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Abstract

Background: Congenital heart disease is a leading cause of death in newborns and infants. The feasibility of fetal
cardiac surgery is linked to extracorporeal circulation (ECC); therefore, cardioplegic solutions need to be effective
and long-lasting.

Methods: Eighteen pregnant sheep were divided into an ECC-only group, St. Thomas’ Hospital cardioplegic solution
(STH1) group (STH group), and HTK preservation solution (Custodiol®) group (HTK group). Markers of myocardial injury
including troponin I (cTnI), troponin T (cTnT) and creatine kinase myocardial band (CKMB) were measured at specific
time points (T1: pre-ECC, T2: 30min of ECC, T3: 60min of ECC, T4: 60min post-ECC, T5: 120min post-ECC). Myocardial
tissue was removed from the fetal sheep at T5, and apoptosis was detected by TUNEL staining.

Results: Changes in the serum cTnI, cTnT and CKMB concentrations were not significantly different among the three
groups before and during the ECC(T1,T2,T3). At 60min after ECC shutdown(T4), cTnI and cTnT concentrations were
significantly higher in the STH group than before the start of ECC. The concentration of cTnI was higher in the STH
group than in the HTK and ECC-only groups. The concentration of cTnT was higher in the STH group than in the ECC-
only group. At 120min after ECC shutdown(T5), cTnI and cTnT concentrations were significantly higher in the ECC and
HTK groups than before the start of ECC, and CKMB concentration was significantly higher in STH and HTK groups. The
concentrations of cTnT, cTnI and CKMB was higher in the STH group than in the HTK and ECC-only groups. The
number of TUNEL-positive cells in the HTK and STH groups was higher than in the ECC-only group. The number of
TUNEL-positive cells in the STH group was higher than in the HTK group. There was no statistically significant
difference among the groups in the heart rate and mean arterial pressure after ECC.

Conclusion: The HTK preservation solution was significantly better than STH1 in reducing the release of cardiomyocyte
injury markers and the number of apoptotic cells in fetal sheep ECC. Fetal sheep receiving ECC-only had an advantage
in all indicators, which suggests ECC-only fetal heart surgery is feasible.
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© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: qq470752889@sina.com
1Department of Cardiac Surgery, The First Affiliated Hospital of Guangxi
Medical University, Nanning, Guangxi Zhuang Autonomous Region, People’s
Republic of China
Full list of author information is available at the end of the article

Yan et al. Journal of Cardiothoracic Surgery           (2021) 16:94 
https://doi.org/10.1186/s13019-021-01486-y

http://crossmark.crossref.org/dialog/?doi=10.1186/s13019-021-01486-y&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:qq470752889@sina.com


Background
Congenital heart disease is one of the leading causes of
death in newborns and infants and accounts for about
1% of all congenital malformations [1]. Although there
have been impressive advances in pediatric cardiac
surgery in the last 20 years, some complex cardiac
malformations (left ventricular dysplasia syndrome, pul-
monary atresia, etc.) still result in high intrauterine death
rates, postnatal mortality, and complications [2–4].
The early fetal heart pattern is formed by the eighth

week in utero, and further development of the heart is
influenced by the pattern of fetal blood flow [5, 6]. The-
oretically, if congenital heart disease can be operated on
during the fetal period, the transformation of an abnor-
mality into a complex one can be prevented, complex
postnatal cardiac surgery can be avoided, the heart can
be given a chance to develop further in utero, and sec-
ondary morphologic damage can be avoided [7–9].
The introduction of minimally invasive and robotic

