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Abstract
Objective  We evaluated beating heart thoracic aortic surgery (BHTAS) using selective myocardial perfusion (SMP) in 
patients with aortic anomalies with complex surgical needs.
Methods  Between 2012 and 2018, 27 infants with aortic anomalies underwent BHTAS using SMP.
Results  Median body weight was 3.5 kg (range 2.6–5.2). In total, 15 cases of aortic coarctation, 7 cases of hypoplastic left 
heart syndrome, and 5 cases of interrupted aortic arch were included. An extended aortic arch anastomosis maneuver was 
used in 7 cases and aortic arch reconstruction compensated with an autologous pericardium patch was used in 6 cases. A 
Norwood-type procedure was used in 11 cases. The median Aristotle comprehensive score was 13.9 (7.0–20.0). BHTAS 
cases were not inferior in postoperative CK-MB/CK ratio (12.4 ± 2.8 in BHTAS vs 13.9 ± 3.6 in CTAS, p = 0.09), and there 
were no instances of myocardial ischemia. Two late deaths occurred due to shunt obstruction (n = 1) and valve malfunction 
(n = 1). Freedom from aortic reintervention was not inferior to conventional thoracic aortic surgery. BHTAS cases exhibited 
shorter cardiac arrest time than that of conventional thoracic aortic surgery in similar surgical procedures [CoA/VSD cases: 
48.0 ± 8.0 min in the BHTAS cases and 65.7 ± 10.8 min in the CTAS cases (p = 0.0122), simple CoA/re-CoA cases: 0 min 
in the BHTAS cases and 20.1 ± 3.6 min in the CTAS cases].
Conclusions  BHTAS reduced cardioplegic arrest time while maintaining postoperative CK-MB/CK ratio, mid-term death, 
and aortic reintervention rates.
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Introduction

Congenital aortic or aortic arch anomalies generally require 
surgical repair during the neonatal period or early infancy. 
At times, complicated procedures are necessary for treating 
patients with thoracic aortic anomalies and/or intracardiac 

anomalies. Use of Norwood-type procedures or aortic arch 
repair of a beating heart was first reported more than a dec-
ade ago [1, 2]. For some complex cases, we began to per-
form beating heart thoracic aortic surgery (BHTAS) using 
selective cerebral perfusion (SCP) and selective myocardial 
perfusion (SMP) starting in 2012. Herein we report short- 
to mid-term outcomes of patients who underwent BHTAS 
using SCP and SMP.

Materials and methods

Study patients

Between January 2012 and December 2018, 62 consecutive 
patients with congenital aortic or aortic arch obstructions 
underwent thoracic aortic surgery at Okinawa Prefectural 
Nanbu Medical Center and Children’s Medical Center. The 
patients were identified from medical records for inclusion 
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in the study. Two low birth weight infants underwent tho-
racic aortic surgery using systemic circulatory arrest. One 
patient was excluded because of the lack of some intraopera-
tive parameter data. In total, 27 patients underwent BHTAS 
using SMP, and the other 32 patients underwent conven-
tional thoracic aortic surgery (CTAS) using ordinary cardio-
plegic arrest. The selection is based on a difference of era or 
surgeon’s preference. This single-center retrospective study 
was approved by the Okinawa Prefectural Nanbu Medical 
Center and Children’s Medical Center Research Integrity 
and Compliance Committee. The requirement of written 
informed consent was waived.

Surgical procedure

We directly inserted an arterial cannula with a small metal 
tip into the innominate artery (INNA) via midline ster-
notomy or through an expanded polytetrafluoroethylene 
(ePTFE; Gore & Assoc., Flagstaff, AZ) graft. Next, we 
initiated bicaval venous drainage and cardiopulmonary 
bypass (CPB). An intracardiac vent was inserted through 
the right upper pulmonary vein, in cases with biventricu-
lar cardiac anatomy. If necessary, another arterial cannula 
was placed in the descending aorta (DAo), just above the 
diaphragm, in cases requiring a complicated aortic arch 
reconstruction maneuver. A cardioplegic spike was placed 

in the proximal ascending aorta (AAo) and connected to 
the side arm of the arterial circuit using extension tube 
with a one-way valve (Supplementary Material Section 
S1A, B; Fig. 1a). After clamping the neck vessels, DAo 
and AAo, SCP and SMP were established (Fig. 1b; Video 
1).

