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Abstract

Objectives: There are several studies reporting the outcomes of hypoplastic aortic arch and
aortic coarctation repair with combination of techniques. However, only few studies reported
of aortic arch and coarctation repair using a homograft patch through sternotomy and
circulatory arrest with antegrade cerebral perfusion. We report our experience and outcomes
of this cohort of neonates and infants.Methods:We performed retrospective data collection for
all neonates and infants who underwent aortic arch reconstruction between 2015 and 2020 at
our institute. Data are presented as median and inter-quartile range (IQR). Results: The cohort
included 76 patients: 49 were males (64.5%). Median age at operation was 16 days (IQR 9–43.25
days). Median weight was 3.5 kg (IQR 3.10–4 kg). There was no 30 days mortality. Three
patients died in hospital after 30 days (3.95%), neurological adverse events occurred in only
one patient (1.32%) and recurrent laryngeal nerve injury was noted in four patients
(5.26%). Only three patients required the support of extracorporeal membrane oxygenation
(ECMO) with a median ECMO run of 4 days. Median follow-up was 35 months (IQR
18.9–46.4 months); 5 years survival was 93.42% (n= 71). The rate of re-intervention on the
aortic arch was 9.21% (n= 7). Conclusion: Our experience shows excellent outcomes in repair-
ing aortic arch hypoplasia with homograft patch under moderate to deep hypothermia with low
in-hospital and 5 years mortality rates.

Aortic arch hypoplasia (AAH) with complex coarctation of the aorta (CoA) represents a technical
challenge for cardiac surgeons necessitating intervention at early days of life.1,2 Multiple operative
techniques have been utilised to reconstruct the diseased aortic arch. However, the optimal sur-
gical management is still debatable varying by the complexity of the diseased arch and presence of
concomitant pathologies that needs intervention.3 Nowadays, AAH reconstruction using pulmo-
nary homograft patch with coarctation excision is the preferred technique for repair.4,5 This pro-
cedure is performed on cardiopulmonary bypass (CPB) under deep hypothermic circulatory
arrest with antegrade cerebral perfusion (ACP).4,5 Recurrent aortic arch obstruction and neuro-
logical adverse events are common complications following AAH reconstruction.1,2,6

The aim of our study is to report our experience on AAH reconstruction in our institute
addressing our results and the main complications after this complex procedure.

Material and methods

Study design and patient population

Retrospective data collection was performed for all patients who underwent aortic arch and
coarctation repair via sternotomy from November 2015 to August 2020 at our institute with
exclusion of patients with isolated coarctation without hypoplastic aortic arch, hypoplastic left
heart syndrome and patients with concomitant complex congenital heart anomaly with the
hypoplastic aortic arch such as transposition of great arteries (TGAs), double outlet right ven-
tricle, Shone syndrome and complete atrioventricular septal defect (AVSD). Inclusion criteria
included all the patients who had coarctation and aortic arch patch reconstruction via median
sternotomy, either isolated or combined with other simple congenital cardiac procedures such
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as atrial septal defect (ASD), ventricular septal defect (VSD), patent
ductus arteriosus (PDA), partial AVSD and partial anomalous pul-
monary venous drainage (PAPVD) repair.

All continuous parameters were given as median and interquartile
range (IQR). Categorical data were summarised as frequencies and
percentages.

Primary outcomes were 30 days mortality, in-hospital mortal-
ity, incidence of re-intervention on the repaired aortic arch and
5 years survival. Secondary outcomes were cerebral stroke, recur-
rent laryngeal nerve (RLN) injury, chylothorax, need for extracor-
poreal membrane oxygenation (ECMO), re-intubation and sternal
wound infection. Re-intervention was defined as either reoperation
or intervention in catheter lab due to complications in the area of
aortic arch reconstruction.

Service arrangements

Alder Hey Children’s Hospital is the major tertiary paediatric car-
diac surgery unit in the NorthWest of England serving about 7.3
million people. Patients are referred from neonatal and paediatric
units from theNorthWest region of England, NorthWales and Isle
of Man. AAH is diagnosed using selective criteria through the
echocardiogram such as 1 mmþ kg body weight in neonates
and Z score in infants and children. At our unit and since 2015,
we have standardised our practice by performing CT scan to unveil
those cases of borderline AAH patients which pose a diagnostic
dilemma. If the arch stenosis is involving proximal arch and/or
mid arch with Z score more than −4 or in case of neonates, if
the diameter in these two segments of the arch is less than (body
weight in kgþ 1 mm), we tend to repair via median sternotomy
with pulmonary homograft patch. All patients were discussed at
the Joint Cardiology and Cardiac surgery multi-disciplinary team
(MDT) meeting, which includes cardiac surgeons, cardiologists,
interventional and imaging radiologists, anaesthetists and paediat-
ric intensivists. After the decision making in the MDT, the infants
are scheduled for operations according to their urgency status.

