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Abstract. The present study aimed to evaluate the impact
of total extracorporeal circulation on hemodynamics and
placental function in an ovine fetal model. Mid-term ovine
fetuses (n=6) underwent extracorporeal circulation (30 min),
cardioplegic arrest (20 min) and monitoring (120 min). The
ascending aorta and umbilical cords of the fetuses were
occluded during the bypass and an extracorporeal membrane
oxygenator was used as the oxygen source. Biventricular intra-
cardiac pressures, echocardiographic data, blood gas levels
and placental function variables were recorded, and statistical
analysis was performed using the repeated-measure analysis
of variance test. The data indicated that fetal heart rate and
blood pressure at 30, 60, 90 and 120 min following the bypass
were stable relative to pre-arrest baseline (pre-bypass) values
(P>0.05). However, end diastolic pressures in the ovine right
ventricles post-bypass were significantly increased at 30, 60,
90 and 120 min relative to pre-bypass pressures (P<0.05). The
pulsatility index also increased at 30 min post-bypass relative
to the pre-bypass score (0.91+0.06 vs. 0.61+0.14; P=0.007).
The mean resistivity index at all time points post-bypass
was consistent with the pre-bypass score (P>0.05), while
the mean Tei index values for the left and right ventricles
post-bypass were significantly higher at all time points relative
to pre-bypass values (P<0.05). The pre-bypass fetal blood pH,
Sa0,, base excess and lactate values were maintained during
arrest (P>0.05). Fetal hemodynamics and placental function
additionally remained stable for up to 2 h upon reperfusion
following total extracorporeal circulation and cardioplegic
arrest. Collectively these data suggest that the reproducible
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ovine fetal model may be useful in the evaluation of fetal
cardiac surgery.

Introduction

Congenital heart disease (CHD) accounts for 1% of congenital
malformations in humans (1). Despite improvements in the
diagnosis of CHD, morbidity and mortality rates remain high for
severe heart defects during the fetal and neonatal periods, and
generally cannot be corrected using anatomical or physiological
methods, requiring palliative surgery instead (2,3). The morbidity
of congenital heart disease is ~1%, and complex congenital
heart disease accounts for ~20% (1). Complex congenital
heart malformations are the cause of significant mortality
and morbidity in human fetuses, either in utero or shortly
after birth (4), thereby affecting the lifespan and prognosis of
children with CHD. The average life expectancy of patients with
congenital heart malformations is significantly lower than that
of health people (5). Furthermore, severe primary congenital
heart defects may subsequently cause progressive secondary
heart damage, which may exceed that of the primary defect. For
example, damage such as vascular dysplasia and macrovascular
dysplasia may occur due to abnormal hemodynamics during the
fetal period, resulting in severe pathological changes, including
single ventricle defects and severe heart dysfunction, occurring,
which may lead to mortality (5-9). In particular, previous
studies have identified severe coarctation of the aorta or aortic
atresia, causing dysplasia of the aortic arch or left ventricle (7);
pulmonary atresia or tricuspid atresia with an intact ventricular
septum, resulting in right ventricular dysplasia; Ebstein's
malformation of the tricuspid valve, resulting in functional
pulmonary atresia (6); and severe damage to the vascular bed of
the fetal lung as forms of secondary damage (5.8,9). These may
be avoided by in utero correction of primary defects, which may
potentially preserve fetal development (10).

Fetal sheep physiology is similar to that of humans, enabling
the use of sheep as a common model for translational research
in the field of cardiovascular surgery (11). Cardiopulmonary
bypass (CPB) was investigated in early studies of fetal heart
surgery conducted in the 1980s (10,12), with the use of ovine
models to evaluate the fetal pathological response to CPB
emerging in the 1990s (13,14). CPB techniques in fetal sheep
include protective measures for fetal cardiac arrest and cardiac
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function (15,16), and the establishment of fetal cardiac arrest
and resuscitation models. In a previous study by our group, an
in vivo goat model of fetal CPB with cardioplegic arrest was
established, which provided reproducible data and appeared
to be suitable for studying fetal CPB, myocardial protection
and hemodynamics (17). Establishing a safe and effective
animal model of CPB and fetal cardiac arrest in order to
evaluate functional protection of the fetal heart and placenta,
is necessary for fetal open-heart surgery (11). A successful
model requires an effective circulatory support system, a tech-
nique for performing safe fetal cardiac arrest and protective
measures available for the fetal myocardium and placenta. In
addition, post-operative fetal cardiac function and placental
function must be maintained to enable development of the
fetal sheep following in utero surgery, as this is likely to enable
successful future treatment of CPB and open heart surgery in
humans (14,15).