techniques in cardiac surgery, the development of fetal
anesthesia concepts, advances in ECC technology and
improvement in ECC equipment have made fetal cardiac
surgery possible. Nevertheless, concerns regarding myo-
cardial protection have been a major hindrance, and the
perioperative myocardial injury and postoperative car-
diac dysfunction are yet to be addressed [10]. Because of
the fetus’s unique characteristics, the need for the pro-
tection of immature fetal myocardium is much higher
than that in the adults. There are significant differences
between the immature and mature myocardium in terms
of function, ultrastructure, energy metabolism, and toler-
ance of ischemia and hypoxia. In order to meet the high
level of fetal surgical refinement required, cardioplegic
solutions need to be effective and prolonged. At present,
the protection of immature myocardium is still being ex-
plored [11]. Research on the theory of fetal ECC began
in 1984, with attempts at ECC in fetal sheep first re-
ported by Slate et al. at the University of California [12].
Based on many experiments on fetal sheep and a thor-
ough understanding of fetal sheep physiology, the tech-
nology for ECC in fetal sheeps is largely mature [13].
In this study, we used a small centrifugal pump to es-

tablish an extracorporeal circulation model in fetal
sheep. We used three ECC methods. The first one is to
keep the heart from arresting, which means the hearts
are not arrested but just maintained on ECC. The sec-
ond one is the use of St Thomas’ Hospital cardioplegic
solution (STH1). The third one is the use of HTK pres-
ervation solution (Custodiol®). We monitored fetal car-
diac function and compared the effects of the three
methods on fetal sheep, including cardiomyocyte apop-
tosis and levels of markers of myocardial injury during
and after the surgery, given the clinical applicability of
this approach.

Materials and methods
Study design (Fig. 1)
Eighteen pregnant sheeps (100–120 days gestation, 150
days at term) weighing 25.72 ± 4.29 kg (17.5–32 kg), with
18 fetuses, were used for the study. We divided the fetal
sheep into three groups of six: the ECC-only group, the
STH group, and the HTK. In the ECC-only group, we
established ECC for the fetal sheep for 60 min, then
arrested it and observed the sheep for 120 min. In the
STH and HTK groups, the ascending aorta of the fetal
sheep was occluded, and the heart was perfused with St
Thomas’ Hospital cardioplegic solution (STH1) and
HTK preservation solution (Custodiol®) to arrest the
fetal heart for 30 min. The fetal aorta was then reopened
to allow both, body and extracorporeal circulation, and
after the heart had successfully resumed beating for 30
min, the ECC was stopped, and the sheep were observed
for 120min.

Preoperative preparation and anesthesia
Pregnant sheeps were fasted for 24 h. Preoperatively, we
prepared the skin of the abdomen, back, and neck of the
pregnant sheep and administered a preoperative intramus-
cular injection of atropine 0.5–1.0 mg/kg and ketamine
10–20mg/kg into the femoral area. After the sheep’s con-
junctival reflex disappeared, the sheep was lifted onto the
operating table, and electrodes were attached to its back.
The trachea was intubated, and the sheep were ventilated
mechanically with a tidal volume of 10–15mL/kg and an
inhalation oxygen concentration of 40–50%, at a fre-
quency of 15–20 times/minute. A cardiac monitor was at-
tached to the forelimb of the pregnant sheep. The femoral
artery was punctured and intubated, and an arterial tester
was connected to monitor arterial blood pressure. The
major surgical equipment and drugs used in the surgeries
are presented in Table 1.

Surgical procedures and extracorporeal circulation
To ensure the survival of the fetal sheeps, we perform
the surgery in a warm animal operating room at 28 °C.
The skin of the pregnant sheep’s lower abdomen was in-
cised, and the uterus was surrounded with gauze pads
moistened with warm saline for support. Anesthetic
drugs (fentanyl 25–50 μg/kg and vecuronium bromide
0.1–0.2 mg/kg) were injected directly through the uter-
ine wall into the muscles of the fetus’s hind limbs,
selecting a site without placental vessels. After the fetal
movement disappeared, a 4–6 cm incision was made
through the uterine wall in the area without placental
blood vessels. Then, the amniotic cavity was opened, the
fetal chest exposed, and one upper limb was gently ex-
posed. The axillary artery was exposed and punctured
for the placement of a tube to allow monitoring of the
fetal arterial blood pressure and heart rate. A mid-
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Table 1 Major surgical equipment and drugs

