sign test. A p-value
< 0.05 was considered significant in all studies.
Statistics used in tables showing study I-III to-
gether are given in each table separately.

Protocol study I, Il and lli
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Baseline data:
- pressure-volume loops

- hemodynamics: (MAP, PAP, EDP, CO, HR, EDV, SW, EF, tau)

Post bypass data:
- Same protocol as for
baseline

- VCO; mechanical data: (PRSW, EDPVR, Beta)

- CO (thermodilution): gain calibration

- Saline injections (Vc); offset calibration

- Blood resistivity : calibration

Fig 8. Study protocol for study I, 11, and Il (the cardioplegia studies). For detailed protocol see
text. CBP, cardiopulmonary bypass; X-clamp, cross clamping aorta; VCO, vena cava occlusion.

For other abbreviations see page 10.
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Results from study I-III are based on the
same pig model. Continuos, antegrade, warm,
blood cardioplegia was the cardioplegia against
which the different regimens of cardioplegia
were compared. This standard cardioplegia”
was tested with regard to cardioplegic temper-
ature and modes of delivery. In study I against
continuous, antegrade, cold cardioplegia, in
study II against continuos, simultaneous ant-
grade-retrograde, warm cardioplegia, and in
study III against intermittent, antegrade, warm
cardioplegia. However, the cardioplegic deliv-
ery pressures were different in the 3 studies.
Results from the methodological studies TV
and V are accounted for separately.

Results study I-111
- Cardioplegia studies

Subjects

In study I, 2 pigs in each group were ex-
cluded giving 10 pigs in the cold and 11 in
the warm group for final analysis. In the cold
group two pigs weaned from CPB, but one
died of ventricular fibrillation and one of pul-
monary hypertension before post-bypass meas-
urement. In the warm group two pigs could not
wean from CPB and died of cardiac failure.

In study II, 2 pigs in each group were ex-
cluded giving 8 pigs in the antegrade and 9
the simultaneous antegrade-retrograde group
for final analysis. These animals died of car-
diac failure after weaning from CPB, or
were in cardiogenic chock at the time for
post-bypass measurement making it im-
possible to acquire mechanical data.

In study III, 1 pig in the continuous group
were excluded, but two pigs dying in the inter-
mittent group were included giving 7 pigs in
the continuous and 10 in the intermittent group
for final analysis. The excluded pig had a base-
line troponin T value several standard devia-
tions above the mean for both groups, 1.57
versus 0.19 ug/LL (standard deviation 0.11),
indicating preoperative cardiac ischaemia.
Two pigs given intermittent cardioplegia died
of cardiac failure after weaning from CBP, but
before post-bypass measurement. For inclusion
of these pigs see statistical analysis and discus-
sion.

Cardioplegic flow and coronary
vascular resistance

In study I warm cardioplegia resulted in a
constantly increasing coronary vascular resist-
ance, during the 45 minutes of cardioplegic de-
livery, but the resistance was unchanged with
cold cardioplegia. Regression coefficients be-
ing 6.0 (95%CI; 3.4 to 8.5) (warm group) and
0.9 (95%CT; -0.4 to 2.2) mmHg x10” /ml (cold
group), respectively (p=0.001 between regres-
sion coefficients). For cardioplegic flow and
delivery pressures see table I1.

In study I mean cardioplegic flow during the
45 minutes of delivery was similar with cold
and warm cardioplegia (Table II). As with cor-
onary vascular resistance there was a differ-
ence over time (interaction) with warm cardio-
plegic flow declining more than the cold flow.
In study II cardioplegic flow was higher in the
antegrade than in the simultaneous antegrade-
retrograde group. Also here an interaction was
seen with antegrade cardioplegic flow changing
more over time than simultaneous flow (Table
I). In the retrograde-antegrade group 28 (25-
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31)% of total cardioplegic flow was directed to
the coronary sinus, and this ratio did not change
over time. In study III total amount of delivered
cardioplegia to each animal in the intermittent

Table II. Cardioplegic flow in study I-11]

and continuous group were 2.5 (2.4-2.6) and
13.4 (10.1-15.4) litres, respectively. Intermittent
cardioplegia was delivered five times during
totally 17 (16-21) % of the cross-clamp time.

CPP Cardioplegic flow (ml/minute)
(mmHg) Mean (quartile limits)

p Values (ANOVA)

Between
Study  Group Within group  groups/
(subjects) Mean 5 min 45 min - over time interaction:
group x time
I Cold 55-60 143 154 134 0.2 >0.7/
(n=10) (104-174) (114-189) (110-154) <0.001
Warm 137 182 109 <0.001
(n=11) (124-155) (160-198) (73-130)
I Ante 70-80 165 205 147 0.001 0.03/
(n=28) (151-179) (194-215) (131-165) 0.003
Sim 40-45 120 131 113 0.02
n=9) (104-137) (100-140) (100-140)
I Contin 75-80 275 325 239 <0.001 0.2/
(n=7) (250-326) (290-378) (180-320) 0.03
Interm 323 332% 284+ <0.001
(n=10) (250-359) (300-360) (218-320)

Cardioplegic flow presented as mean for the whole period of cardioplegic delivery , and at 5, and at 45 minutes
of delivery. Study 1. Cold and Warm continuous antegrade blood cardioplegia; Study II. Ante, Sim, Antegrade and
Simultaneous antegrade-retrograde continuous warm cardioplegia; Study III. Contin, Interm; Continuous and Inter-
mittent warm antegrade cardioplegia. CPP, cardioplegic perfusion pressure. Flow in the intermittent group is
given for the initial *, and terminal ** infusions. ANOVA, analysis of variance.

When comparing the “warm group” in study I,
the “antegrade group” in study Il, and the “‘con-
tinuous group” in study III, differing only in
cardioplegic delivery pressure, flow declined
similarly over time in all 3 groups (time: p<
0.001, interaction: p=0.7; ANOVA). For these
groups cardioplegic flow was significantly
higher in study III with no differences between
study I and IL

Haemodynamics

In none of the 3 studies were intergroup
differences observed in post-bypass haemody-
namics (MAP, systolic PAP, EDP, EDV, SW,
HR, CO, or EF). In study III a larger increase
in heart rate after intermittent cardioplegia
almost reached statistical significance, 125

(117-132) beats per minute vs. 141 (126-160)
beats per minute in the continuous and inter-
mittent group respectively, p=0.054. Baseline
mean/median heart rate was consistent between
the studies ranging only from 82 to 85 beats
per minute. Heart rate increased significantly
in all studies to 122 to141 beats per minute.

Global left ventricular function

In study I, My, as an index of global left ven-
tricular contractility, was not different with cold
and warm cardioplegia (Table III, Fig. 9). Also
recovery of M,, was not significantly different
[81(68-84) % vs. 99(70-120) % of baseline with
cold and warm cardioplegia respectively] (p=
0.19). This despite a significant decline in the



cold, but not in the warm group (Table III) (se
discussion).

In study II, M, decreased after ischaemia and
cardioplegia, but with no difference between
the groups (Table I1I).

In study I, M, decreased after intermittent,
but not after continuous cardioplegia. A 95%
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confidence interval for the difference in post-
bypass My, was 2-62 erg/ml x 10?, indicating a
p-value = 0.04, though p=0.079 when compar-
ing post-bypass values by a conservative rank
test (Table 111, Fig. 10).

Table II1. Global left ventricular function and chamber stiffness

M, p Values E.; p Values
Within group/ Within group/
Study  Group Baseline Post- Between groups Baseline Post- Between groups
(pre) bypass (A pre-pos)* (pre) bypass (A pre-pos)*
I Cold 94 73 0.03 0.37 0.84 0.01
(85-103) (55-87) (0.26-0.46) (0.43-1.04)
Warm 110 109 >0.5/ 0.32 0.70 0.008/
(80-132) (71-175) 0.25 (0.22-0.37) (0.43-0.98) >0.5
II Ante 126 75 0.004 0.25 0.60 0.009
(100-156)  (59-83) (0.20-0.28)  (0.39-0.84)
Sim 122 95 0.02/ 0.30 0.53 0.02/
(116-125)  (72-110) 0.13 (0.23-0.30) (0.32-0.68) 0.4
I Contin 95 91 >0.5 0.17 0.27 0.018/
(76-130) (90-104) (0.14-0.20)  (0.22-0.33)
Interm 122 64 0.005/ 0.15 0.39 0.005/

(100-128)  (23-93)