In cases with hypoplastic AAo, a small selective cardio-
plegic tip (DLP distal perfusion model 33,000, arteriotomy 
cannula, Medtronic, Minneapolis, MN) was inserted from 
transected AAo (Fig. 1c–e; Video 2). During SMP, we main-
tained an esophageal temperature (as a surrogate of myo-
cardial temperature) of approximately 30 °C to keep each 
patient’s heart beating. During BHTAS, myocardial hue, 
heart rate, and ST-T changes on electrocardiography were 
observed and recorded. Although none of the patients exhib-
ited myocardial ischemia in this series, we were prepared 
to switch to cardioplegic arrest if any of the above changes 
were observed.

During BHTAS, we took care so as not to compress the 
myocardium. For patients with normal cardiac anatomy, we 
clamped DAo using a Cooley-Derra vessel clamp from the 
right side of the AAo (Fig. 1b, d, white arrows) so as not to 
compress the myocardium. If the proximal AAo needed to be 
incised, this was to be performed under cardioplegic arrest. 
Other more complex intracardiac procedures were also to be 
performed under cardioplegic arrest.

Fig. 1   Intraoperative depiction 
of beating heart thoracic aortic 
surgery. In cases with ordinary-
sized AAo (a, b) and hypoplas-
tic AAo (c–e). AAo ascending 
aorta, CP cardioplegic, DAo 
descending aorta, ePTFE 
expanded polytetrafluoroeth-
ylene, MPA main pulmonary 
artery, RV right ventricle, SMP 
selective myocardial perfusion
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Statistical analysis

Descriptive statistics are presented as frequencies and 
percentages for categorical variables. Continuous vari-
ables are expressed as means and standard deviations, or 
as median values and ranges. Between-group comparisons 
were made using Student’s t test (for continuous data) and 
the Mann–Whitney U test (for ordinal data). Other char-
acteristics were compared using the Chi-squared test. 
Kaplan–Meier curves were generated to reflect time to 
adverse event-free survival and overall survival. All statis-
tical calculations were performed using JMP Pro Version 14 
software (SAS Institute Inc., Cary, NC).

Results

The characteristics of the 27 study patients are presented 
in Table 1. The median body weight at the time of surgery 
was 3.5 kg (range 2.6–5.2). The most common aortic mor-
phology was aortic coarctation (CoA), including re-CoA; 
there were 15 cases (56%). There were seven cases (26%) 
of hypoplastic left heart syndrome.

The surgical procedures are presented in Table 2. Aor-
tic arch repair, using an extended aortic arch anastomosis 
(EAAA), was done in seven cases (26%), and aortic arch 
reconstruction compensated with an autologous pericardium 
patch was used in six cases (22%). Norwood-type proce-
dures were used in 11 cases (41%). VSD closure alone or no 
additional procedure was used in eight cases (30%). Three 
patients additionally underwent an arterial switch operation 
with intraventricular rerouting, and another three cases also 
received atrioventricular valvuloplasty. Consequently, the 
Aristotle basic scores and comprehensive scores were 10.9 
(6.0–14.5) and 13.9 (7.0–20.0), respectively [3]. In addition, 
a pulmonary blood flow source combined with Norwood-
type procedure and Blalock–Taussig shunt was used in five 
cases, right ventricle–pulmonary artery shunt in four cases, 
and bidirectional Glenn in two cases.

The aim of the BHTAS maneuver was to save cardiople-
gic arrest time. The reasonable adaptations of the BHTAS 
approach included complicated aortic arch reconstruction 
(aortic arch reconstruction procedure compensated with 
autologous pericardium or Norwood-type procedure, n = 17, 
63%), additional complicated procedures (n = 4, 15%), unu-
sual aortic arch repair maneuver (simple but not familiar 
aortic arch repair other than EAAA procedure, n = 3, 12%), 
and combined palliative operations (n = 3, 11%). The adapta-
tion range of BHTAS expanded year by year (Supplementary 
Material Section S2).

Detailed intraoperative data are presented in Table 3. 
Arterial perfusion was carried out using INNA alone in 11 
cases (41%), and combined DAo perfusion was used in 16 

cases. We applied the lower body circulatory arrest maneu-
ver to 11 cases, and the median lower body circulatory arrest 
time was 14 min. Mean intraoperative minimum esophageal 
temperature was higher for the BHTAS cases (29.2 ± 1.8 °C), 
compared with that of the CTAS cases (26.9 ± 1.9 °C). There 
was no significant difference between the groups  in mean 
intraoperative minimum rectal temperature and minimum 
regional cerebral oxygen saturation levels [4].