Name Company Specification

Extracorporeal Circulator STOCKERT,Inc.GER Shiley

Variable temperature water tank STOCKERT,Inc.GER 16S093

Multi-parameter monitor GE,Inc.GER DragerInfinity Delt

Anesthesia machine BOCGroup,Inc.USA EXCEL 210 ANS

Fentanyl Citrate Injection HUMANWELL, CHN 10mL:0.5 mg

Ketamine hydrochloride injection HUMANWELL, CHN 2mmL:0.1 g

Atropine hydrochloride injection HUMANWELL, CHN 1mL:0.5 g

Vecuronium Bromide for Injection HARBIN MEDISAN PHARMACEUTICAL CO., LTD 4mg

HTK preservation solution (Custodiol®) Dr. Franz Koehler Chemie GmnH 1000 mL

St Thomas’ Hospital cardioplegic solution (STH1) Institute of Cardiovascular Diseases, Guangxi Medical University 1000 mL

Fig. 1 Study design
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thoracic incision was made on the fetal sheep, and the
superficial tissue was incised. The space around the
aorta and pulmonary artery was dissected.
In the ECC-only group, we established ECC for the

fetal sheep for 60 min, then stopped it and observed the
sheep for 120 min. In the STH and HTK groups, the as-
cending aorta of the fetal sheep was occluded, and the
heart was perfused with HTK preservation solution
(Table 2) and STH1 (Table 3) to arrest the fetal heart
for 30 min. When perfusing the hearts of fetal sheep in
the STH and HTK groups, we considered that a lower
temperature cardioplegic solution (4 °C) might influence
the body temperature of the fetal sheep, so we perfused
at a slower rate of 30 mL/min, with 50–100 mL per per-
fusion until the heart arrested. The fetal aorta was then
reopened to allow both, body and ECC; after the heart
had successfully resumed beating for 30 min, the ECC
was stopped, and the sheep were observed for 120 min.
The fetal sheep ECC flow rate was above 200mL/kg/
min, and the water tank temperature was kept constant
at 40 °C. The axillary artery was exposed and a tube was
punctured to allow monitoring of fetal arterial blood
pressure and heart rate.
The ECC-only group was maintained on the ECC for

60 min and then arrested for 120 min. After 120 min, 5
mL of 10% potassium chloride was injected intraven-
ously into the fetal sheep, and the heartbeat was arrested
rapidly. For convenience and efficiency, right atrial tissue
was collected from the fetal sheep and stored for subse-
quent experiments [14]. The fetal sheep were removed
and detached from the ECC, and the uterus and abdom-
inal incision of the ewe were sutured. When the ewes
awoke from anesthesia, they were returned to the breed-
ing center to continue rearing.

Collection and preservation of specimens
The venous blood of fetal sheep was collected at various
time points and centrifuged at 1500 g at 4 °C for 15 min.
The supernatant was extracted and transferred to the
Eppendorf tubes (approximately 0.5 mL per tube) and

stored at −80 °C in a freezer for further testing. The con-
centrations of troponin T (cTnT), troponin I (cTnI), and
creatine kinase–muscle band (CKMB) in the supernatant
were determined by the enzyme-linked immunosorbent
assay at five different time points: T1 (before the start of
ECC); T2 (30 min of ECC); T3 (60 min of ECC); T4 (60
min after ECC shutdown) and T5 (120min after ECC
shutdown).
A piece of myocardial tissue of the right atrium of the

fetus, of size 1–2 cm, was cut out and placed in a test tube
containing 4% formalin solution, sealed, and kept at room
temperature. The tissue was dehydrated and embedded in
the paraffin wax for slicing. Cells were uniformly stained
with TUNEL to facilitate the observation of apoptosis
under a 400 × optical microscope; 10 non-overlapping
fields of view were randomly selected, and TUNEL-
stained cells counted. The apoptosis of cardiomyocytes
was detected by combining the morphological characteris-
tics and staining of the apoptotic cells. Apoptotic cells
were stained brown with the TUNEL stain and exhibited
chromatin concentration and fragmentation, DNA
marginalization, and the lysis of the nuclear membrane.
The apoptotic index was calculated as follows:

Apoptosis index AIð Þ ¼ apoptotic cell number
= number of apoptotic cellsþ number of normal cellsð Þ

