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Abstract

OBJECTIVES: We have previously demonstrated beneficial cardiac protection with hypothermic polarizing cardioplegia compared to a
hyperkalemic depolarizing cardioplegia. In this study, a porcine model of cardiopulmonary bypass was used to compare the protective
effects of normothermic blood-based polarizing and depolarizing cardioplegia during cardiac arrest.

METHODS: Thirteen pigs were randomized to receive either normothermic polarizing (n = 8) or depolarizing (n = 5) blood-based cardio-
plegia. After initiation of cardiopulmonary bypass, normothermic arrest (34�C, 60 min) was followed by 60 min of on-pump and 90 min of
off-pump reperfusion. Primary outcome was myocardial injury measured as arterial myocardial creatine kinase concentration. Secondary
outcome was haemodynamic function and the energy state of the hearts.
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RESULTS: During reperfusion, release of myocardial creatine kinase was comparable between groups (P = 0.36). In addition, most haemo-
dynamic parameters showed comparable results between groups, but stroke volume (P = 0.03) was significantly lower in the polarizing
group. Adenosine triphosphate levels were significantly (18.41 ± 3.86 vs 22.97 ± 2.73 nmol/mg; P = 0.03) lower in polarizing hearts, and the
requirement for noradrenaline administration (P = 0.002) and temporary pacing (6 vs 0; P = 0.02) during reperfusion were significantly
higher in polarizing hearts.

CONCLUSIONS: Under normothermic conditions, polarizing blood cardioplegia was associated with similar myocardial injury to depola-
rizing blood cardioplegia. Reduced haemodynamic and metabolic outcome and a higher need for temporary pacing with polarized arrest
may be associated with the blood-based dilution of this solution.
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ABBREVIATIONS

ATP Adenosine triphosphate
CK-MB Myocardial creatine kinase
CPB Cardiopulmonary bypass
DEPOL Depolarized group
HEP High-energy phosphates
PCr Phosphocreatine
POL Polarized group
STH-2 St Thomas’ Hospital cardioplegic solution No.

2
STH-Pol St Thomas’ Hospital Polarizing solution
VF Ventricular fibrillation

INTRODUCTION

Today, patients undergoing cardiac surgery are older and have
more co-morbidities than 30 years ago [1]. Thus, the need for
optimized cardioplegic protection has become more impor-
tant than ever before [2]. Although the ideal form of cardiople-
gia remains controversial and can be adjusted to the
individual patient’s demand or surgeon’s personal experience,
depolarizing cardioplegic solutions, containing relatively high
levels of potassium, have been the gold standard for myocar-
dial protection during cardiac arrest for decades. Various
options of cardioplegic solutions are available to cardiac sur-
geons: crystalloid versus blood mixed, depolarizing versus po-
larizing and warm versus cold solutions. One of the most
widely used cardioplegic solutions [3] is the St Thomas’
Hospital cardioplegia inducing a depolarized arrest. This
depolarized arrest, however, potentially leads to intracellular
accumulation of sodium and calcium, contraction and, conse-
quently, cell death [4]. Existing literature about the ideal cardi-
oplegic formulation is still controversial and with the advent
of new polarizing cardioplegic solutions, complexity of the sci-
entific discussion further increases. Using a recently developed
polarized arrest solution, comprising esmolol, adenosine and
magnesium in a cardiopulmonary bypass (CPB) model in pigs,
we recently demonstrated decreased cardiac enzyme release
and improved haemodynamic recovery following cold
polarizing versus depolarizing blood cardioplegia [5, 6]. The
reported benefits of blood-mixed solutions are reduced
ischaemic injury, decreased metabolism during arrest, better
functional recovery [7] and, consequently, improved myocar-
dial protection [8]. Tepid temperature (32–34�C) is beneficial
in case of ventricular hypertrophy [9], associated with reduced
postoperative enzyme release (cardiac troponin, CK-MB) and
improved cardiac index [10], but with less endothelial

protection [11], whereas cold administration (4�C) has shown
improved clinical outcome in patients with diffuse coronary
artery disease [12].

Since data on warm polarized arrest are still scarce, the aim of
this study was to evaluate warm polarized blood cardioplegia
versus a conventional blood-mixed depolarizing cardioplegia.
Based on the results of our previous study [6], we hypothesized
that warm blood-based polarizing cardioplegia will be superior
to warm blood-based depolarizing cardioplegia. The primary
outcome parameter is CK-MB release during reperfusion, which
is assumed to reflect myocardial damage. Secondary outcomes
are haemodynamic function and energy state.