In establishing an animal model of CPB, it has not been
determined whether membrane oxygenation can be used as the
sole oxygenator, and whether the placenta can be isolated from
the extracorporeal circulation (ECC) system. The present study
aimed to establish a complete animal model, by preserving the
fetal heart and placental function in an extracorporeal ovine
fetus model with placental blocking, fetal cardiac arrest, fetal
heart resuscitation, placental opening, withdrawal of CPB, and
clamping of the ascending aorta and umbilical cord. This was
expected to enable study into the safety and effectiveness of
the ovine model, while evaluating the hemodynamics of fetal
sheep-placental circulation following withdrawal of CPB.

Materials and methods

Animal model. A total of 6 singleton-bearing pregnant
ewes (age, 21-24 months; 26.5+7.1 kg) at mid-term gestation
(110-130 days) were studied (ovine full-term, ~150 days). Ewes
were fed with a standard diet, with access to water ad libitum
at 14-22°C with 50-70% humidity, and the light/dark cycle was
12 h. The ewes were purchased from Inner Mongolia Academy
of Animal Science (Huhhot, China). Ethical approval was
granted by the Research Ethics Committee of Guangdong
General Hospital (Guangzhou, China). The ewes fasted for
24 h prior to induction of anesthesia by intramuscular injection
of 10-20 mg/kg ketamine (Fujian Gutian Yuanhang Medical
Company, Ltd., Ningde, China). Anesthesia was maintained
with 5 ug/kg/h intravenous fentanyl (Yichange Renfu
Pharmaceutical Co., Ltd., Yichang, China) and 0.4 mg/kg/min
intravenous propofol (Guangdong Jiabo Pharmaceutical Co.,
Ltd., Shanghai, China). The ewes were then intubated and
mechanically ventilated with 40% oxygen. An intravenous
injection of vecuronium bromide (0.1 mg/kg; Zhejian Xianju
Pharmaceutical Co., Ltd., Taizhou, China) was used to induce
muscle relaxation. Catheters were placed in the maternal left
femoral artery and vein to deliver 5% glucose saline and for
blood collection to allow measurement of blood gas levels.
Following midline laparotomy and minor hysterectomy to
obtain fetuses, catheters were placed in the fetal left elbow
artery for continuous collection of blood samples and
monitoring of arterial blood pressure. The fetuses underwent
median sternotomies and cannulation and were placed on fetal
cardiac bypass for 30 min. During the bypass, the ascending
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aorta and umbilical cords were clamped to induce fetal
cardioplegic arrest lasting for 20 min. Hemodynamic values
were recorded continuously for 120 min following bypass
termination.

Fetal cardiac bypass. Following fetal median sternotomy,
heparin (10 mg; ShanghaiNo. 1 Biochemical and Pharmaceutical
Co., Ltd., Shanghai, China) was administered intravenously
5 min prior to cannulation with an 8F arterial cannula
(Medtronic Inc., Minneapolis, MN, USA) in the pulmonary
artery trunk and a 16F straight venous cannula (Medtronic,
Inc.) in the right atrium. Hemodynamic values were recorded
continuously during the experiment. Fetal cardiac bypass
was administered with a centrifugal pump system (BP50;
Medtronic, Inc.), a baby extra-corporeal membrane oxygenator
(LivaNova, PLC, London, UK) and a heat exchanger.