�100%:

Statistical methods
All data collected in this study were processed using
SPSS v.21.0 statistical software (IMB SPSS, Armonk,
NY), and the results were expressed as mean ± standard
deviation (x ± s). Significant differences between two
groups were tested using Student’s t-test, and compari-
sons between multiple groups were made using one-way
analysis of variance (P < 0.05). One-way ANOVA set at
P < 0.05 followed by POST HOC LSD (P < 0.05) was ap-
plied to evaluate differences in myocardial injury marker
levels and the number of TUNEL-positive cells between
groups at specific time points. P < 0. 05 was considered
statistically significant.

Table 2 HTK preservation solution (Custodiol®). Composition.
1000 mL perfusion solution contains

0.8766 g sodium chloride 15.0 mmol

0.6710 g potassium chloride 9.0 mmol

0.8132 g magnesium chloride·6H2O 4.0 mmol

3.7733 g histidine hydrochloride·2H2O 18.0 mmol

27.9289 g histidine 180.0 mmol

0.4085 g tryptophan 2.0 mmol

5.4651 g mannitol 30.0 mmol

0.0022 g calcium chloride·2H2O 0.015 mmol

0.1842 g potassium hydrogen 2-oxopantendioate 1.0 mmol

Table 3 St Thomas’ Hospital cardioplegic solution (STH1).
Composition. 1000 mL perfusion solution contains

8.4240 g sodium chloride 144.0 mmol

1.4900 g potassium chloride 20.0 mmol

1.5200 g magnesium chloride 16.0 mmol

0.2664 g calcium chloride 2.4 mmol

0.2728 g procaine hydrochloride 1.0 mmol
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Results
Preoperative characteristics
Twenty-two pregnant sheeps with 22 fetuses were used to
develop the ECC direct intracardiac surgery model. Two
of the pregnant sheep died of respiratory depression and
cardiac arrest during the induction of anesthesia. The
remaining 20 ewes were successfully revived after remov-
ing the fetuses and were returned to the breeding center.
One fetal sheep was intubated into the main pulmonary
artery between the outer and middle membranes, which
was not detected in time, and it died of cardiac arrest after
the start of ECC. Another fetal sheep died due to the fail-
ure of cardiac resuscitation, so the experiment was com-
pleted with 18 fetal sheeps.
There were no statistically significant differences in

the gestational age and body weight between the three
groups (Table 4). The STH group had less cardioplegic
solutions perfusion than the HTK group (P < 0.05), and

the STH group required less time to return to a normal
heart rate than the HTK group (P < 0.05) (Table 4).

Perioperative hemodynamics
The changes in the heart rate and blood pressure in the
three groups of fetal sheep between the T1, T4, and T5
points were not statistically different among the groups.
At T2, the STH and HTK groups showed higher ECC flow
rate than the ECC-only group (P < 0.05). Heart rates were
lower in the STH and HTK groups at T3 than at T1 (P <
0.05), and the STH group had lower heart rates than the
HTK group (P < 0.05). The heart rate at T4 was lower
than the basal values at T1 in the STH and HTK groups
(P < 0.05), and that in the STH group was lower than that
in the HTK group (P < 0.05). At T3, the mean arterial
pressure in the STH group was lower than the basal value
at T1 point (P < 0.05) and was lower than that in the HTK
group (P < 0.05). There was no statistically significant

Table 4 Comparison of general information and intraoperative condition of the three groups of fetal sheep (x ± s)

ECC-only group
(n = 6)

STH group
(n = 6)

HTK group
(n = 6)

Age (d) 123.71 ± l1.98 122.52 ± 12.33 130.10 ± 01.23

Weight (kg) 1.21 ± 0.56 1.24 ± 0.47 1.33 ± 0.70

cardioplegic solutions perfusion (mL/kg) – 47.0 ± 8.4 58.0 ± 0.0*

Time to return to normal heart rate (s) – 45.0 ± 4.3 61.0 ± 3.5*

*P < 0.05, comparison with STH group

Table 5 Comparison of perioperative hemodynamics in three groups of fetal sheep (x ± s)