METHODS

Ethics statement

The study protocol was approved by the Animal Ethics
Committee of the Medical University of Vienna and by the
Austrian Ministry of Science and Technology (GZ: 66.009/0171-
II/3b/2011).

Animals

In total, 14 pigs (Austrian Landrace) were included into the study
and randomized to 2 groups: blood-based polarizing cardiople-
gia (POL, n = 8) and blood-based depolarizing cardioplegia
(DEPOL, n = 5; 1 additional animal in this group was excluded
due to technical difficulties prior to CPB). Animal housing is de-
scribed in the Supplementary Material.

Protocol

The detailed surgical CPB protocol is given in the Supplementary
Material. According to the protocol (Fig. 1), all pigs were sub-
jected to 60 min of ischaemia, 60 min of on-pump reperfusion
and another 90 min of off-pump reperfusion after decannulation
and administration of protamine (300 IU/kg). Prior to sacrificing
(pentobarbital 300 mg/kg i.v.), samples from the anterior wall of
the left ventricle were harvested for the analysis of high-energy
phosphates (HEP; Fig. 1).

Cardioplegic solutions

The cardioplegic solutions used in this study were based on
modifications in the St Thomas’ Hospital cardioplegic solution
No. 2 (STH-2) or a cardioplegic solution containing esmolol,
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adenosine and magnesium [the St Thomas’ Hospital Polarizing
solution (STH-Pol)]. STH-2 (Na+: 110.0 mmol/l, K+: 16.0 mmol/l,
Mg2+: 16.0 mmol/l; Ca2+: 1.2 mmol/l) was provided as a 1000 ml
solution by the hospital pharmacy of the General Hospital Linz,
Austria, and was mixed (1:2; blood:crystalloid; total volume:
1500 ml) with 500 ml of pig blood for the composition of DEPOL.
The basic composition of STH-Pol was 1000 ml of Ringer’s solu-
tion with 1.0 mmol/l esmolol (Baxter, Vienna, Austria), 0.5 mmol/l
adenosine (Sigma Aldrich, St. Louis, USA) and 10.0 mmol/l mag-
nesium gluconate (G.L. Pharma GmbH, Lannach, Austria), which
was mixed with 500 ml of pig blood (1:2; blood:crystalloid; total
volume: 1500 ml) to form POL immediately before administra-
tion. Hence, both cardioplegic solutions were diluted by one-
third of their original concentrations to produce these blood-
based solutions. After aortic cross clamping, 1000 ml of the re-
spective cardioplegia was infused with a pressure of 60 mmHg
and a temperature of 34�C via the aortic root; after 30 min of is-
chaemia, an additional 500 ml of the cardioplegic solutions were
infused. The final molar concentrations of both cardioplegic solu-
tions are presented in Table 1.

Biochemical analyses

Arterial blood samples were drawn at baseline and 1, 5, 15, 30, 60,
90, 120 and 150 min of reperfusion. During CPB, venous samples
were drawn from the coronary sinus during controlled on-pump
reperfusion: baseline, 1, 5, 15, 30 and 60 min of reperfusion. An
immunoassay was performed for the primary outcome parameter
CK-MB (Cobas immunoassay CKL, ID 0-324, Roche, Germany).
The assessment of the energy status is given in the Supplementary
Material.

Haemodynamic evaluation

The description of the haemodynamic variables is given in the
Supplementary Material.

Statistical analysis

Graphs were drawn with GraphPad Prism (9.0, GraphPad
Software, La Jolla, USA), IBM SPSS Statistics 27 (IBM Corporation,
New York, USA) was used for statistical analysis and online sam-
ple size calculator (http://clincalc.com/Stats/SampleSize.aspx) was
used for calculation based on a previous study in rats by Fujii

Figure 1: Experimental protocol. After baseline haemodynamic assessment, cardiopulmonary bypass was started, aorta was crossclamped and the first dose of cardio-
plegia was applied (polarizing blood cardioplegia, depolarizing blood cardioplegia). After 30 min of ischaemia, the second dose of cardioplegia was administered and
ischaemia was maintained for additional 30 min (in total: 60 min ischaemia). After declamping the aorta and 60 min of on-pump reperfusion including weaning from
cardiopulmonary bypass 90 min of off-pump reperfusion was performed. The indicated times refer to sampling points. DEPOL: depolarizing blood cardioplegia; POL:
polarizing blood cardioplegia.