At 3 min following initiation of the bypass, the ascending
aorta and umbilical cord were clamped (see below), rendering
the ECMO the sole source of oxygen for the fetus. The blood
prime for the bypass circuit was collected from 6 non-maternal
adult ewes (18-22 months, 24.2+4.6 kg). Ewes were fed with a
standard diet, with access to water ad libitum at 14-22°C with
50-70% humidity, and the light/dark cycle was 12 h. The ewes
were purchased from Inner Mongolia Academy of Animal
Science. Ethical approval was granted by the Research Ethics
Committee of Guangdong General Hospital. Normothermic
fetal cardiac bypass was conducted for 30 min with a mean
pump flow rate of 350 ml/kg/min, according to a previ-
ously used method (17). Upon termination of bypass, fetal
hemodynamic recordings were monitored continuously for
120 min, as described previously (18-20). Following comple-
tion of the studies, the ewes and fetuses were euthanized via
an intravenous injection of 50 mg/kg sodium pentobarbital
(Shanghai Xinya Pharmaceutical Gaoyou Co., Ltd., Shanghai,
China) and then 10 ml of 10% potassium chloride (Yangzhou
Zhongbao Pharmaceutical Co., Ltd., Yangzhou, China). Death
was confirmed when no ECG or blood pressure signals were
detected) for autopsies, measurement of fetal weight and
confirmation of catheter positions.

Clamping the ascending aorta and umbilical cord. The
umbilical cord was clamped immediately upon initiation
of ECC, rendering the ECMO the sole source of oxygen
for the fetus. Upon reaching a stable target bypass flow rate
(300-350 ml/kg/min) within 2-3 min (17), the mid-ascending
aorta was cross-clamped and a bolus of cold crystalloid
induction cardioplegic solution (25 ml/kg; 4°C); modified
calcium-free St. Thomas solution, made inhouse and comprising
480 ml Ringer's solution (Shijiazhuang Siyao Pharmaceutical
Co., Ltd., Shijiazhuang, China), 15 ml 5% sodium bicar-
bonate (Dongya Pharmaceutical Co., Ltd., Jiangxi, China),
0.625 ml 2% lidocaine (Shanghai Zhaohui Pharmaceutical
Co., Ltd., Shanghai, China), 5 ml 10% potassium chloride
(Yangzhou Zhongbao Pharmaceutical Co., Ltd.), 2.4 ml 25%
magnesium sulphuricum (Hebei Tiancheng Pharmaceutical
Co., Ltd., Hebei, China) and 4 mg dexamethasone (Tianyao
Pharmaceutical Co., Ltd., Tianjin, China) was administered
as described previously (21). Topical cooling using ice slush
was performed for 10 min and then a second maintenance
dose of cardioplegic solution was administered. The perfusion
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Figure 1. Fetal hemodynamic parameters pre- and post-bypass cessation. The hemodynamic parameters of (A) fetal heart rate, (B) SBP, (C) DBP. Data are
presented as the mean + standard deviation (n=6). SBP, systolic blood pressure; DBP, diastolic blood pressure.

pressure was maintained at 35-40 mmHg, in accordance with
previous methods (17,21). While fetal myocardial temperature
was lowered to 6-8°C, systemic fetal temperature was main-
tained at 38+1.5°C. Following 20 min of myocardial ischemia,
the aortic cross-clamp was removed in order to reperfuse the
fetal heart. Invariably the fetal heart initiated contractions in
a normal sinus rthythm. ECC was continued for 7-8 min until
total cardiac bypass time reached 30 min, then the umbilical
clamp was removed to allow placental reperfusion. Systemic
heparinization was not routinely reversed. Following bypass
cessation, fetuses were decannulated and hemodynamic
parameters were monitored for 120 min.

Measurements of fetal cardiac function. The following
parameters were recorded continuously: Heart rate, blood
pressure, peak systolic and end diastolic pressures of the left
ventricle (LV) and right ventricle (RV), and the Tei index (an
echocardiographic indication of cardiac dysfunction) of the
LV and RV. These parameters were recorded at the following
time points: Immediately prior to ECC (T1), then at 30 (T3),
60 (T4), 90 (T5) and 120 (T6) min post-bypass. Myocardial
functional parameters were not measured during the cardiac
bypass (T2) due to dependency on extracorporeal support.
Pressure catheters were inserted through the myocardium into
the LV and RV for real-time measurements. The sonographic
system GE LOGIQ Book XP, equipped with a linear
transducer probe for B-mode, color-coded and pulsed-Doppler
measurements (4-10 MHz; GE Healthcare, Beijing, China), was
used for ultrasonic examinations. The invigilator (GE B650;
GE Healthcare Life Sciences, Chalfont, UK) was used to
record other parameters. Calculation of the Tei index was
calculated according to previous methods (22,23), based on
the duration of two time intervals using the formula (A-B)/B,
where A was the interval between cessation and onset of mitral
inflow (tricuspid inflow) and Bwas LV or RV ejection time.