0.08 or 0.04**

(0.12-0.22)  (0.25-1.08) 0.20

M,,, slope of preload recruitable stroke work relation (erg/ml*10°); E,, , slope of end-diastolic pressure-volume
relation (mmHg/ml). Study I. Cold and Warm continuous antegrade blood cardioplegia; Study II. Ante, Sim, Ante-
grade and Simultaneous antegrade-retrograde continuous warm blood cardioplegia; Study III. Contin, Interm;
Continuous and Intermittent antegrade warm blood cardioplegia. Study I and II, mean values (quartile limits);
study III, medians (quartile limits). In group I and II paired and unpaired t-tests. In study III non-parametric
statistics. * in study III between group analysis is only performed post-bypass. ** p-value after trimmed mean due
to two pigs dying before post-bypass measurement in the intermittent group (see statistical analysis).
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Fig 9. Study I. Box plots of the difference between
baseline (pre) and post-bypass M,, in the cold, and
warm continuous cardioplegia group, p= 0.25. The
box shows the quartile limits, the point the median,
and the whiskers the range of data.
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Fig 10. Study IIl. Box plots of M,, at baseline and
post-bypass in the continuous and intermittent warm
car-dioplegia group. For p values se text.
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Diastolic function

Chamber stiffness. The regression coeffi-
cient E4 ,of the end-diastolic pressure volume
relation (EDPVR), increased after cardioplegia
in all 3 studies indicating increased chamber
stiffness. There were no differences between
the groups within the 3 studies (Table III). For
the stiffness constant (B), there were also no
differences between the groups. The change
in B showed a large spread and increased sig-
nificantly only in the warm group in study I;
from 0.06 (0.04-0.09) at baseline to 0.09 (0.07-
0.13) post-bypass (p=0.02).

Early relaxation, tau (1). In study 1I 1 did
not change. In study III 1 decreased significant-
ly in both groups, but without intergroup dif-
ference. From 39 (38-52) and 38 (36-49) ms
in the continuous and intermittent group re-
spectively at baseline to 34 (32-35) and 33

(31-36) ms post-bypass. Tau was not calcu-
lated in study L

Troponin T and myocardial water
content (Study II and IIT)

In study II and III troponin T concentra-
tions increased post-bypass in all groups indi-
cating severe myocardial ischemia, but with-
out differences within the studies (Table IV).
In study II troponin T was higher in the coro-
nary sinus than in arterial blood after 45 min-
utes of ischaemia (p=0.001), but without inter-
group difference (p=0.8). Troponin T was sig-
nificantly higher in study II versus study III at
baseline (p< 0.001), but not after 90 minutes
of reperfusion (p=0.21). Troponin T was not
measured in study L.

Myocardial water content was significantly
higher after simultaneous antegrade-retrograde
warm continuous cardioplegia than after only
antegrade administration (Table IV).

Table IV. Troponin T and myocardial water content.

Troponin T (ug/litre) p-value p-value
Within Between Water content  Between
Study  Group Baseline Post-bypass groups  groups (post)  (%)wet weight  groups
I Ante 0.40 11.2 0.012 >0.5 80.1 0.01
(0.26-0.48) (3.6-17.6) (79.6-80.7)
Sim 0.50 12.4 0.012 81.1
(0.48-0.70) (8.5-19.8) (80.7-81.5)
I Contin 0.18 3.8 0.018 0.25 81.3 0.16
(0.16-0.20) (1.5-12.0) (80.2-82.0)
Interm 0.15 8.0 0.012 80.5
(0.10-0.21) (6.0-10.4) (80.3-80.7)

Study II, Ante, Sim, Antegrade and Simultaneous antegrade-retrograde continuous warm blood cardioplegia;
Study III. Contin, Interm; Continuous and Intermittent antegrade warm blood cardioplegia. Post-bypass after
global ischemia and 90 minutes of reperfusion. Values are medians and quartile limits.



Results study IV
- Global vs. segmental
volumes

Haemodynamic data and baseline
volumes.

When analysing baseline data in 6 subjects the
agreement between the normalised segmental
and the global volume curve, was best for seg-
ment number 3 and 4, with segment 3 (locat-
ed at mid-ventricular level) being slightly bet-
ter (Fig. 11 and 12). Baseline stroke volume
for segment number 3 constituted 34 (14 - 39)%
[median (minimum to maximum range)] of
global stroke volume with a variability over
10 beats of 1.3 (0.9 - 1.6) %-units in individual
subjects. Stroke volume for segment number
4 constituted 29 (20 - 44)% with an interbeat
variability of 1.1 (0.4 - 3.1) %-units. The me-
dian average absolute difference for segment
3 over a cardiac cycle was 4 (1 - 8)% (Table
V). For segment 3 the peak difference in four
of the six subjects never exceeded 9% of glob-
al stroke volume. However, in subject #5 and
#6 the peak difference for short periods in mid-
systole was approximately 10% and 18% re-
spectively, and almost 30% in mid-, respective
early diastole (Table V, Fig. 12).

Apical myocardial ischaemia

After 60 minutes of apical ischaemia a mark-
ed dyskinesia appeared in the two most apical
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segments (1 and 2) represented by a larger
difference between segmental and global vol-
ume (Fig. 12). However, this lack of agree-
ment was not seen in the adjacent segment
number 3 where the mean absolute difference
was in the range 2 - 3% with no peak over 7%
(Table V). In one pig no ischaemic data was
recorded due to ventricular fibrillation and
death after ligation of LAD.

Preload reduction

With an end-systolic LV pressure declining to
60% of “preload-baseline, during occlusion
of vena cava, the mean absolute volume differ-
ence for segment number 3 was 3 - 7% in five
of the six subjects. In subject #5 a mean differ-
ence of 39% was seen. This was due to a dis-
agreement in early diastole, possibly caused
by dyskinesia due to the decreasing LV vol-
ume (Table V and Fig. 13).

Afterload increase

During occlusion of the descending aorta only
the “afterload”-baseline and two additional
beats were analysed since LV end-systolic
pressure reached its maximum already within
a few beats. The median mean difference in-
creased from 3 (2 — 10)% at “afterload”-base-
line to 7 (3 — 12)% at the 3" beat. The peak
difference, located to the “isovolumetric re-
laxation period”, was temporarily high in sub-
ject#3 - #5 (Table V and Fig. 13)

Table V. The difference in curve shape between the normalised mid-segmental (segment 3)

and global left ventricular volume.

Steady state

Decreased preload*

Increased

Subjects Baseline Ischaemia Baseline 80% 60% Baseline 2" beat 3" beat
#1 3%(7) - 3%(9)  5%0)  6%(12) 3%(8)  3%(18)  3%(7)
#2 1%(4)  2%(6) 29%(7)  2%(7)  3%(7) 2%(4)  2%(5)  4%(12)
#3 4%(8)  2%(7) 5%(10)  8%(15) 7%(14) 3%(9)  3%(18)  7%(21)
#4 4%(9)  2%(6) 4%(10)  4%(9)  5%(13) 3%(8)  6%(18) 8%(33)
#5 8%(27)  3%(6) 13%(44) 33%(71) 39%(78) 10%(31) 12%(26) 12%(24)
#6 8%(28)  2%(7) 8%(29) 5%(17) 4%(12) 4%(11)  4%(10)  7%(13)

Steady state at baseline and after 60 minutes of regional apical ischemia; * Vena cava occlusion to §0% and
60% of initial systolic left ventricular pressure, **aortic occlusion. Values are mean differences over ten
cardiac cycles (peak differences in parenthesis) in per cent of global stroke volume.
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General observations

During the heart cycle short episodes of in-
creased difference between segmental and
global volume appeared. In two of the six
subjects the difference occasionally peaked
over 10% at baseline, in the same two subjects
over 15% during vena cava occlusion and in
three subjects the difference peaked over 20%
during aortic occlusion (Table V). When ana-
lysing these peak differences they were caused

either by a relative delay in segmental diastolic
filling, initiated by a further decrease in seg-
mental volume at the end of the “isovolumetric
relaxation period”, or an extra volume peak
early in this period. Also a slight earlier ejec-
tion in segmental volume relative to global
volume initiated an increased differenc. There
was also dyskinetic movements in the seg-
ments during vena cava occlusion as a conse-
quence of the rapidly decreasing volume.
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Fig 11. This figure shows global and segmental volume curves from the left ventricle acquired with
the conductance catheter in one pig. At the top the most apical volume segment (segment 1), at row
three the mid-cardiac segment (segment 3), and at row five the most basal segment (segment 5). At
the bottom the summarised global volume curve. End-diastole and end-systole are marked. Note the
change of shape in volume curve from cardiac apex to the base and the temporal delay in segment

5. Also note the similarity in the shape between the volume curve of segment 3 and the global
volume curve.
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Fig 12. The maximal absolute difference in curve shape between normalised segmental and global
volume as percent of global stroke volume, calculated in individual subjects at baseline (n=6) and
after 60 minutes of apical ischaemia (n=35), at five timepoints in systole and ten in diastole. Segment
5 (top panel) is located at the heart base, segment 3 at mid-cardiac level and segment I at the apex
(bottom panel). Subject #6 is marked (+), #5 (x), and #1 to #4 ( ).
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Fig 13. Acquisitions from the mid-cardiac volume segment (number 3). Upper left, at baseline in subject #1;
Upper right, at baseline in subject #5; Lower left, during preload reduction by occlusion of vena cava
inferior in subject #1; Lower right, afterload increase by occlusion of the descending aorta in subject #1. In
each panel from above: global and normalised segmental volume, the volume difference between the curves in
percent of global stroke volume; left ventricular pressure; and intracardial ECG.