Table 1: Molar concentrations of cardioplegic solutions

Components Unit Group

POL DEPOL
(n = 8) (n = 5)

Blood crystalloid ratio – 1:2 1:2
Haematocrit % 10.8 ± 0.8 11.0 ± 0.6
Esmolol mmol/l 0.68 –
Adenosine mmol/l 0.33 –
Magnesium mmol/l 6.67 10.7
Sodium mmol/l 110 110
Potassium mmol/l 4 10.7
Calcium mmol/l 1.2 1.2

Final molar concentrations in low-dose cardioplegic solutions (POL and
DEPOL). The basic composition of STH-Pol was esmolol, adenosine and
magnesium gluconate mixed in 1 l of Ringer’s solution, and pig blood was
mixed with the crystalloid solution immediately before administration.
Haematocrit values are given as mean ± standard deviation.
DEPOL: depolarizing blood cardioplegia; POL: polarizing blood cardioplegia.
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and Chambers [13]. We defined a minimally relevant group dif-
ference of 25%. With a power of 80%, accepting the probability
of a type I error of 5%, 5 animals per group were needed. As a
safety margin, we aimed for 8 pigs/group.

Regarding the dependent variables, mixed linear models were
performed. First, data were visually analysed for normal distribu-
tion at all time points and right-skewed data were log10-
transformed. Normally distributed data are given as mean and
standard deviation, and right-skewed data are given as geometric
mean with 95% confidence interval. ‘Group’ was specified as fixed
between-subjects factor with the 2 levels POL and DEPOL, and
‘time’ was specified as levels as fixed within-subjects factor.

Furthermore, each animal was included as a level of a random
factor. Baseline values were included as a covariate to adjust the
models for pretreatment differences. Model estimation was per-
formed using the restricted maximum likelihood method. Based
on adequate covariance structures and the smallest Akaike infor-
mation criterion value, a time by group interaction was tested.
When a significant interaction was observed, group differences
were estimated by contrasts at each time point. Otherwise, the
interaction term was dropped from the model, and the main ef-
fect of ‘group’ was interpreted as group difference that applies to
all time points. All reported P-values are the result of two-sided
tests. P-values <0.05 were considered significant. Arterial CK-MB

Figure 2: Effects of polarizing blood cardioplegia (POL) and depolarizing blood cardioplegia (DEPOL) applied in blood solution on the primary outcome parameter ar-
terial myocardial creatine kinase and secondary outcome parameters. (A) There was no relevant difference between polarizing blood cardioplegia and depolarizing
blood cardioplegia at all time points (P=0.36). (B) Systolic left ventricular pressure did not differ between groups (P=0.06). (C) In polarizing blood cardioplegia, there
was a tendency for lower cardiac output (P=0.07). (D) The different cardioplegic solutions did not affect coronary flow (P = 0.29). (E) Polarizing blood cardioplegia
resulted in lower pulmonary capillary wedge pressure but without significance (P = 0.24). (F) Stroke volume was significantly reduced in St Thomas’ Hospital Polarizing
solution-B (P = 0.03). Arithmetic or geometric means (depending on whether data were log-transformed for analysis) with 95% confidence intervals estimated by a
mixed linear model that adjusts for baseline differences was used for the illustrations.
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release was defined as primary end point; therefore, we took
mean values from Fujii and Chambers [13] and aimed for a com-
parable reduction in the POL versus DEPOL group. All secondary
outcome measures were not adjusted for multiplicity due to the
exploratory nature of this study and have to be interpreted
accordingly.

RESULTS

Baseline characteristics

Animals in both groups showed comparable body (POL: n = 8,
61 ± 6 kg; STH-2-B: n = 5, 64 ± 5 kg; P = 0.35) and heart weights
(DEPOL: 305 ± 52 g; STH-2-B: 322 ± 19 g; P = 0.49).

Description of cardioplegic arrest

Time to asystole was comparable in both groups (POL:
336 ± 240 s; DEPOL: 300 ± 174 s; P = 0.79). Four animals showed
an unstable arrest (POL: 2; DEPOL: 2). Peri-ischaemic ventricular
fibrillation (VF) within the first minute of reperfusion was
recorded in all groups [POL: 7 (of 8); DEPOL: 5 (of 5)], but without

statistical difference. Two animals of the POL group showed VF
during ischaemia; therefore, the second administration of cardio-
plegia was applied earlier. Six (of 8) animals in the DEPOL group
required temporary pacing, while no pacing was necessary in
POL (P = 0.02). There were a higher number of DC shocks re-
quired to induce sinus rhythm in POL, but this was without signif-
icance (POL: 4.7 ± 3.4; DEPOL: 2.6 ± 1.8; P = 0.34).