Surgical technique

Our surgical technique includes a midline sternotomy with CPB.
Bypass technique is established using single stage right atrial or
bicaval venous and arterial cannulation inserted in the ascending
aorta just below the origin of the innominate artery. The arch and
descending aorta are mobilised distally well beyond the area of
coarctation. The PDA is then ligated and divided. Moderate to
deep hypothermia (20–24 °C) is initiated, cold blood cardioplegia
is given and cardiac arrest is achieved. The cooling policy is sur-
geon’s preference and also pre-operatively complexity driven.
The aortic cannula is adjusted by directing its tip into the innomi-
nate artery in order to start the RCP with tourniquets or small
neuro clips applied to all the head vessels. We used polytetrafluoro-
ethylene graft anastomosed to the innominate artery for RCP due
to difficult cannulation in seven patients (9.2%). Continuous mon-
itoring of the brain oxygenation during RCP is done by using bilat-
eral near-infrared spectroscopy. We use pH-stat strategy on the
CPB with perfusion flow about 20–30% of the calculated full flow
during RCP. The flow was continuously adjusted depending on
blood pressure, cerebral oxygen saturation level and lactate level.
The aortic cross clamp position was below mid-ascending aorta.
The PDA and the adjacent juxta ductal aorta with coarctation
are completely excised. The inferior aspect of the arch is incised
extending all the way into the proximal ascending aorta proximal
to the origin of the innominate artery. The incision is carried down

the descending aorta distal to the coarctation site by 1–1.5 cm. An
end-to-end posterior anastomosis is performed between the
descending aorta and the distal arch. A patch of pulmonary homo-
graft is prepared and used for aortic arch reconstruction starting
the anastomosis from the incision in the descending aorta running
upwards using Prolene 6/0 or 7/0 sutures aiming to preserve the
curvature of the aorta in order to avoid any residual gradient over
the aortic arch in the future as shown in Figure 1. After finishing
the anastomosis and checking the suture line carefully, gradual
rewarming is done. It is worth mentioning that additional proce-
dures that are done during cooling or rewarming such as VSD clo-
sure and ASD closure prolong the CPB time and cross clamp time.
We also tend to the chest open policy especially in neonates and
also in case of additional pulmonary artery banding (PAB) in order
to tighten or relax the PAB on post-operative day 1 or 2 in ICU
which prolongs the ICU stay, but prevents re-operation for
re-adjustment of the PAB.

Statistical analysis

Data were analysed using the Statistical Package for Social Science
(SPSS) version 26.0 for Windows.7 Median and inter-quartile
range were used to express quantitative data while qualitative data
were presented by frequencies and percentages.

Univariable andmulti-variable regression analyses were used to
identify predictors of mortality among patients who underwent
AAH repair. Significant variables in univariable logistic regression
were entered in multi-variable backward LR logistic regression
model. Survival analysis was used and the survival time in months
was assessed by using Kaplan–Meier curve. The event of interest was
the occurrence ofmortality. Also, freedom from re-intervention curve
was done and event of interest was the need for re-intervention. The
level of significance was considered at p value <0.05.

Results

Our patient cohort included 76 patients. Antenatal diagnosis was
done in 32 infants (42.1%). Forty-nine patients were males
(64.5%). Median age at operation was 16 days and interquartile
range (IQR 9–43.25 days). Median weight was 3.5 kg (IQR 3.10–
4 kg). Pre-operative data is listed in Table 1.