Measurement of placental resistance. Pulsatility and
resistivity indices (PI and RI, respectively) of the umbilical
arteries were used to evaluate placental resistance pre- and
post-fetal cardiac arrest. The umbilical cord was exposed
following completion of fetal cannulation and values were
measured with the aforementioned sonographic equipment
at the same time points as for the cardiac monitoring (T1,
T3, T4, TS, T6). The umbilical artery was visualized using
color-coded Doppler imaging, according to the following

protocol: A pulsed-Doppler flow velocity waveforms sample
volume was placed in the center of the color-coded blood flow,
then the waveforms of =3 consecutive cardiac cycles were
recorded, along with the measurements for each waveform.
The systolic peak velocity (SPV), end-diastolic velocity
(EDV), time-averaged maximum velocity (TAMAX), PI and
RI were calculated automatically (PI=SPV-EDV/TAMAX,
RI=SPV-EDV/SPV).

Blood sampling regimen. Maternal and fetal arterial blood
samples were collected for blood gas and metabolite analysis
at the following time points: Immediately after arterial access
was established; prior to the initiation of ECC (T1); 20 min
into cardiac arrest (T2); and 30 (T3), 60 (T4), 90 (TS) and
120 (T6) min following cessation of the bypass. Blood gas
and fetal lactate levels were measured with a clinical analyzer
(GEM Premier 3000; Werfen Group, Barcelona, Spain).

Statistical analysis. Data are expressed as the mean + stan-
dard deviation. Data for the set time-points, including during
arrest and 30, 60, 90 and 120 min post-bypass were compared
with pre-bypass data and analyzed using a linear mixed model
test plus a Bonferroni adjustment approach for pair-wise
comparisons. Statistical assessments were two-tailed and were
performed using SPSS 13.0 software (SPSS Inc, Chicago, IL,
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Post-bypass fetal heart rate and, blood pressure are stable,
whereas ventricular pressures vary. Myocardial parameters
were measured at different time points, as depicted in Fig. 1.
Fetal heart rate and blood pressure were stable at 30, 60, 90
and 120 min post-bypass relative to the pre-arrest baseline
(pre-bypass) values (P>0.05; Fig. 1A-C). Peak systolic pres-
sure in the LV and RV exhibited no significant changes
30-90 min post-bypass relative to pre-bypass values (P>0.05;
Fig. 2A and B). However, peak systolic pressure in the LV
significantly decreased at 120 min post-bypass relative to the
pre-bypass value (49.2+4.1 vs. 61.7+6.8, P=0.018; Fig. 2A).
End-diastolic pressure (EDP) in the LV at 30 and 60 min
post-bypass significantly increased relative to the pre-bypass
value (P<0.01 and P<0.05, respectively; Fig. 2C). EDP in
the RV post-bypass at all time points significantly increased
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Figure 2. Fetal hemodynamic parameters pre- and post-bypass cessation. The hemodynamic parameters of (A) peak systolic pressure in LV, (B) peak systolic
pressure in RV, (C) end diastolic pressure in the LV, (D) end diastolic pressure in the RV. Data are presented as the mean + standard deviation (n=6). "P<0.05
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Figure 3. Fetal hemodynamic parameters pre- and post-bypass cessation. The hemodynamic parameters of (A) Tei index of the LV and (B) Tei index of the
RV were measured immediately prior to bypass and at set-time intervals (30, 60, 90 and 120 min) post-bypass. Data are presented as the mean + standard
deviation (n=6). "P<0.05, “P<0.01 and “"P<0.001 vs. pre-bypass values. LV, left ventricle; RV, right ventricle.

relative to the pre-bypass value (P<0.05), particularly at
60 min post-bypass (P<0.01; Fig. 2D).

Tei index values are significantly increased post-bypass.
Mean Tei index was taken as an indication of global cardiac
dysfunction in ventricles. The values in the LV and RV over all
different time points post-bypass were significantly higher than
those pre-bypass (P<0.05). In particular, this was observed for
the LV and RV at 30 min (P<0.001) and for the RV at 60 min
(P<0.01; Fig. 3).