T1 T2 T3 T4 T5

Heart rates (bpm)

ECC-only group 173.1 ± 20.10 169.1 ± 17.18 171.7 ± 22.21 171.5 ± 18.58 178.1 ± 10.12

STH Group 175.0 ± 15.12 – 110.3 ± 22.10* 177.5 ± 17.14 173.2 ± 19.56

HTK Group 174.6 ± 21.00 – 151.1 ± 19.99*# 174.2 ± 15.11 177.8 ± 11.16

Average Arterial Pressure (mmHg)

ECC-only group 57.1 ± 15.67 57.3 ± 17.42 56.9 ± 19.11 57.1 ± 15.12 56.5 ± 18.36

STH Group 56.9 ± 13.81 57.5 ± 13.55 50.0 ± 16.11* 59.5 ± 17.22 57.1 ± 16.39

HTK Group 56.9 ± 16.85 56.6 ± 17.34 58.0 ± 19.73# 58.2 ± 16.55 56.8 ± 15.93

ECC flow rate (mL/kg/min)

ECC-only group – 101.5 ± 29.22 – – –

STH Group – 114.9 ± 28.45‡ – – –

HTK Group – 113.3 ± 29.76‡ – – –

EC Extracorporeal circulation
T1: Before start of ECC.
T2: 30 min of ECC.
T3: 60 min of ECC.
T4: 60 min after ECC shutdown.
T5: 120 min after ECC shutdown.
* P < 0.05, compared with the pre-ECC; #P < 0.05, compared with the STH group; ‡ P < 0.05, compared with the ECC-only group
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difference among the groups in the heart rate and mean
arterial pressure at T4 and T5 (Table 5).

Indicators of myocardial impairment at various time
points in different groups of fetal sheep
There were no significant differences in the serum concen-
trations of cTnT, cTnI, and CKMB in fetal sheep before the
start of ECC between the three groups (Tables 6, 7, 8).

Changes in the concentration of cTnI
There was no statistically significant difference in cTnI
among the three groups at T1, T2, and T3. The cTnI level in
the STH group at T4 was significantly higher than that be-
fore the start of ECC (P < 0.05). The cTnI level in the HTK
and ECC-only groups at T5 was significantly higher than that
before the start of ECC (P < 0.05). The concentration of cTnI
was higher in the HTK group than in the ECC-only group at
T5 (P < 0.05). The concentration of cTnI was higher in the
STH group than in the HTK and ECC-only groups at T4
and T5 (P < 0.05) (Table 6 and Fig. 2).

Changes in the concentration of cTnT
There was no statistically significant difference in cTnT
among the three groups at T1, T2, and T3. The cTnT
level in the STH group at T4 was significantly higher than
that before the start of ECC (P < 0.05). The cTnT level in
the HTK and ECC-only groups at T5 was significantly
higher than that before the start of ECC (P < 0.05). The
concentration of cTnT was higher in the STH group than
in the ECC-only group at T4 and T5 (P < 0.05). The

concentration of cTnT was higher in the STH group than
in the HTK group at T5 (P < 0.05) (Table 7 and Fig. 3).

Changes in CKMB concentration
There was no statistically significant difference in cTnT
among the three groups at T1, T2, T3 and T5. The
CKMB level in the STH and HTK groups at T5 was sig-
nificantly higher than that before the start of ECC (P <
0.05). The concentration of CKMB was higher in the
STH and HTK groups than in the ECC-only group at
T5 (P < 0.05). The concentration of CKMB was higher in
the STH group than in the HTK group at T5 (P < 0.05)
(Table 8 and Fig. 4).

In situ apoptosis detection in cardiomyocytes
The apoptotic index was calculated to be 10.2 ± 4.7 in
the ECC-only group, 34.2 ± 3.7 in the STH group, and
20.2 ± 3.1 in the HTK group. The number of TUNEL-
positive cells in the HTK and STH groups was signifi-
cantly higher than that in the ECC-only group (P < 0.05).
The number of TUNEL-positive cells in the STH group
was significantly higher than that in the HTK group
(P < 0.05) (Fig. 5).