Results study V
- Heart rate vs. cardiac function

Baseline haemodynamic and mechanical
data

Baseline heart rate increased during the expe-
riments from 72 (70-78) beats per minute (bpm)
at “baseline 1” to 88 (79-95) bpm at “baseline
4” (p=0.02). Although baseline ESP and EDP
did not change throughout the experiments,
baseline EDV and SV declined (p=0.05 and
p=0.01 respectively) (Table VI). Baseline My,
remained unchanged as did diastolic chamber
stiffness (3 and Eq). Baseline systolic function
(Ee) increased between “baseline 17 and “base-
line 4” (p=0.01) (Table VI).

Paced haemodynamic data

Most variables changed linearly or curvilin-
early with increasing heart rate increments
(Fig 14.). DFT declined almost parallel with
the declining RR-interval, but as a fraction of
the RR-interval, DFT declined from 60 (59-
62)% at 72 bpm (“baseline 17) to 32 (29-33)%
at 160 bpm (p=0.002). The systolic time de-
clined less than DFT and exceeded DFT at
heart rates of more than 100 bpm (Fig.16)

Paced mechanical data (Fig. 15)

M,, was unchanged up to 140 bpm, but de-
creased 10% (-A8.5 (-13 to 3) mmHg) from
“baseline 4” to 160 bpm (p=0.02). E in-

Cardioplegia and Cardiac Function 43

creased from “baseline 17 to 100 bpm (p=
0.008), A1.3 (0.6-2.1) mmHg/ml, without any
further change. Ey started to increase at 140
bpm, but significantly first at 160 bpm, A0.13
(0.10 — 0.18) mmHg/ml, corresponding to a
69% increase from “baseline 4” (p=0.007). For
B the increase started already at 120 bpm, but
was significant only at 140 bpm, A0.026 (0.022-
0.040) (p=0.005), where it peaked. The vol-
ume intercepts for PRSW (V) and EDPVR
(Veq) were not influenced by heart rate (p>0.2
for linear regression). The ESPVR intercept
(V) increased up to 100 bpm (p=0.04), with
no further change (p=0.11).

Pressure-volume loops

A general observation in all pigs was that
with increasing heart rate the pressure-volume
loop moved progressively upwards with the
left lower corner being increasingly blunt (Fig.
18). The mitral valve opening pressure (MVOP)
started to increase at 140 bpm, being even
higher at 160 bpm (Fig. 17). At “baseline 4”
MVOP was 8 (8-8) mmHg and at the corre-
sponding increment to 160 bpm MVOP
increased to 20 (15-27) mmHg (p=0.005).
When heart rate increased MVOP also be-
came increasingly higher than EDP, signifi-
cantly at heart rates above 100 bpm. Thus
above 100 bpm LV pressure declined during
the whole LV filling,
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Fig 14. Haemodynamics: The difference between baseline value and value at respective heart rate
increment from 100 tol60 beats per minute (D100 to D160) is shown. CO, cardiac output; SV,
stroke volume; EF, ejection fraction, dP/dt max; maximum dP/dt; EDV, end-diastolic volume;
EDP, end-diastolic pressure; Tau, time constant of left ventricular pressure relaxation;, PFR, peak
filling rate. Box plots with median (point), quartile interval (box), non-outlier range (whiskers),
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and outliers (dots). * denotes p<0.05 vs. baseline at each heart rate increment.



Cardioplegia and Cardiac Function 45

Table V1. Haemodynamic data. Baselines values

Baseline 1 (before HR 100) Baseline 4 (before HR 160)
n=9-11 Median 25%-75% Median 25%-75% p-value

General variables

HR 72 70 -78 88 79 -95 0.02
CoO 34 3.0-3.7 3.0 30-34 0.05
SV 50 41 -54 33 31-43 0.01

Systolic variables

EF 72 61-75 70 67 -83 0.16
dP/dt 1426 1343 - 1604 1474 1292 - 1644 >0.2

Diastolic variables

EDP 7.2 6.5-94 6.2 4.8-8.1 >0.2
EDV 75 57 - 80 45 39-63 0.05
T 35 34 -37 36 34 -39 0.09
PFR 337 252 -393 227 209 — 286 0.02
DFT 516 445 - 525 364 300 —-430 0.02

Mechanical variables

M,, 80 76 -101 85 79-95 >0.2
E 35 2.0-43 5.6 39-74 0.01
Eeq 0.18 0.16-0.20 0.19 0.18-0.27 0.16
B 0.037 0.031 -0.041 0.064 0.049 - 0.084 0.09

HR, heart rate (beats/min); CO, cardiac output (litre/min); SV, stroke volume (ml); EF, ejection fraction (%); dP/dt,
peak dP/dt (mmHg/sec); EDV, end-diastolic LV volume (ml); EDP, end-diastolic LV pressure (mmHg); 7, time
constant of isovolumic pressure relaxation (msec); PFR, peak filling rate (ml/sec); DF'T, diastolic filling time (msec);
M,,, slope of preload recruitable stroke work (PRSW), (mmHg); E., slope of end-systolic pressure-volume
relation (ESPVR), (mmHg/ml); £, slope of end-diastolic pressure-volume relation (EDPVR), (mmHg/ml); /3 the
stiffness constant (unit less). 25%-75%, quartile interval.
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Fig 15. Mechanical data. The difference between baseline value and value at respective heart rate increment
from 100 to160 beats per minute (D100 to D160) is shown. PRSW, preload-recruitable stroke work; ESPVR, end-
systolic pressure-volume relation; EDPVR, end-diastolic pressure-volume relation; Beta, the stiffness constant.
Box plots with median (point), quartile interval (box), non-outlier range (whiskers), and outliers (dots). *
denotes p<0.05 vs. baseline at each heart rate increment.
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Fig 16. RR-interval (beat-to-beat interval), DFT
(diastolic filling time), and Systole (duration of
systole) with increasing heart rate. Box plots with
median (point), quartile interval (box), non-outlier
range (whiskers), and outliers (dots).
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Fig 17. MVOP(mitral valve opening pressure). The
difference between baseline value and value at res-
pective heart rate increment from 100 tol60 beats
per minute (D100 to D160) is shown. * denotes
p<0.05 vs. baseline heart rate for each heart rate
increment. Box plots with median (point), quartile
interval (box), non-outlier range (whiskers), and
outliers (dots)
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Fig 18. Pressure-volume loops in one study pig showing loops at baseline heart rate (HR) = 70 beats per
minute, and at paced heart rates up to 160 beats per minute. Note the increasing bluntness of the left lower
corner as the heart rate increases and the LV pressure increases at the start of LV filling (indicated by the
arrow). The LV pressure then declines during the whole filling.
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Cardioplegia studies

The model

In the three cardioplegia studies (I to III) the
same model was used. This model was partly
copied from Jacob Vinten-Johansen's group
[Vinten-Johansen 1993]. It mimics the use of
blood cardioplegia as resuscitation of the ischae-
mic myocardium. By using a model with un-
protected warm, global, ischaemia, the myo-
cardium was maximally challenged. In many
cardioplegia studies post-cardioplegic or post-
ischaemic endpoints have been measured with
the animal still on cardiopulmonary bypass
(CBP) [Rosenkranz 1982, Liu 1993, Asai
1995] or during right-heart bypass [Vinten-
Johansen 1991, Brown 1993, Bufkin 1994,
Misare 1993]. Although this is a “safer”” model
with less losses due to cardiac failure, we de-
cided to do the post-cardioplegic measure-
ments in the fully working and loaded heart
after having weaned from CBP. This in order
to get clinically more relevant endpoints. How-
ever this puts considerable and additional
strain on the model, also being influenced by
right ventricular function and pulmonary
circulation. In pilot studies we tested the length
of warm, unprotected global ischaemia, and
found that 30 minutes was the longest ischae-
mic time possible without a high post-bypass
mortality (versus 40 minutes of ischaemia).
However, in study II the outcome was worse
than in study I and III (the continuous group).
This was probably due to a larger ischaemic
insult added during the dissection of coronary
sinus, when the beating heart had to be partly
compressed. This was also reflected in the

higher baseline troponin T in study II com-
pared with baseline in study II1.