Pulsatility index values are mostly maintained while
resistivity index values significantly increase post-bypass.
The pulsatility and resistivity index values of the fetal
umbilical arteries are depicted in Fig. 2. The pulsatility index
significantly increased at 30 min post-bypass relative to the
pre-bypass value (0.91+0.06 vs. 0.61+0.14, P=0.007), however,
no significant changes were observed at 60, 90 and 120 min

post-bypass relative to the pre-bypass value (P>0.05; Fig. 4A).
Mean resistivity index values at all time points post-bypass
were consistent with the pre-bypass value (P>0.05; Fig. 4B).

Post-bypass fetal blood gas parameters and lactate levels
are significantly altered. Changes in blood gas parameters
and lactate levels post-bypass were recorded, as depicted in
Fig. 3. Fetal pH, SaO,, base excess and lactate values were
maintained during arrest (ECC) relative to those pre-bypass
(P>0.05; Fig. 5A, D-F). Mean fetal pH values post-bypass
were significantly decreased relative to those pre-bypass
(P<0.01), particularly at 30 and 60 min (P<0.001; Fig. 5A),
while mean fetal PaO, significantly increased during arrest
(P<0.05), then decreased significantly 120 min post-bypass
relative to the pre-bypass value (P<0.05; Fig. 5B). Mean
fetal PaCO, significantly decreased during arrest (P<0.01),
then significantly increased at all time points post-bypass
relative to the pre-bypass value (P<0.001; Fig. 5C), while
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post-bypass mean fetal SaO, values significantly decreased
at all time points relative to the pre-bypass value (P<0.001;
Fig. 5D). Mean fetal base excess levels were significantly
lower at all time points post-bypass relative to the pre-bypass
level (P<0.01; Fig. 5E), and mean lactate values at all time
points post-bypass were significantly increased relative to the
pre-bypass value (P<0.01), particularly at 30, 90 and 120 min
(P<0.001; Fig. 5F).

Discussion

The present study assessed the impact of total ECC on hemo-
dynamics in an ovine fetal model. During the ECC period,
the umbilical chord and ascending aorta were clamped,
with the latter causing fetal heart arrest. In this model, fetal
circulation was dependent on ECC with no contribution from
placental blood flow. The in vivo results indicated that the
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ascending aorta and umbilical cord can be occluded during
ECC for <30 min, with stable fetal hemodynamics achieved
following reperfusion without the need for pharmacological
or mechanical support. Following total ECC and cardioplegic
arrest, fetal hemodynamics and placental function remained
stable up to 2 h following reperfusion.

In the present study, umbilical chord and ascending
aorta clamping rendered membrane oxygenation as the
sole oxygenator. In previous CPB ovine fetal models, the
placenta served as the sole oxygenator, resulting in unstable
oxygenation and severe placental damage occurring (24,25).
It was observed that inhibiting stress and protecting vascular
endothelial function of the placenta following CPB prevented
an increase in the vascular resistance of the placenta that
would otherwise lead to impairment of placental function,
irreversible acidosis and subsequent fetal death (24). During
CPB, the following typically influence the extent of placental
damage: i) Re-distribution of fetal blood flow, ii) placental
vascular endothelial dysfunction, iii) humoral factors,
iv) perfusion patterns, v) pre-perfusion solution, and vi) low
temperatures (25). Synergistic effects of these factors may
cause progressive hypoxia, hypercapnia, acidosis and mortality
of the fetuses (20,26). Therefore, in CPB, particularly within
fetal cardiac arrest models, the placenta is not considered to be
a stable oxygenator.

A methodology for fetal ECC in ovine models has been
determined that includes cardiac arrest and maintenance of
intact placental circulation (27). In one study, post-bypass
placental gas exchange function was preserved in fetal
lambs when the placenta was excluded from the bypass
circuit (13), while another study used centrifugal pumps and
polymethyl pentene oxygenators to establish ovine models
of extracorporeal life support without extracorporeal-related
inflammation and tissue injury (27). In the current total ECC
model, fetal circulation depended solely upon ECC with no
contribution from placental blood flow, with the ECMO as the
sole oxygen source. As such, the present methodology appears
to mimic the clinical scenario in which newborns undergo
CPB for repair of CHD.