Myocardial damage

Primary outcome parameter was the analysis of arterial CK-MB
as a measure of myocardial cell damage. The increase
(P < 0.0001) in arterial CK-MB after ischaemia was comparable in
both groups (P = 0.36; Fig. 2A). Likewise, coronary CK-MB
changed over time (P = 0.002) and was also similar in both groups
(P = 0.30, Supplementary Material, Fig. S1A).

Haemodynamics

Secondary outcome was parameters of haemodynamic function.
Systolic left ventricular pressure (P = 0.6, Fig. 2B), cardiac out-

put (P = 0.07; Fig. 2C), coronary flow (P = 0.29; Fig. 2E) and wedge

Figure 3: High-energy phosphates. Phosphocreatine, adenosine triphosphate, the phosphocreatine/adenosine triphosphate ratio and energy charge analysed from
freeze clamped left ventricular biopsies obtained immediately after scarification at 150 min of reperfusion. Phosphocreatine showed comparable preservation within
all groups (A). Adenosine triphosphate content was reduced in the left ventricle in St Thomas’ Hospital Polarizing solution-B (adenosine triphosphate: *P = 0.03; B).
The ratio of phosphocreatine/adenosine triphosphate (C) and energy charge (D) showed no significant differences between groups. DEPOL: depolarizing blood cardi-
oplegia; POL: polarizing blood cardioplegia.
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pressure (P = 0.24; Fig. 2F) were similar in both groups with a ten-
dency for lower values in POL. Stroke volume was significantly
reduced in POL (P = 0.03; Fig. 2G). Notably, the differences apply
to the time points 90, 120 and 150 min.

In addition, the need for noradrenaline administration was sig-
nificantly higher from 90 to 120 min in POL (P = 0.002;
Supplementary Material, Fig. S1B). Heart rate was significantly re-
duced in POL at 15 and 30 min of reperfusion (P = 0.021;
Supplementary Material, Fig. S1C). Systolic, mean and diastolic
arterial pressure showed no differences over time in both groups
(Supplementary Material, Fig. S1D–F).

High-energy phosphates

HEP analysis showed comparable preservation concerning phos-
phocreatine (PCr); however, there was a tendency towards lower
levels of ADP in POL (4.3 ± 0.6 vs 5.2 ± 0.9 nmol/mg; P = 0.07).
Adenosine triphosphate (ATP) content was significantly lower in
POL (18.41 ± 3.86 vs 22.97 ± 2.73 nmol/mg; P = 0.03). The ratio of
PCr/ATP and energy charge were comparable in all groups
(Fig. 3).

DISCUSSION

Recently, we showed beneficial effects of POL compared to
DEPOL under hypothermic conditions [6]. Here, we present the
second study aiming to describe the effects of the novel polariz-
ing St Thomas’ cardioplegia under normothermic conditions. As
surrogate marker for myocardial damage, we used again the time
course of arterial CK-MB during reperfusion. The main results of
the present study are that myocardial protection with (i) DEPOL
and POL did not lead to different outcomes in myocardial dam-
age and (ii) POL led to decreased haemodynamic performance
while the requirement of vasopressor support and temporary
pacing was increased.

In former studies, the concept of polarized arrest has already
been shown as microplegia [14], in small [13] as well as in large
animal models [6, 15], and has been demonstrated to be similarly
effective compared to depolarized arrest. In similar models, it has
also recently been shown that polarized, blood-mixed cardiople-
gia reduced myocardial damage and enhanced cardiac function
at 4�C [6] and 12�C [15]. The major difference of the present
study to former studies was the application temperature of 34�C.
This tepid application seemed to prolong time to asystole for
both cardioplegic solutions (POL: 336 ± 240 s; DEPOL: 300 ± 174 s;
P = 0.79), but it is likely that this was a consequence of the cardio-
plegic dilution of the component concentrations. Two animals of
POL group showed VF during ischaemia; therefore, the second
administration of cardioplegia was applied earlier. Hence, we
speculate that the temperature was also a factor that led to an
unstable arrest in POL-treated hearts. The lower ATP levels in
POL might be caused by the fast degradation of esmolol under
normothermic conditions in the polarizing solution, which then
led to VF, all indicating lower energy preservation. In contrast,
Aass et al. [15] described increased levels of PCr and ATP after hy-
pothermic polarized cardiac arrest compared to depolarized ar-
rest; in their study, the component concentrations of the
arresting infusion of the polarized cardioplegia were approxi-
mately double those used in the present study.