By using a model like this the idea was to in-
crease the sensitivity of the model since myo-
cardial protection and cardioplegia was not
studied in a normal, but in a severely compro-
mised heart. Differences between groups other-
wise to small to be detected might be revealed
in this more severe model. However, the most
important reason for using a preceding episode
of unprotected ischaemia in order to “injure”
the myocardium was to make the experiments
shorter. If using high-quality myocardial pro-
tection without any preceding ischaemia, the
time for cardioplegic delivery and cardiopul-
monary bypass must be prolonged for maybe
4-6 hours in pigs with a healthy heart (personal
observation) in order to induce a similar post-
cardioplegic dysfunction. With our model the
animals are kept in a better condition for
haemodynamic studies and detrimental effects
of prolonged CPB per se is better avoided.

The used cardioplegia was a cardioplegia with
a simple composition without addition of aspar-
tate and glutamate. The reason for this was
that we wanted to used the same cardioplegic
formula as used clinically at that time in our
department.

Since the main variable of the investigation
was PRSW being an index of global LV func-
tion, but also a surrogate index for ‘“‘contrac-
tility”, a model of global and not regional is-
chaemia was used. Global and regional ischae-
mia are shown to differently affect ESPVR
[Sunagawa 1983]. Although not studied, we
suppose that this might also be the case for
PRSW. Theoretically, a regional ischaemic
insult could be described to affect global func-
tion in two cardiac compartments, one with
unaffected and normally working myocytes
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having normal contractility and a second com-
partment with ischaemically deranged myo-
cytes having a disturbed contractility [Swan
1972, Suga 1974, Suga 1988]. Using a global
index on a regional insult will work, but the
measured variable will then be even further
away from “contractility” on the myocyte
level. In our studies (I to III), with global is-
chaemia, the global myocardium will function-
ally represent regional events as after a coro-
nary occlusion, but it will also represent the
globally compromised heart after a long cardi-
oplegic arrest. In study I (warm vs. cold cardi-
oplegia) a further reason to use global and not
regional ischemia was to avoid any negative
bias to the warm group (study I) due to a
possible greater vulnerability for nonhomoge-
neous cardioplegic distribution. This was also
the reason for choosing antegrade and not
retrograde perfusion.

Is continuous warm cardioplegia better
than cold cardioplegia?

Study I (“warm versus cold cardioplegia”)
was designed to specifically isolate the effect
of cardioplegic temperature on the recovery
of post-bypass LV function. In this study no
systematic difference was found between cold
and warm cardioplegia. These results indicate
that in the continuously perfused and vented
cardioplegic heart the temperature of the per-
fusate may be of minor importance for the re-
covery of left ventricular function. One might
speculate that positive clinical effects observed
with warm cardioplegia might be attributed to
the fact that this cardioplegia usually have been
given more or less continuously. Theoretical
advantages with warm cardioplegia may be
counteracted by an inability to provide aerobic
metabolism in all parts of the myocardium
due a non homogeneous distribution of cardio-
plegia to which the cold heart is more resistant.
Beside this, the warm heart may also be more
susceptible to insufficient cardioplegic flow
and oedema formation [Aldea 1990, Misare
1993, Stahl 1994, Van Camp 1995, Mehlhorm
1995].

There is only one study except ours which
have investigating the effect of cardioplegic
temperature per se on myocardial functional
recovery. Bufkin and colleagues [Bufkin 1994]
studied continuous retrograde cardioplegia at
18°, 28° or 37°C after LAD occlusion (with
antegrade induction). After 90 min of reper-
fusion PRSW was higher (better cardiac func-
tion) in the 18°C and 28° C groups than in the
37°C group. However, in this study both the
regional ischaemia and the retrograde delivery
of cardioplegia may have contributed to the
worse outcome in the normothermic group. In
our study the cold perfusate had the tempera-
ture of 6-7°C, which is the standard tempera-
ture for intermittent cold blood cardioplegia at
our clinic. Several investigators have shown
good results with tepid cardioplegia (28-29°
C) [Bufkin 1994, Hayashida 1994], and this
may perhaps combine some advantages of
aerobic metabolism with safety aspects and
myocardial protection using hypothermia with
safety also for intermittent admin-istration. The
clinical role of tepid cardioplegia has not yet
been defined.

Continuous cold blood cardioplegia has never
been widely used among cardiac surgeons be-
cause of the inconvenience of a continuous
perfusion without any evident advantages
over intermittent cold techniques. However,
at our clinic already in 1981 Bomfim and col-
leagues [Bomfim 1981], compared continu-
ous cold antegrade and single dose blood car-
dioplegia during aortic surgery. They showed
a decrease in lactate release and a normal lac-
tate extraction 30 minutes after declamping
with continuous cardioplegia. CK-MB and
myoglobin release was significantly lower in
the continuous group and myocardial ATP
and CP decreased less. Khuri and associates
[Khuri 1988] reported no change in myocar-
dial pH during aortic clamping with continu-
ous cold blood cardioplegia, but a decline
with multidose perfusion. Recently Louagie
and co-workers [Louagie 1997] reported that
continuous retrograde cold blood cardioplegia
results in better left and right ventricular stroke
work index during the first twenty hours fol-
lowing coronary artery bypass grafting than



historical controls using intermittent ante- or
retrograde cold blood cardioplegia.

Cardioplegic flow

With cold cardioplegia the initial coronary
vascular resistance tended to be higher than
with warm cardioplegia. This is consistent
with other investigators comparing cold and
warm intermittent cardioplegia [Hayashida
1995]. However, in our study the coronary
vascular resistance, during continuous infu-
sion of warm cardioplegia, increased con-
stantly during the 45 minutes of delivery, but
remained unchanged with cold cardioplegia.
This may be explained by an increasing endo-
thelial dysfunction in conjunction with warm
continuous cardioplegia. This may offer an
additional explanation for the discrepancy be-
tween theoretical advantages and in some
studies a worse outcome using warm cardio-
plegia. A increasing inhomogenity in the dis-
tribution of warm cardioplegia initiated by
increasing vascular resistance may further
increase the risk for ischaemic injury with
warm cardioplegia.

Is it safe to give antegrade and
retrograde cardioplegia simultaneously?

In study II (“antegrade vs. simultaneous car-
dioplegia”) an ischaemic insult was induced
in both groups with cardiac dysfunction and
increased release of troponin T. There was no
evidence of a systematic difference in post
bypass global left ventricular function, dia-
stolic function, or haemodynamics between
the groups. Neither was there a difference in
the release of troponin T. After warm simul-
taneous cardioplegic delivery a small, but
significant increase in myocardial water con-
tent was detected. However, despite this the
simultaneous delivery did not induce any
additional myocardial damage compared to
antegrade cardioplegia.

This study did not demonstrate any signifi-
cant advantage of simultaneous cardioplegia,
which was not expected since antegrade cardi-
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oplegia provides adequate myocardial protec-
tion in a model like ours without coronary
stenoses. However, even in a coronary cir-
culation without critical stenoses, antegrade
and retrograde delivery of cardioplegia may
perfuse complementary vascular beds, and
thus optimise the cardioplegic distribution.
[Aldea 1994, Gates 1995, Gates 1996]. A
magnetic resonance study in isolated Langen-
dorf perfused pig hearts indicates that with
simultaneous antegrade-retrograde cardioplegia
the elevated coronary sinus pressure is re-
sponsible for a redistribution of the antegrade
flow from adjacent areas to jeopardised
myocardium (area of occluded LAD). This
redistribution is shown to be more important
than the retrograde perfusion through the
coronary sinus [Tian 1998].

Mean cardioplegic flow in the antegrade
group was higher than in the antegrade-retro-
grade group. The obvious explanation for this
difference is the chosen higher perfusion pres-
sure with antegrade cardioplegia. To achieve
a clinically relevant model the cardioplegia
pressure in the antegrade group was set to 70-
80 mmHg. In the simultaneous antegrade-retro-
grade group cardioplegia was delivered by
one pump head and through a Y-connection.
Thus with simultaneous cardioplegia the cor-
onary sinus pressure (40-45 mmHg) was the
perfusion pressure also in the aortic root. This
set-up is simple, easy, and convenient to use
in the operating room. In a study on explanted
human hearts antegrade cardioplegia with a
perfusion pressure of 80 mmHg was infused
simultaneously with retrograde cardioplegia
at a pressure of 40 mmHg. Still approximately
30% of capillary flow was found to be the con-
tribution of retrograde cardioplegia, compared
with 28%o0f total flow in our study.