The present study employed the pulsatility and resistivity
indices in order to evaluate placental resistance pre-and
post-arrest. Increased pulsatility and resistivity indices of the
umbilical arteries are considered to indicate placental injury
due to higher vascular resistance (17). In the present study,
higher pulsatility and resistivity indices were observed in the
early post-bypass period, with the increase in pulsatility deter-
mined to be significant (P<0.01), relative to pre-bypass values.
However, these indices recovered by 90 min post-bypass.
Furthermore, at 30 min post-arrest, the reperfused placenta
exhibited almost normal vascular resistance. A previous study
by Sebastian ef al (28) used a disposable centrifugal pump as
the ECC with the aim of improving vascular hemodynamics.
The TinyPump device, developed in Japan, reduced the
extracorporeal surface area and avoided external priming
substances, particularly blood from adult sources that has
lower oxygen affinity. Thus, the device was considered to be
suitable for fetal CPB in an ovine model.

In a previous study utilizing fetal cardiac bypass in an ovine
model, fetal systolic dysfunction (with lower preload recruitable
stroke work) and diastolic dysfunction (with increased time
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constant of isovolumic relaxation and a lower derivative of
pressure/change over time) was observed post-bypass in the
ventricles (29). However, cardiac output was found to be lower
and end-diastolic pressures were higher in the RV, though
not in the LV, post-bypass (29). In the present study, the Tei
index increased significantly in the ventricles post-arrest
(P<0.05). Similarly, in a late third-trimester goat model, LV and
RV myocardial dysfunction was observed (30), with an increased
Tei index value 1 h after CPB. The separate evaluation of RV
and LV dysfunction provides information on the sensitivity of
each ventricle to hemodynamic alterations during bypass, which
may then affect fetal blood composition (29). Although CPB
and fetal cardiac arrest may collectively cause left and right
ventricular dysfunction, changes in LV function following CPB
are not identical to changes in RV function, and deterioration
of RV diastolic function is also more apparent (17,21,29). The
applications of ventricular function data in ovine models are
limited, due to the sheep heart having greater ventral tilted
along the long axis compared with the human heart. This
leads to difficulties in performing standard echocardiographic
measurements of ventricular function in the ovine fetus, due to
distorted ventricular geometry, preload and afterload (11). By
contrast, the Tei index applies nongeometric assessment and
overcomes such difficulties inherent to geometric assessment
of LV and RV function (30). This suggests that it is a sensitive
indicator of fetal ventricular dysfunction following cardioplegic
arrest, particularly in the evaluation of ventricular dysfunction
post-bypass.

In the present study, fetal cardiac dysfunction, particularly
RV diastolic dysfunction, is a likely factor affecting fetal blood
gas and lactate levels. The fetal RV, as the supplier of coronary
and upper body circulation, was found to be the main pumping
chamber, with a higher output than the LV. This was evident
from the EDP values for each measurement, as recorded by
pressure catheters. Similarly, previous results have indicated
that RV wall stress at comparable transmural systolic pres-
sures are greater than those of the LV, and may contribute
to lower RV cardiac output (28). Therefore, protecting and
preserving fetal myocardial function, particularly the apparent
dominant RV function, are key aspects of fetal intracardiac
repair. Petrucci et al (21) observed that RV myocardial
contractility was better preserved following fibrillatory arrest
compared with a common cardioplegia arrest. Nevertheless,
while fetal bypass studies often focus on maintaining placental
function, avoiding injury to the fetal myocardium during and
following CPB is necessary for fetal survival and subsequent
development.

The present study included key limitations. Fetal cardiac
and placental functions were recorded on only one occasion
prior to fetal cardiac arrest. Furthermore, data regarding the
long-term survival of the fetal sheep were lacking. Therefore,
further studies are warranted in order to confirm the results of
the present study and to collect data on the long-term survival
of the fetal sheep.

In conclusion, the present study established an ovine fetal
bypass model that enabled performance of adequate fetal
systemic perfusion, successful cardioplegic arrest, effective
weaning from ECC and resumption of normal placental gas
exchange following bypass. This novel ECC model provides
a reproducible and feasible method for future studies into
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post-CPB pathophysiology and fetal hemodynamics, fetal
cardiac arrest and open-heart surgery in fetal sheep. In turn,
defining the mechanisms of fetal myocardial dysfunction,
placental dysfunction and protection in ovine models may have
key implications for human fetal cardiac surgery. Therefore,
the results of the present study may aid in improving the open
surgical correction of heart deformations in humans.
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