Discussion
When the heart arrests, cardiomyocytes still need to be
supplied with energy to survive, but their metabolism for
generating energy-producing substances is reduced:
when they stop contracting, their metabolic rate is only
one-tenth that of the beating state [15]. According to

Table 6 Changes in the concentration of cTnI in the three groups. (x ± s)

Groups T1 T2 T3 T4 T5

ECC-only group 59.03 ± 3.21 58.23 ± 4.21 60.74 ± 2.31 65.74 ± 3.25# 73.43 ± 3.37*#

STH Group 60.21 ± 3.23 60.38 ± 5.27 61.70 ± 4.51 87.52 ± 4.25* ‡ 90.14 ± 5.96* ‡

HTK Group 59.01 ± 2.19 61.27 ± 3.43 65.69 ± 3.24 67.17 ± 4.56# 83.50 ± 4.63* ‡ #

ECC Extracorporeal circulation
T1: Before start of ECC.
T2: 30 min of ECC.
T3: 60 min of ECC.
T4: 60 min after ECC shutdown.
T5: 120 min after ECC shutdown.
* P < 0.05, compared with the pre-ECC; #P < 0.05, compared with the STH group; ‡ P < 0.05, compared with the ECC-only group

Table 7 Changes in the concentration of cTnT in the three groups (x± s)

Groups T1 T2 T3 T4 T5

ECC-only group 101.83 ± 12.54 100.11 ± 10.31 104.27 ± 12.11 105.44 ± 9.40 # 119.85 ± 11.07*#

STH Group 103.57 ± 16.32 103.49 ± 10.12 105.96 ± 17.28 117.31 ± 7.75*‡ 136.41 ± 9.02*‡

HTK Group 99.40 ± 13.53 103.78 ± 14.56 107.93 ± 10.85 110.62 ± 9.54 129.69 ± 8.90*#

ECC Extracorporeal circulation
T1: Before start of ECC.
T2: 30 min of ECC.
T3: 60 min of ECC.
T4: 60 min after ECC shutdown.
T5: 120 min after ECC shutdown.
* P < 0.05, compared with the pre-ECC basis; # P < 0.05, compared with the STH group; ‡ P < 0.05, compared with the ECC-only group
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previous studies, St Thomas’ Hospital cardioplegic solu-
tion (STH1) and HTK preservation solution (Custodiol®)
are equally safe in complex paediatric congenital heart
surgery [16]. We are neutral on this point of view be-
cause fetal and infant heart development are different.
There are also relatively few studies on fetal cardiopro-
tection. In this study, cTnI, cTnT and CKMB were
chosen as indicators of myocardial injury because these
three myocardial biochemical markers have a good par-
allel relationship with myocardial damage. Myocardial
injury marker levels did not differ significantly between
groups before the start of ECC, but increased with the
onset of ECC, indicating ischaemic and reperfusion in-
jury. The St Thomas’ Hospital cardioplegic solution
(STH1) does not provide oxygen and rich nutrients to
the immature myocardium [17]. In this study, the levels
of cTnI, cTnT and CKMB in the HTK group were lower
than those in the STH group after ECC, and the number
of apoptotic cells was lower.
HTK preservation solution is currently considered to

be the best cardioplegic solution. This study showed that

HTK preservation solution (Custodiol®) was significantly
more protective of immature myocardium than St
Thomas’ Hospital cardioplegic solution (STH1), and sig-
nificantly reduced ischaemia and ischaemia-reperfusion
injury to immature myocardium due to hypoxic ischae-
mia. The reasons for this include the fact that the K+
concentration in HTK preservation solution is only 9
mmol/L, which is significantly lower than that in St
Thomas’ Hospital cardioplegic solution (STH1), thus
avoiding high K + -induced endothelial damage in the
coronary arteries and facilitating the maintenance of ca-
pillary and extracellular interstitial homeostasis in tissues
and organs [18, 19]. In addition, many studies have
shown that a single infusion of HTK preservation solu-
tion (Custodiol®) can effectively arrest the heart for 180
min. Because of this feature, HTK preservation solution
(Custodiol®) protects the myocardial cells better without
limiting the duration of the procedure [20]. Endogenous
nucleic acid endonucleases cleave DNA at nucleosomes
during apoptosis. The TUNEL method actually stains
the severed ends of the cut DNA [21]. We observe