The design of the current study to test POL in a normothermic
setting was based on the concept of endothelial protection as dem-
onstrated by Fujii and Chambers [13]. The authors performed their
study in the isolated rat heart and showed that the mixture of
blood with STH-Pol (1:3, haematocrit of about 10%) in an esmolol-
based normothermic cardioplegia was equal to hyperkalemic arrest
regarding cardioprotective efficacy. Administration was repeated
every 10 min, over a global ischaemia period of 40 min. In contrast,
in the present study, cardioplegia was only re-administered once
after a clinically relevant interval of 30 min and the duration of
global ischaemia was 60 min. It is tempting to speculate that the re-
sult of the mentioned rodent study [16] was probably due to the
short re-infusion time of 10 min. With a half-life of about 9 min, the
frequent re-infusions guaranteed a constant esmolol concentration
throughout the entire ischaemic period. In addition, the advantage
of adenosine as a component of the cardioplegic solution for pre-
venting Ca2+ overload has already been confirmed [17]. In a warm
setting, adenosine has been shown to achieve rapid arrest and a
higher functional recovery [18]. However, as its half-life is below
10 s in vivo a continuous infusion was performed. Therefore, it was
not surprising that in our current study, re-infusion in 2 animals of
the POL had to take place earlier due to VF. One pharmacological
explanation is the activity of ubiquitous esterases (from red blood
cells [19]), which immediately metabolize the b-blocker esmolol at
normothermia into an acid metabolite and methanol, both elimi-
nated by the kidneys. Number of shocks to terminate VF during
early reperfusion seemed to be increased in POL but without signif-
icance. In contrast, in our recent publication, we performed the
same experimental protocol and dilution with blood, but under hy-
pothermic conditions, and were able to show reliable myocardial
protection with blood-mixed STH-Pol [6]. Therefore, it seems rea-
sonable to assume that in normothermia esterase activity caused
unstable arrest, subsequently reduced myocardial protection in
POL-treated hearts and this normothermic protocol unmasks these
negative effects.

Clinical implications of polarized arrest

Although the invention of depolarizing cardioplegic solutions
made the development of cardiac surgery possible in the first
place, the potential sodium and calcium overload might be
harmful, especially in damaged hearts. Polarized arrest has been
shown to be beneficial when administered as cold blood-based
solution [6, 15]. While biomedical research will continue to
search for the best administration strategy, the first-in-man study
for the St Thomas Hospital Polarizing cardioplegia is currently
planned. However, polarizing cardioplegic solutions (adenosin, li-
docaine and Mg2+; Verona ALM) have already been proven to be
safe, effective and superior to Buckberg cardioplegia in a pro-
spective randomized clinical study [20].

Limitations

Since all animals underwent comparable housing and feeding
conditions and all parameters were normalized to heart weight,
where applicable, the differences in weight should not influence
our main results. Although a sample size was defined, it is possi-
ble that between-group differences might be caused by a sam-
pling error due to the low number of pigs.

This study used CK-MB to describe myocardial damage. Porcine
troponins were not measured due to unavailability during the
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period of the experiments. In the current experiment, mixing of
blood and crystalloid solution took place in the application contain-
ers of the cardioplegia immediately before administration. However,
as shown above, under normothermia this seems to allow esterase
interaction and consecutive degradation of esmolol. One possible
option would be to mix the 2 components in the moment of ad-
ministration, using a Y-connector on top of the infusion cannula,
which is planned for future studies. Hence, in the POL solution in
our experiments, the levels of esmolol, adenosine and magnesium
were reduced as compared to a pure crystalloid application. This di-
lution beside degradation may account for the reduced efficacy of
the POL solution under normothermic conditions.

CONCLUSION

Under normothermic conditions, polarizing cardioplegic solution
was associated with similar arterial CK-MB release as compared
to depolarizing solution. Reduced stroke volume and metabolic
outcome as well as a higher need for temporary pacing with po-
larized arrest may be associated with the blood-based dilution of
this solution. Therefore, to proceed with the full description of
polarized arrest with STH-Pol, the consecutive evaluation of nor-
mothermic blood-based STH-Pol with increased component
concentrations of the arresting infusion is required to rule out
potential effects of dilution and esterase activity.

SUPPLEMENTARY MATERIAL

Supplementary material is available at ICVTS online.
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