With simultaneous cardioplegia there was a
small, but significant increase in water content.
The water content is in agreement with previous
findings in isolated, perfused pig hearts (about
80%) [Weng 1992], and in dogs subjected to
global ischemia and reperfusion where myo-
cardial water content increased from 82 to
84% [Spotnitz 1994]. Myocardial oedema per
se may reduce both systolic and diastolic car-
diac function. [Spotnitz 1994, Mehlhorn 1992,
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Weng 1992]. Even if simultaneous cardiople-
gia may be safe in the “’non-ischaemic” myocar-
dium [Thnken 1994], the anticipated increase
in microvascular hydrostatic pressures might
be deleterious to the myocardium already
injured by acute ischemia. The used model
with 30 minutes of unprotected ischemia
before 45 minutes of warm, continuous,
simultaneous  antegrade-retrograde  cardio-
plegia will provoke a strong oedemagenic
insult. The tendency to induce oedema is
probably considerably less when simultan-
eous cardioplegia is given intermittently or
when the pre-cardioplegic insult is less.

Should warm intermittent cardioplegia
be used?

In study III (“‘continuous versus intermittent
warm cardioplegia”) the use of intermittent
warm blood cardioplegia resulted in a reduced
left ventricular function measured as PRSW
compared to continuous cardioplegia. Diastolic
function deteriorated without difference be-
tween the treatments. Despite the obvious risk
with warm ischemia only a few investigators
[Matsuura 1993, Ko 1993] have in addition to
us demonstrated detrimental effects of inter-
mittent warm blood cardioplegia with ischae-
mic intervals of 10 minutes or less. The study
of Matsuura et al using retrograde cardiople-
gia, is the only study except ours, where inter-
mittent warm cardioplegia was given after an
ischaemic insult [Matsuura 1993]. It might be
that protocols of intermittent blood cardiople-
gia used by most investigators provide suf-
ficient protection of the non-compromised
myocardium, but have limitations in the meta-
bolically deprived heart.

A problem when comparing different studies
is that ”intermittent warm blood cardioplegia“
is not a defined entity, but represents a wide
range of different regimens in the hands of dif-
ferent investigators. Especially with warm
intermittent cardioplegia different ischaemic
times and lengths of “catch-up” reperfusion
will be critical for the development of an is-
chaemic insult. Most investigators have used
warm blood cardioplegia for 30 to 60 % of

the cross-clamp time. Others for only about
12% but are still reporting good results
[Landymore 1992, Calafiore 1995, Mezzetti
1995, Caputo 1998].

Experimental data on the efficacy of inter-
mittent warm blood cardioplegia are quite di-
vergent with two studies showing detrimental
effects with interruptions of cardioplegia for 7
to 10 minutes intervals [Matsuura 1993, Ko
1993]. Conversely, Landymore et al [Landy-
more 1994] demonstrated that intermittent per-
fusion with warm cardioplegia for approxi-
mately 1.5 minutes every 15 minutes, is well
tolerated. Other investigators also report good
results, but with “catch-up” reperfusions for 5
to 15 minutes between ischaemic intervals
[Tonz 1996, Torracca 1996, Tian 1995, Carias
de Oliveira].

Most clinical investigators report superior or
equal results using intermittent warm, but com-
pared to intermittent cold blood cardioplegia,
as long as the ischaemic interval does not ex-
ceed 10 to 15 minutes. [Pelletier 1994, Landy-
more 1996]. Calafiore et al [Calafiore 1995]
studied 250 coronary bypass patients which
were given warm antegrade cardioplegia with
interruptions for up to 15 minutes. Despite car-
dioplegic delivery for only 12% of the cross-
clamp time, excellent results were reported in
comparison with cold cardioplegia. The Warm
Heart Investigators [Lichtenstein 1995] re-
ported in an analysis of 720 patients, that
interruptions of cardioplegic delivery exceeding
13 minutes were associated with increased
risk for adverse outcome. In our study there
were no interruptions exceeding 10 minutes.

Mezzetti et al [Mezzetti 1995] randomised
30 patients undergoing mitral valve surgery to
warm or cold intermittent cardioplegia. Despite
warm cardioplegic delivery during only 9.5 %
of the cross-clamp time, post-bypass stroke
work index decreased in the cold, but not in
the warm group. In the warm group there was
also a faster recovery of lactate extraction and
a decrease in the release of oxidative meta-
bolites suggesting a protective effect from
ischaemia-reperfusion injury. However, in the
study of Ali et al [Ali 1994] a cross-clamp
time of more than 90 minutes, warm cardiople-
gia delivered every 15 minutes was associated



with significantly more ECG changes and low
cardiac output.

Intermittent cardioplegia was in our study de-
livered during 17 % of the cross-clamp time,
which in this model was inadequate for optimal
protection. Although rather large amounts of
cardioplegia were delivered in the intermittent
group, the total time for “catch-up” reperfu-
sion was evidently too short in relation to the
ischaemic insult. Delivery of cardioplegia for
17% of the cross-clamp time is less than in
most other studies, but longer than in some
studies showing good results of intermittent,
warm blood cardioplegia [Calafiore 1995,
Mezzetti 1995]

In this study we used a cardioplegic temper-
ature of 34°C, which some surgeons may re-
gard as tepid, whereas classically intermittent
warm cardioplegia has a temperature of 37°C
[Lichtenstein 1995, Calafiore 1995]. We pre-
fer clinically to let the CPB temperature drift
to about 34°C, and therefore decided to give
cardioplegia at the same temperature. That
intermittent cardioplegia was inferior to con-
tinuous administration at 34°C, suggests that
intermittent cardioplegia at 37°C would have
been even more harmful.

Obviously the cumulative time off cardiople-
gia must have an upper limit and attention
must be paid to “catch-up” perfusion taking
place to avoid further ischaemic damage. An
adequate time must also be permitted for the
“catch-up” perfusion since oxygen uptake in
the warm heart will be limited by the time and
not the dose of cardioplegia. In the normo-
thermic cardioplegic heart without an oxygen
debt the oxygen demand is approximately 1-2
ml Oy/100g per minute [Buckberg 1977,
Bernard 1961]. However, in the ischaemic
and cardioplegic heart the oxygen uptake may
increase up to 6 ml O,/100g per minute [Rosen-
kranz 1986]. In a normal 300g heart the oxy-
gen uptake over 10 minutes may then increase
to 180 ml O, (6 x 3 x 10) if constant uptake.
Theoretically a blood cardioplegic infusion
will contain approximately 6 ml O2/100 ml of
cardioplegic solution (if Hb =8g/100 ml; SaO2=
100%; myocardial oxygen extraction = 60%
[Baim 1982]; and oxygen content in haemo-
globin = 1.34 ml O,/g Hb, (8§ x 1 x 0.6 x 1.34)).
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Hence a cardioplegic infusion of 3000ml over
10 minutes has to be given to completely
repay the oxygen dept of 180 ml O,. If the in-
fusion is given retrogradely with perhaps only
50 % nutritive flow [Ardehali 1995, Gates
1993] the infusion rate has to be doubled (and
with hypertrophied hearts even higher flows).
This example illustrates that a regimen of myo-
cardial protection providing excellent results in
the normal, unstressed myocardium, may be
insufficient as resuscitation after ischaemia.
We believe it is important to acknowledge this
fact and to define the borders where the
specific regimen of warm intermittent cardio-
plegia could be used, before adopting it in the
clinic.

Our model proved to be beyond the limit of
what intermittent warm blood cardioplegia
could accomplish after a severe ischaemic in-
sult. A longer “catch-up” period had probably
improved the outcome as the continuous cardi-
oplegia actually resuscitated the myocardium
with a 96% recovery of global systolic func-
tion (PRSW). However, this study defines an
outer border of what is “too intermittent” for
intermittent warm blood cardioplegia

Statistical considerations

Generally, when comparing different treat-
ments (as modes of cardioplegia) the study
groups (the two groups of pigs) are hopefully
representative samples drawn from a general
population (in this case the population of 40
kg pigs). We evaluate the treatment effect by
applying the results to a statistical model in
order to draw a conclusion about the popu-
lation from which the study pigs are taken
(=statistical interference). The normal level of
significance, generally set to <0.05 means that
it is a probability of less than 5% that i.e. two
groups are similar when we claim that they are
different (this is called alfa or type I-error). If
p> 0.05 we are generally not allowed to claim
that a difference exists. A p-value > 0.05 thus
means that a difference could not be demon-
strated which is not the same as claiming the
non-existents of a difference. The difference
between i.e. two groups might have been to
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small to detect because the variability within
the groups was too large in the relation to the
amount of pigs studied. If stating that no differ-
ence exist there is the risk of committing an
beta error (type Il-error) which is the proba-
bility that i.e. two group are different when we
claim that no difference exists. From this we
can then calculate the probability that we have
made a correct decision (the power).