Median CBP time was 215 min (range 45–316), and car-
diac arrest time was 42.5 min (range 0–156). Eight patients 
(30%) tolerated the entire operation without cardiac arrest. 
When comparing similar surgical procedures like CoA/VSD 

Table 1   Patients’ characteristics

AAo ascending aorta, APW aortopulmonary window, AS aortic ste-
nosis, AVd atrioventricular discordance, AVSD atrioventricular sep-
tal defect, BHTAS beating heart thoracic aortic surgery, CoA aor-
tic coarctation, CTAS conventional thoracic aortic surgery, DORV 
double-outlet right ventricle, HLHS hypoplastic left heart syndrome, 
IAA interrupted aortic arch, mVSD multiple ventricular septal defects, 
TAC​ truncus arteriosus communis, TGA​ transposition of the great 
arteries, VSD ventricular septal defect

Characteristics Values p value

BHTAS CTAS

Total number of patients 27 32
Male/female 11/16 13/19 0.993
Body weight at operation 

(kg)
3.5 (2.6–5.2) 2.9 (1.9–17.4) 0.014

Age at operation (days) 49.5 (6–188) 30 (4–1826) 0.322
Aortic morphology
 CoA/re-CoA 15 (56%) 22 (69%) 0.031
 IAA 5 8
 HLHS 7 (26%) 0 (0%)
 AAo stenosis 0 1
 Short arch 0 1

Ventricular morphology
 Biventricle 19 (70%) 30 (94%) 0.017
 Univentricle 8 2

Diagnosis
 Simple CoA 3 (11%) 8 (25%) 0.021
 CoA/VSD 4 (15%) 11 (34%)
 CoA/AVSD 1 0
 CoA/APW 0 1
 CoA/DORV 2 1
 CoA/DORV/TGA​ 4 0
 CoA/DORV/AVd 0 1
 CoA/DORV/Ebstein 1 0
 IAA/VSD 5 7
 IAA/TAC​ 0 1
 IAA/AS/mVSD 0 1
 AAo stenosis/RVOTS 0 1
 HLHS 7 (26%) 0 (0%)
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or simple CoA repair between BHTAS and CTAS cases, 
their cardiac arrest time in BHTAS was shorter than that in 
CTAS cases. We compared 4 BHTAS cases with 10 CTAS 
cases among the CoA/VSD cases. The mean CPB time was 
182.0 ± 45.2 min in the BHTAS cases and 132.0 ± 36.6 min 
in the CTAS cases, respectively. In contrast, the mean car-
diac arrest time was 48.0 ± 8.0 min in the BHTAS cases and 
65.7 ± 10.8 min in the CTAS cases, respectively (p = 0.0122). 
In addition, we compared three BHTAS cases with eight 
CTAS cases among the simple CoA/re-CoA cases. The mean 
CPB time was 97.0 ± 16.1 min in the BHTAS cases and 
70.0 ± 17.9 min in the CTAS cases, respectively. In contrast, 
the mean cardiac arrest time was 0 min in the BHTAS cases 

and 20.1 ± 3.6 min in the CTAS cases, respectively. From these 
results, it can be suggested that BHTAS technique could con-
tribute to reduce cardiac arrest time. In CPB time, it is difficult 
to compare BHTAS cases with CTAS cases. But, it may cost a 
few minutes of CPB time to establish BHTAS circuit.

No patient in BHTAS cases developed clinical symptoms 
of myocardial ischemia. Temporal measurements of CK, 
CK-MB, and the CK-MB/CK ratio are presented in Sup-
plementary Material Section S3. Immediately after com-
mencing CPB, there were no significant differences between 
the groups in any of these measures. The CK-MB/CK ratio 
exhibited no significant differences between the groups in 
the immediate postoperative period (12.4 ± 2.8 in BHTAS 
vs 13.9 ± 3.6 in CTAS, p = 0.09).

There were no instances of early mortality. One case of 
mediastinitis was observed. Scheduled delayed sternal clo-
sure was performed in eight cases, with no case of unsched-
uled delayed sternal closure. The median follow-up period 
was 40.1 months (4.6–75.3), and there were two late deaths. 
One patient died because of complications from a mechani-
cal prosthetic valve malfunction at 25.6 months after the 
initial operation. Another patient died of cerebral hemor-
rhage during emergent extracorporeal membrane oxygena-
tion because of severe desaturation due to his right ventri-
cle–pulmonary artery shunt obstruction at 6.2 months after 
the initial operation.