Table 8 Changes in the concentration of CKMB in the three groups (x± s)

Groups T1 T2 T3 T4 T5

ECC-only group 0.51 ± 0.01 0.51 ± 0.02 0.55 ± 0.01 0.56 ± 0.01 0.59 ± 0.02

STH Group 0.50 ± 0.04 0.50 ± 0.08 0.54 ± 0.08 0.55 ± 0.02 0.66 ± 0.03* ‡

HTK Group 0.53 ± 0.01 0.53 ± 0.04 0.53 ± 0.07 0.54 ± 0.03 0.64 ± 0.06* ‡ #

ECC Extracorporeal circulation
T1: Before start of ECC.
T2: 30 min of ECC.
T3: 60 min of ECC.
T4: 60 min after ECC shutdown.
T5: 120 min after ECC shutdown.
* P < 0.05, compared with the pre-ECC basis; # P < 0.05, compared with the STH group; ‡ P < 0.05, compared with the ECC-only group

Fig. 2 The concentration of cTnI in the three different groups. Note: * P < 0.05, compared with the pre-ECC basis; # P < 0.05, compared with the
STH group; ‡ P < 0.05, compared with the ECC-only group
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apoptosis by looking at DNA breaks in the nucleus. In
this experiment, we found that the number of TUNEL-
positive cells was higher in the STH group than in the
HTK group. This also indicates that HTK preservation
solution (Custodiol®) provides greater protection to car-
diomyocytes than St Thomas’ Hospital cardioplegic solu-
tion (STH1). However, the number of TUNEL-positive
cells in HTK group was still higher than in ECC-only
group, indicating that the protection of cardiomyocytes
by HTK preservation solution (Custodiol®) was also
limited.
Our study has some limitations. For example, it is dif-

ficult to obtain laboratory animals that are suitable for
the conditions, resulting in a small sample size. In

immature myocardium, damage due to the ECC often
peaks at 6–8 h postoperatively, and the degree of apop-
tosis at 120 min postoperatively is not necessarily repre-
sentative of apoptosis at 6–8 h postoperatively. False-
positive results can also occur in TUNEL reactions. We
were unable to find a suitable ultrasound instrument to
measure the relevant data on cardiac function in real
time. The use of data such as heart rate and mean arter-
ial pressure alone does not accurately reflect cardiac
function. Moreover, there are genetic differences be-
tween human and sheep immature cardiomyocytes.
Therefore, more experimental evidence is needed to fully
evaluate the cardioplegic solutions effects on the fetal
myocardium.

Fig. 3 The concentration of cTnT in three different groups. Note: * P < 0.05, compared with the pre-ECC basis; # P < 0.05, compared with the STH
group; ‡ P < 0.05, compared with the ECC-only group

Fig. 4 The concentration of CKMB in three different group. * P < 0.05, compared with the pre-ECC basis; # P < 0.05, compared with the STH
group; ‡ P < 0.05, compared with the ECC-only group
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Conclusion
Our study shows that in an extracorporeal circulation
model in fetal sheep, HTK preservation solution (Custo-
diol®) has a significant advantage over St Thomas’ Hos-
pital cardioplegic solution (STH1) in reducing the
release of markers of cardiomyocyte injury and a lower
number of apoptotic cells. Therefore, HTK preservation
solution (Custodiol®) offered greater protection to cardi-
omyocytes than St Thomas’ Hospital cardioplegic solu-
tion (STH1). We found that fetal sheeps using only ECC
had an advantage in all indicators. The number of
TUNEL-positive cells in the HTK group was higher than
that in the ECC-only group, indicating that the protect-
ive effect was still limited. It provides a theoretical basis
for future fetal heart surgery with ECC only.
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