Inherited in all large animal research, as per-
formed in this thesis, is the problem with small
study groups, especially when studying pos-
sible differences between two or several
groups. It is often not possible to use more
than a few animals in each group and studies
with more than 10-15 animals in each treat-
ment arm are rarely seen, and consequently
the statistical power may be low.

In study I and II no statistical difference
between groups were found, but accordingly
clinically relevant differences may have
remained undetected. In study I recovery of
PRSW was 81% and 99% in the cold and warm
group respectively. This difference was not
statistically significant (Fig. 9). However, we
do not know the clinical significance of this
difference. Although 99% recovery in the
warm group the larger variability of PRSW
after warm cardioplegia, including the pigs
with both the highest and lowest PRSW, may
have clinical implications (Fig. 9).

In study II, if any finding remained unde-
tected, it might indeed be that the simultane-
ous administration was the best one, as pre-
load recruitable stroke work and preload re-
cruitable stroke work area tended to change
less in the simultaneous group. In an initial
clinical study where 155 patients were given
simultaneous cardioplegia no adverse effects
were observed [Ihnken 1994]

Clinical implications

Based on study L, II and III what can be said
about administration of blood cardioplegia?
First, with continuos cardioplegia there is a
potential for an almost 100 % recovery of glob-
al cardiac function (PRSW) even after a se-
vere myocardial damage (warm global total

ischemia) when resuscitation with blood car-
dioplegia is started within 30 minutes. Second,
to use warm intermittent cardioplegic admini-
stration in the protocol used is detrimental in
situations like this when myocardial oxygen
demand is elevated. Even though this method
is clinically used only by a small minority of
cardiac surgeons in Europe this study defines
a border where intermittent cardioplegia should
not be used and where considerably longer
catch-up periods is required (probably coming
close to the continuous perfusion). 7Third, since
there was no demonstrated difference in out-
come with continuous cold and warm cardio-
plegia we prefer cold perfusion (when not used
as induction or terminal reperfusion) due to the
added safety. It is safer with respect to non-
optimal homogeneity in the cardioplegic distri-
bution, to inadequate cardioplegic flow or in-
adequate time for cardioplegic perfusion and
it is safer to use intermittently. Fourth, even
though we could not prove that simultaneous
cardioplegia is better than antegrade perfusion
there was no detectable difference in postcar-
dioplegic cardiac function between the two
modes of delivery. Due to the theoretical ad-
vantages simultaneous cardioplegia could be
recommended.

So what is the practical outcome in the oper-
ating theatre? With regard to these studies I
still use cold intermittent cardioplegia, but
give it in larger doses, more often and over
longer time intervals, but still not during the
construction of coronary anastomoses. There
is no danger in giving large amounts of blood
cardioplegia as long as the potassium level is
monitored. I do feel that the optimal cardiople-
gia is given as a continuous perfusion. How-
ever, when cardioplegia is cold it can safely
be interrupted and the safety net is present.
With warm cardioplegia the safety margins
are significantly reduced. Consequently, the
reason to use warm cardioplegia should be a
strong scientific foundation that it provides
superior protection. If retrograde cardioplegia
is otherwise indicated I often use simultaneous
antegrade/retrograde cardioplegia, however
being aware of any distension of the left
ventricle if there is no LV vent.



How much global volume
information is gained from
a cm thick mid-cardiac
volume segment?

The invasiveness of the conductance cath-
eter limits its use for volume measurements in
humans. The old technique with non-invasive
impedance cardiography [Kubicek 1974],
building on the same principle as the conduc-
tance catheter, was only to measure stroke
volume and is shown to be inexact [Lamberts
1984]. One solution might be to simplify the
catheter, however, still requiring a position in
the left or right ventricle. In this study (IV) we
wanted to investigate if volume information
obtained from only a single segment of the
conductance catheter (instead of multiple seg-
ments along the LV long axis) were able to
provide information about the global volume.
If so, this may allow the construction of smaller
conductance catheters not having to cover the
whole LV long axis. Results form this study
might also indicate how well area-changes
measured by echocardiography correlate to
changes in the total left ventricular volume.

Our results from study IV (“segmental ver-
sus global left ventricular volume”) indicate a
good agreement between the shape of the vol-
ume curve of a volume segment (length: 0.7
to 1.4 cm) located at mid-ventricular level, and
the curve shape of the global LV volume. The
absolute mean difference over a cardiac cycle,
between normalised segmental (at mid-ventric-
ular level) and global volume, was in the range
1 - 12% at baseline (after 60 min-utes of apical
ischaemia, during preload reduc-tion, or during
increasing afterload ), except in one pig dur-
ing preload reduction where the difference was
39%. Differences in curve shape were located
to limited parts of the heart cycle or were just
a consequence of a temporal de-lay. During
apical ischaemia the developed dyskinesia re-
sulted in a large disagreement between the glob-
al volume and the ischaemic two apical seg-
ments. However, this disagreement was not
seen in the adjacent mid-ventricular segment.
The contribution from this mid-ventricular
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segment to the global volume was highly
constant within individual animals. Thus
changes in this volume segment seem to be a
good estimate and description of changes in
global volume.

As opposed to comparisons where dimen-
sions are used for volume calculations as with
ventriculography or echocardiography, the
conclusion from this study is not based on an
assumed geometric model, but from the linear
relationship between the intraventricular blood
volume and the measured conductance which
might decrease errors in the comparison. After
calibrating the conductance volume for paral-
lel conductance and for cardiac output meas-
ured by e.g. thermodilution, the absolute vol-
ume may be calculated with reasonable accu-
racy using a single mid-ventricular volume
segment

However, there are some limitations with this
study:

Global and segmental volumes were meas-
ured concomitantly using the same method.
Global volume was derived from the individ-
ual volume segments, with 14 to 39% of the
global volume influenced by the mid-ventric-
ular segment, thus creating an inter-depend-
ence in the comparison.

The relation between “true” and measured
volume (the slope factor) may vary between
different segments within and between sub-
jects. Van der Velde and co-workers [Van der
Velde 1992] compared conductance catheter
derived segmental and global LV volumes
with the corresponding cine-CT volumes. High
correlation coefficients were found for the
comparison, except for segment five (at the
heart base). Between different animals there
were significant variability in slope factors for
segmental, but not for global volumes. How-
ever, since that study the conductance catheter
has been modified. In our study we used the
present standard with “dual excitation” increas-
ing the homogeneity of the intracavitary elec-
trical field leading to less variability in seg-
mental slope factors and improving its linearity
over a larger volume range [Steendijk 1992].
Except for calculations of general hemody-
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namic data the slope factors in our study were
approximated to one, since segmental slope
factors were not possible to calculate.

Segmental parallel conductance was not
calculated, because we did not want to
introduce a confounding factor also unneces-
sary due to normalisation to global volume.

Because of different heart sizes the active
length of the catheter had to be changed, and
in some animals the length of the mid-ventric-
ular segment had to be increased (from 0.7 to
1.4 cm), which influenced the relative part of
total volume constituted by the this segment
(Fig. 6). However, the total evaluation of our
data does not imply this had any influence on
our conclusion.

Cardiac function indices versus
heart rate

In the cardioplegia studies (study I-III) the
an-imals showed to have higher heart rates at
the post-bypass measurement than at baseline,
most probably due to the ischaemic insult.
Since we were concerned about the validity of
the PRSW and EDPVR relationships during
tachycardia we wanted to study these indices,
as well as other indices and pressure-volume
loops with increasing heart rate.

Hemodynamics and methodological
considerations

During the course of the experiments baseline
EDV declined despite unchanged baseline
EDP, ESP, and ESV. To correct for this de-
crease, the various parameters were analysed
as differences between the value at paced heart
rate and the value at the preceding baseline
heart rate. Despite decreasing EDV from
“baseline 1’ to “baseline 4”, there were linear
increasing negative differences for EDV and
SV with increasing heart rate. With unchanged
baseline this negative increase may have been
even more pronounced.

DFT declined inversely with increasing heart
rate. The shorter DFT impaired LV filling and
consequently EDV, SV, SW and EF became
negatively related to heart rate as earlier shown
[Braunwald 1992]. CO showed a parabolic
course with maximum at 120 to140 bpm, as
previously described [Berglund 1958]. How-
ever, in humans CO is otherwise shown to be
unaffected by increasing pacing rate when
studied under optimal filling condition in
supine [Bevegard 1967]. Contrary to other
animal studies [Glower 1985, Klautz 1997,
Davies 1997], investigating mechanical LV
function, the baseline heart rate in this study
was of the same magnitude as in humans.