The estimated freedom from death rates were 95.8% at 
1 year, 91.0% at 3 years, and 91.0% at 5 years (Fig. 2a). In 
the BHTAS cases, there were two aortic reintervention cases. 
Two patients underwent percutaneous transluminal angio-
plasty for re-CoA, one at 6.7 months and one at 10.1 months 
after their initial operations. There were four aortic reinter-
vention cases in the CTAS cases. Two patients underwent 
surgical repair for re-CoA at 4.6 months and 4.1 months, 
respectively, after the initial operation. One patient under-
went surgical repair for AAo stenosis at 11.9 months after 
the initial operation. Another patient underwent percutane-
ous transluminal angioplasty for re-CoA at 11.1 months 
after initial operation. The estimated freedom from aortic 
reintervention rates were 91.1% at 1 year, 91.1% at 3 years, 
and 91.1% at 5 years in BHTAS cases and 86.1% at 1 year, 
86.1% at 3 years, and 86.1% at 5 years in CTAS cases, 
respectively, (p = 0.561) (Fig. 2b). No patient showedclini-
cal symptoms of neurological abnormalities. Furthermore, 
none of the patients experienced coagulopathies or bleeding 
complications.

Discussion

There are some reports that described the use of a Nor-
wood-type procedure on a beating heart, and evidence 
exists to suggest that the beating heart procedure improved 

Table 2   All surgical procedures

APW aortopulmonary window, ASO arterial switch operation, AVVP 
atrioventricular valve plasty, BDG bidirectional Glenn, BHTAS beat-
ing heart thoracic aortic surgery, BTS Blalock–Taussig shunt, CTAS 
conventional thoracic aortic surgery, EAAA​ extended aortic arch anas-
tomosis, IVR intraventricular rerouting, LSCA left subclavian artery, 
PAB pulmonary artery banding, RVOTR right ventricular outflow 
tract reconstruction, RV–PA shunt right ventricle–pulmonary artery 
shunt, SCF subclavian flap, TAC​ truncus arteriosus communis, VSD 
ventricular septal defect

Values p value

BHTAS CTAS

Aortic procedure
 EAAA​ 7 (26%) 28 (88%) 0.00001
 End-to-end anastomosis 0 1
 Arch reconstruction 6 (22%) 0 (0%)
 Patch enlargement 0 2
 SCF + LSCA recon-

struction
2 0

 Sliding aortoplasty 1 0
 Grafting 0 1
 Norwood 11 (41%) 0 (0%)

Other procedures
 None 3 (11%) 9 (28%) 0.01263
 VSD closure 5 (19%) 14 (44%)
 PAB 3 4
 APW closure 0 1
 RVOTR 0 1
 RV-PA shunt 4 0
 BTS 4 0
 BTS + AVVP 2 0
 VSD closure + AVVP 0 1
 TAC repair 0 1
 ASO + IVR 3 0
 IVR + AVVP 1 0
 BDG 2 1

Aristotle score
 Basic 10.9 (6.0–14.5) 8.0 (6.0–11.0) 0.00656
 Comprehensive 13.9 (7.0–20.0) 8.3 (8.0–13.5) 0.00007
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postoperative hemodynamics and hospital mortality [5, 6]. 
However, previously reported maneuvers did not use SMP. 
Turek et al. reported use of a Norwood-type procedure with 
SMP, and their survival, postoperative cardiac function, 
and lactate levels emerged as non-inferior to the standard 
technique [7]. Although there is a report of surgical repair 
using SMP for CoA and IAA, the authors did not compare 
their method with the conventional procedure [8]. There is 
a report that BHTAS was less superior in total inotropic, 
amount of pleural effusion, and length of intensive care unit 
and hospital stay, to conventional procedure [9]. There are 
some reports of excellent surgical results achieved using 
BHTAS with SMP for Norwood-type and CoA repairs 
[10–12]. However, once again, BHTAS was not compared 
with the conventional procedure.