Global (PRSW) LV function

In our study PRSW was independent of heart
rate up to 140 bpm. Except for a slight decrease
at 160 bpm our results agree with prior studies
[Glower 1985, Klautz 1997, Davies 1997]. A
decrease of PRSW of approximately 10% was
also seen in humans during pacing at 150 bpm
[Liu 1993], but in that study preceded by a
20% increase of PRSW between 71 and 120
bpm. The baseline PRSW was almost similar
in our pigs and in humans [Liu 1993], PRSW
being 80 and 82 mmHg respectively. These
values are considerably higher than in dogs
(49 mmHg) [Glower 1985] and piglets (38
mmHg) [Davies 1997], but in these studies
the animals were heavily beta-blocked to at-
tenuate autonomic reflexes. In a piglet study
[Klautz 1997] not using beta-blockers PRSW
was 68 mmHg.

Systolic (ESPVR) LV function

In our study ESPVR increased approximately
37% between 72 and 100 bpm indicating a
force-frequency relation. This is in opposition
to one piglet study using beta-blockers [Davies
1997], showing no heart rate dependency of
ESPVR. However, in another piglet study
without beta-blockers [Klautz 1997] ESPVR
increased 44%, but at 200 bpm and from a
baseline of 140 bpm. In conscious dogs with
autonomic blockade [Freeman 1987, Spratt
1987] and in a humans [Liu 1993] ESPVR
increase 50 - 80% up to 160 bpm. In the study



by Maughan et al [Maughan 1985] using iso-
lated, afterload-controlled hearts, ESPVR in-
creased from 60 to 120 bpm, followed by a
plateau and a small further increase at 200
bpm. In our study the increasing baseline
ESPVR (table VI), was probably due to the
increasing baseline heart rate being an expres-
sion of the force-frequency relation. The be-
haviour of peak dP/dt also indicated the
presence of a force-frequency relation. Though
peak dP/dt is strongly preload dependent
[Little 1985], it remained unchanged up to
140 bpm despite constantly decreasing EDV.

Further comments about PRSW
and ESPVR

The differences between the referred studies
may be explained by species differences with
different operating ranges of heart rates, and
by differences between the new-born and the
adult myocardium. Furthermore the different
behaviour of PRSW (global function) and
ESPVR (systolic function) may be explained
by the global nature of PRSW, also being in-
fluenced by diastolic characteristics, as op-
posed to ESPVR being a pure systolic func-
tion index. This probably makes ESPVR
more sensible to the myocardial force-
frequency relation as shown in our study. With
increasing heart rate diastolic function deteri-
orated (see discussion below) which probably
influenced the PRSW relationship at 160 bpm.
However, PRSW might be a more “robust”
parameter than ESPVR because PRSW is
independent of absolute volume calibrations
(the unit for PRSW is mmHg and for ESPVR
mmHg/ml). The tendency of ESPVR to be
curvilinear [Burkhoff 1987, Kass 1989] is also
a source of error (see Materials and Methods).

Diastolic function -

chamber stiffness (EDPVR, beta) and
relaxation (tau, PFR)

With increasing heart rate EDP declined, but
increased again at 160 bpm despite a contin-
uous declining EDV. Diastolic chamber stif-
fness measured as 3 increased at 140 bpm and
EDPVR increased at 160 bpm and thereby
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probably influenced PRSW as discussed
above. However, in a human study [Liu 1993]
end-diastolic compliance was unchanged up
to 150 bpm. It has been shown that diastolic
stiffness increases during exercise, but then as
a result of decreasing minimum diastolic pres-
sure with end-diastolic pressure and volume
being mainly unchanged [Nonogi 1988]. In
our study the mechanism of increased stiffness
was probably different with EDV and EDP
being changed. Unlike conditions during ex-
ercise, pacing-induced tachycardia reduces
EDV and SV due to a limiting venous return
[Bevegard 1997]. As also shown by others
[Freeman 1987, Karliner 1977] the time con-
stant of LV pressure decay (1) decreased with
increasing pacing rate, indicating increasing
rate of early relaxation. Although 1 in our study
decreased up to 140 bpm, this decrease was
small, and relaxation velocity was probably
too slow to compensate for the declining DFT.
This may have caused both incomplete filling
(small EDV) and incomplete relaxation at end-
diastole causing a stiffer end-diastolic chamber
with increased EDPVR, B, and EDP. There
might also have been some pacing-induced
ischaemia due to reduced coronary perfusion
time. Increased EDP reduces subendocardial
perfusion pressure and in combination with
decreased diastolic perfusion time, a vicious
circle may be initiated. Other factors possibly
influencing diastolic relaxation and stiffness
are increased vascular turgor [Salisbury 1960]
and viscoelastic properties of the myocardium
[Nikolic 1990].

Adrenergic augmentation of the force-
frequency-relation

In addition to the inability to increase the
venous return, lack of adrenergic stimulation
is another important difference between our
anaesthetised, paced pigs and exercise-induced
tachycardia. It has been shown that adrenergic
stimulation not only influences myocardial
contractility and the systolic force-frequency
relation, but also influences the diastolic func-
tion, augmenting relaxation velocity at any
given heart rate [Kambayashi 1992, Ross
1995]. The importance of a diastolic force-
frequency relation has recently been shown in
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muscle strips from failing human myocardium,
where insufficient up-regulation of sarcolem-
mal Na'-Ca®" exchanger increases diastolic
stiffness [Hasenfuss 1999]. During tachy-
cardia the diastolic force-frequency relation
may probably be responsible for a down and
leftward movement of the diastolic pressure-
volume relation with unchanged left atrial
pressure, increasing the atrio-ventricular pres-
sure gradient [Cheng 1992, Miyazaki 1990,
Aroesty 1985] and PFR [Ishida 1986]. Pro-
bably due to lack of adrenergic augmentation
the reaction in our paced animals was com-
pletely different. Instead of the left and down-
ward movement the diastolic portion of the
pressure-volume loop moved upwards when
heart rate increased. This probably affected
PFR, which did not increase more than ap-
proximately 100 ml/s and levelled off at 140
bpm. A somewhat similar reaction, but with
probably different mechanism, is seen in
patients with angina pectoris where pacing-
induced tachycardia leads to an upward shift
of the diastolic portion of the pressure-volume
loop with PFR declining at the highest heart
rate [ Aroesty 1985].

Pressure-volume loops vs.
heart rate

No isovolumic phases observed

As seen in figure 19 the pressure-volume
loops are leaning to the left. Neither the “iso-
volumic contraction”, nor the “isovolumic re-
laxation” are isovolumic. This phenomenon
has earlier been observed, not only with the
conductance catheter, but also with implanted
markers, sonomicrometry, and angiography
[Baan 1988, Ruttley 1974, Hansen 1991, Ingels
1996]. Results from a study by Nolan et al
[Nolan 1969] implies that the movements of
the AV-plane may lead to falsely monitored
changes of LV volume during the isovolumic
phases of the heart cycle. When the geometry
of the LV cavity is changing during systole
from ellipsoid to spherical this is probably not

fully registrated by the different methods used
for measurements of LV volume.
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Fig 19. 4 pressure-volume loop from a study pig
(heart rate 76 beats per minute). As normally seen
the loop is leaning to the lefi. The “isovolumic”
contraction and relaxation is not registrated as

isovolumic.

Pressure-volume loops during paced
tachycardia

At a heart rate of 140 to160 bpm the pressure-
volume loop not only moved upwards, but
there was also a blunting of the left lower cor-
ner indicating an increased pressure at the
opening of the mitral valve (Figs. 18, 20-22).
Normally, as seen in figure 19; LV pressure
remains quite constant or increase when LV
volume increases during filling. However, at
these heart rates LV pressure decreased du-
ring the whole LV filling (Figs. 20, 22). This
behaviour fulfils the criterion of a suction
mechanism [Katz 1930] — a decreasing pres-
sure (positive or negative) with concomitantly
increasing volume. This “suction” is probably
different from the suction seen with negative
LV pressures, generated by a diastolic recoil
of the ventricular wall [Robinson 1986], and
existing when end-systolic LV volume de-
creases below its “equilibrium volume” as
during exercise or inotropic stimulation with
increased heart rate [Ingels 1996, Sabbah
1981, Udelson 1990] (see Fig 3. where the
minimum diastolic pressure is 0.5 mmHg in
the loop most to the left). With infusion of
isoproterenol Udelson et al [Udelson 1990]
induced a left and downward movement of
the pressure-volume loop resulting in negative



(subatmospheric) pressures during early dia-
stolic filling. When the heart later was paced
to the same heart rate as induced by isopro-
terenol (130 bpm), no left-downward move-
ment was seen. Not commented on in that
study [Udelson 1990], but clearly seen in their
figure 2, is the increased LV pressure at the
start for LV filing (in comparison with the
pressure during the isoproterenol infusion). As
seen in our study, the LV volume then in-
creases during the decline of LV pressure.

This type of “suction” may be important for
LV filling when diastolic filling time and early
relaxation are being to short or not facilitated
by adrenergic stimulation as during paced
tachycardia when the flow velocity is increas-
ed. LV filling without positive transmitral
pressure gradients has earlier been demon-
strated by Courtois et al [Courtois 198§],
showing the existence of intraventricular
pressure gradients with lower minimum LV
pressure at the apex than at the base. The
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Fig 20. Pressure-volume loops in one pig at a
paced heart rate of 76 (the same loop as in figure
18 and 20) and at 160 beats per minute. At 160
bpm the stroke volume is seen to decrease. The
end-diastolic volume has decreased from approxi-
mately 52 ml to 36 ml. In this animal end-diastolic
pressure is almost unchanged and end-systolic
volume has increased, but the maximum systolic
LV pressure is mainly unchanged. This figure is to
show that, with increased heart rate, the LV pres-
sure will be increased at the point when the mitral
valve opens and filling of the left ventricle begins
(indicated by the arrow). Also note the continuous
decline of LV pressure during the whole filling.

Cardioplegia and Cardiac Function 57

existence of physiological reversed pressure
gradients during early diastolic filling has also
been shown by Van der Werf [Van der Werf
1984]. Courtois also demonstrated a contin-
uing forward transmitral flow despite a re-
versed atrial-ventricular pressure gradient,
which were shown to exist during short parts
of early diastolic filling. Consequently, flow
may be directed against its pressure gradient
(but during decelerating flow) due to surplus
of kinetic energy, in this case directed against
apex. A possible mechanism for LV filling is
the one described by Nolan et al [Nolan 1969]
where kinetic energy is generated by the AV-
plane moving apically during systole [McDonald
1970], thus accelerating atrial fluid against
apex already before opening of the mitral
valves. At high frequencies this mechanism
might gain increased importance as shown in
an in vitro pump model by Lundbick [Lund-
béck 1986].
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Fig 21. Pressure-volume loops when pacing rate
was continuously increased from 80 to 180 beats
per minute in one animal. The figure shows the
gradually change of shape of the loops with in-
creasing pacing rate. The behaviour of the loops
are principally the same as in figure 20, although
this is not a steady state acquisition as the one in
figure 20. Note that end-diastolic pressure first
decreases and then increases at the highest heart
rates (see Fig.14).
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Fig 22. Left ventricular (LV) pressure and volume curves during one heart beat with ECG, at baseline(left)
and during paced heart rate to 160 beats per minute (vight). These are the same beats as seen in figure 20.
There is 4 ms between the points in the curves indicating the relative speed of the heart beat during different
parts of the cardiac cycle. Left panel: heart rate 76 beats per minute. Note the atrial contribution to LV
filling and the small plateau in the volume curve before the real ejection (not clearly explained). Right panel:
heart rate 160 beats per minute. Note that diastole has shortened more than systole and that atrial systole has
disappeared due to the shortened diastole. The pressure wave has almost taken the shape of a sinus wave.
Compared with the pressure wave at 76 beats per minute, dP/dtmax looks almost unchanged despite the
decrease in end-diastolic volume thus indicating a positive force-frequency effect. Also note that LV pressure
declines during the whole LV filling. The rapid increase in filling still starts at approximately 20 ml, but now
at a higher LV pressure compared with the pressure at 76 beats per minute.

Conclusions and practical
consequenses of study V

1. Inthe adult pig ESPVR was rate dependent up to 100 bpm, possibly a reflection of the force-
frequency relation, and ESPVR should be used with caution when heart rate is different from
baseline.

2. No pacing-induced systolic dysfunction was observed up to maximum pacing rate at 160 bpm.

3. With increasing heart rate diastolic chamber stiffness measured as EDPVR increased from 140
bpm, and the stiffness constant (B) increased from 120 bpm, but significantly at 160 and 140 bpm
respectively.

4. PRSW was rate independent up to 140 bpm.

5. The deterioration of PRSW at160 bpm was probably due to diastolic dysfunction (increased
chamber stiffness).

6. At 140 to160 bpm the pressure-volume loop moved upwards with elevated pressure at the
beginning of LV filling.

7. At 140 to 160 bpm the left ventricle was filled during a continuously declining L'V pressure.

8.  Despite the lack of negative LV pressures a suction mechanism might contribute to LV filling
with increased heart rate during pacing.

9.  Except for ESPVR the adult porcine model is stable with respect to increased heart rate and
mechanical function indices up to approximately 140 bpm.
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10. With regard to study I-III, the heart rate post-bypass was not high enough to influence the
evaluation of cardiac function with PRSW. However, B (the stiffness coefficient), and to a certain
extent also EDPVR was possibly affected by the tachycardia, especially in the intermittent group
of study III. However, there was no statistical difference between groups with regard to B and
EDPVR, although the highest values were seen in the intermittent group. ESPVR was not used in
study I-III because its curvilinearity (discussed in “materials and methods”).

The conductance catheter method
and its limitations

The conductance catheter was used for on-line
registration of volume throughout study I-V.
Conductance catheter-derived stroke volume
has been validated against stroke volume
measured by electromagnetic flow probes and
thermodilution in open—chest dogs [Baan 81,
Baan84] and in humans by comparison against
ventriculography and cine CT [Baan 84, Van
der Velde92 ]. The volume measured with the
conductance catheter has also been compared
against the volume in intraventricular balloons
in isolated ejecting dog hearts[Burkhoff 85].
These studies have shown a high linear cor-
relation between the volume measurements.
However, the relation between the conduc-
tance catheter-derived volume and the absolute
volume is not 1:1. There is a volume offset
due to parallel volume from structures sur-
rounding the left ventricle which has to be
subtracted. To obtain absolute volume the

conductance catheter-derived volume has also
to be corrected against another method, for
instance stroke volume measured by thermo-
dilution (gain calibration). Both the parallel
volume and the conductance catheter-derived
volume may at large volumes be nonlinearly
related to the “real” volume [Boltwood 1989,
Applegate 1989]. However, within the usual
volume range the conductance volume is
linearly related to volumes measured by other
techniques. A problem with volume measure-
ments are the lack of a golden standard. Tech-
niques used for comparisons as sonomicrom-
etry, ventriculography, CT or casted models
of the LV cavity are thereby also not fully
validated. In study III to V a conductance
catheter with dual excitation field was used
[Steendijk 92]. This was a technical improve-
ment of the conductance catheter improving
the homogeneity of the electrical field and
theoretically improving the linearity of con-
ductance catheter measured volume.
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Conclusions

The following conclusions are based on studies (I-V) in the adult, anaesthetised, and open
chest, porcine.

When blood cardioplegia is given continuously the temperature of the cardioplegic solution
is of minor importance for the acute post-cardioplegic cardiac function. Since warm contin-
uous cardioplegia is not proved better than cold cardioplegia the latter is advocated due to
the added safety of hypothermia.

Warm blood cardioplegia results in an increasing coronary vascular resistance during the
time of delivery which might have implications for its myocardial distribution.

Intermittent warm blood cardioplegia is detrimental for post-cardioplegic cardiac function
when used in the ischaemically compromised heart, and should be avoided in these
situations.

Blood cardioplegia given continuously has the potential to resuscitate the acute and severely
damaged myocardium.

Simultaneous antegrade and retrograde continuos blood cardioplegia does not, in compar-
ison with continuous antegrade perfusion, impair post-cardioplegic cardiac function despite
a small increase in myocardial water content. Simultaneous cardioplegia has the potential
to be an optimal technique for cardioplegic delivery.

A conductance catheter only registrating volume changes in a 0.7 to 1.5 cm broad volume
segment of the left ventricle gives a good description of the acute changes in global left
ventricular volume. This implies that the conductance catheter might be simplified with a
potential for increased clinical use.

ESPVR is rate dependent up to 100 bpm and should by used with caution when heart rate
is changing from baseline. No pacing induced systolic dysfunction was observed up to 160
bpm.

EDPVR is increasingly rate dependent from 140 bpm indicating a pacing induced increase
in diastolic chamber stiffness.

PRSW is rate independent up to 140 bpm and deteriorates at 160 bpm, probably due to
increased chamber stiffness.

During pacing at heart rates from 140 bpm and above the pressure—volume loop moves
upwards with increasing LV pressure at mitral valve opening, followed by a continuous
decline in LV pressure during filling of the left ventricle.

A possible suction mechanism, without negative LV pressures, might contribute to LV
filling when heart rate is increased during pacing at rest.
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