Rüffer et al. reported BHTAS with SMP using an addi-
tional roller pump [13]. They found that postoperative 

troponin T and CK-MB were significantly lower in the 
BHTAS cases than in the CTAS cases. Our arterial circuit 
was a one pump system that used the side arm of the arterial 
circuit. Although we adapted this maneuver for more cases 
than Rüffer’s group, there were no intraoperative complica-
tions in our series. Although our BHTAS cases included 
more patients considered “complicated cases” (the median 
Aristotle comprehensive score was 13.9 for BHTAS vs 
8.3 for CTAS), the BHTAS cases were not inferior in the 
CK-MB/CK ratio. Although the postoperative status was not 
significantly different between BHTAS and CTAS groups, 
considering that the Aristotle score was significantly higher 
in BHTAS group, BHTAS had superiority  over CTAS.

Further, there were similar results in aortic reinterven-
tion in our study. Patients in both the BHTAS and CTAS 
cases seem to have received aortic surgeries of similar 
quality. In BHTAS cases, there were two late deaths: one 

Table 3   Intraoperative data Values p value

BHTAS CTAS

Perfusion site
 INNA 11 (41%) 29 (91%) 0.00004
 INNA + DAo 16 3

Cardiopulmonary bypass time (min) 215 (45–316) 106 (48–322) 0.00019
Cardiac arrest time (min) 42.5 (0–156) 54.5 (13–131) 0.32576
SCP (min) 50 (8–138) 20 (13–136) 0.03964
SMP (min) 47.5 (10–109) 0 –
Cardiac arrest
 ( + ) 19 (70%) 32 (100%) 0.00093
 ( − ) 8 0

Minimum esophageal temperature ( °C) 29.2 ± 1.8 26.9 ± 1.9 0.00004
Minimum rectal temperature ( °C) 29.6 ± 1.7 29.5 ± 1.7 0.96193
Minimum rSO2
 Right side 60.6 ± 8.0 61.1 ± 7.3 0.89721
 Left side 60.1 ± 6.3 60.7 ± 5.7 0.78329

Fig. 2   Estimated Kaplan–Meier 
survival curve of freedom from 
death (a) and aortic reinterven-
tion (b) in the BHTAS and 
CTAS cases. Red line and letter: 
BHTAS, Blue line and letter: 
CTAS, Dotted line: 95% CI 
range
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valve malfunction patient and one right ventricle–pulmo-
nary artery shunt obstruction patient. The causes of their 
death were not related to re-CoA and/or cardiac function. 
Therefore, differences between BHTAS and CTAS maneu-
ver appear to be unrelated to the cause of death.

In 8 out of 27 BHTAS cases (30%), surgery was com-
pleted without cardioplegic arrest. For patients who under-
went the EAAA procedure or a Norwood-type procedure 
with a relatively large AAo, we could have completed sur-
gery with a beating heart. In case of Norwood-type proce-
dure with hypoplastic AAo, we have sutured the proximal 
AAo under cardioplegic arrest. Intraventricular procedures 
have been also performed under cardioplegic arrest. From 
the results of similar surgical procedures, we concluded that 
the BHTAS technique could contribute to reduce the cardiac 
arrest time. Regarding the CPB time, it is difficult to com-
pare the BHTAS cases with the CTAS cases but establishing 
a BHTAS circuit may have cost us a few minutes of CPB 
time.

This study had some limitations. Because our cohort 
was a mixture of biventricular patients/single right ven-
tricular patients, with/without intracardiac procedure, and 
patients with various preoperative conditions, it is difficult 
to evaluate postoperative cardiac function. The BHTAS 
cases included some patients with single right ventricle and/
or complex heart disease. Even in the patients with simple 
CoA or CoA/VSD, we used the BHTAS technique for more 
complex cases.

Hence, we substituted CK-MB and the CK-MB/CK ratio 
for changes in cardiac ischemia during the acute postop-
erative phase. We routinely measure CK and CK-MB just 
after initiating CPB and during the immediate postoperative 
period. However, fewer than half of patients had CK-MB 
measured on POD1 and POD2. Therefore, we had little 
CK-MB data, with the exception of measures obtained 
just after CPB initiation and during the early postoperative 
period. Further, we did not measure troponin T and/or tro-
ponin I, because there were no patients with suspected post-
operative ischemic myocardial changes at that time.

In conclusion, BHTAS using SCP and SMP was associ-
ated with excellent surgical outcomes. BHTAS appeared to 
reduce the cardioplegic arrest time without complications. 
Considering that the Aristotle score was significantly higher 
in BHTAS group, the BHTAS cases showed no postopera-
tive adverse effects on the CK-MB/CK ratio, mid-term death 
rate, or aortic reintervention rate.
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