Figure 1. Aortic arch repair.
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The operative data are summarised in Table 2. All patients were
operated on via median sternotomy on CPB with selective ante-
grade cerebral perfusion with moderate to deep hypothermia.
Median CPB time and cross clamp time were 140 minutes (IQR
119.5–163.5 minutes) and 73.5 minutes (IQR 51–89.25 minutes),
respectively. Median RCP time was 42 minutes (IQR 35–
62 minutes). Median lowest temperature on CPB was 23.5 °C
(IQR 21–24 °C). Three patients (3.95%) needed ECMO in the
ICU with median of 4 days on ECMO (IQR 2.5–4.5 days).
Median mechanical ventilation hours were 72 hours (IQR 48–
144 hours). The median lactate level in the first 24 hours after sur-
gery was 1.69 (IQR 1.28–2.25). The median durations of ICU stay
and post-operative hospital stay were 4 days (IQR 3–6.25 days) and
12.5 days (IQR 8–20 days), respectively. Delayed sternal closure
was observed in 39 patients (51.3%) and chest closure of these cases
was performed at a median of 1.5 days (IQR 1–2.25 days) post-
operatively. Our unit policy is to keep the chest opened electively
in most of the neonates after complex cardiac surgery to allow
relieving of the cardiac oedema and to guarantee haemodynamic
stability in the first few hours following surgery. Also, in the case
of PAB in conjunction with aortic arch repair, so that the pulmo-
nary artery band can be adjusted if necessary, in the first few days
after surgery. All the identified post-operative data are summarised
in Table 2.

Four patients (5.26%) had RLN injury. Stroke occurred in one
patient (1.32%). Three patients developed renal failure that needed
peritoneal dialysis (3.95%). Significant bleeding that needed
re-exploration happened in 2.63% of patients (n= 2). Eleven

patients (14.5%) had prolonged pleural effusion >10 days, while
chylothorax was noted in six patients (7.9%) that was conserva-
tively treated with dietary management. Diaphragmatic plication
was done in three patients (3.95%) because of diaphragmatic palsy.
Regarding re-intubation, we had ten patients (13.2%) who needed
re-intubation for different reasons. Six patients required urgent

Table 1. Pre-operative data

Variables
Median (IQR)/N
(percentage)

Age at operation (days) 16 (9–43)

Males 49 (64.5%)

Weight (kg) 3.5 (3.1–4)

BSA (m2) 0.22 (0.20–0.24)

Proximal aortic arch diameter (mm) 4.55 (3.8–5.6)

Mid arch diameter (mm) 3.65 (3–4)

Distal arch diameter (mm) 3.3 (2.65–3.7)

Isthmus diameter (mm) 2.5 (2–3.3)

Smallest diameter (mm) 2.3 (2–3)

Z score −5.6 (−4.1 to −6.5)

Associated anomalies

ASD 22 (28.95%)

VSD 51 (67.1%)

Coarctation of aorta 68 (89.5%)

PDA 65 (85.5%)

Partial AVSD 1 (1.32%)

Anomalous right subclavian artery 1 (1.32%)

Bicuspid aortic valve 28 (36.8%)

PAPVD 2 (2.63%)

Bilateral SVC 3 (3.95%)

Table 2. Perioperative data

Operative durations

Cardiopulmonary bypass time
(minutes)

Median 140 minutes
(IQR 119.5–163.5)

Cross clamp time (minutes) Median 73.5 minutes
(IQR 51–89.25)

Antegrade cerebral perfusion
(minutes)

Median 42 minutes (IQR 35–62)

Lowest temperature (°C) Median 23.5 °C (21–24 °C)

Post-operative data

Mechanical ventilation (hours) Median 72 hours (IQR 48–144)

Duration of ICU stay (days) Median 4 days (IQR 3–6.25)

Duration of post-op stay (days) Median 12.5 days (IQR 8–20)

ECMO % 3.95% (n= 3)

ECMO duration (days) Median 4 days (IQR 2.5–4.5)

Delayed chest closure (%) 51.32% (n= 39)

Delayed closure time (days) Median 1.5 days (IQR 1–2.25)

Serum lactate in first 24 hours after
surgery

Median 1.68 (IQR 1.24–2.25)

Table 3. Complications and survival

Complications

Prolonged pleural effusion >10 days (%) 11 (14.5%)

Re-intubation (%) 10 (13.2%)

Re-exploration for bleeding (%) 2 (2.63%)

Stroke/permanent neurology (%) 1 (1.32%)

Residual gradient over aortic arch (%) 7 (9.21%)

RLN injury (%) 4(5.26%)

Diaphragmatic palsy 3 (3.95%)

Peritoneal dialysis for renal failure 3 (3.95%)

Chylothorax (%) 6 (7.89%)

Re-intervention on the aortic arch (%) 7 (9.21%)

Surgical re-intervention 0 (0%)

Cath re-intervention 7 (9.21%)

Time to re-intervention (months) Median 4.3 months
(IQR 3–6.25)

Survival

In-hospital mortality (%) 3 (3.95%)

1-year survival (%) 71 (93.42%)

Median follow-up (months) 33.9 months (IQR 17.9–45.4)
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re-intubation in ICU because of increased work of breathing and
significant respiratory distress. Two of them developed respiratory
tract infection which improved later with antibiotics and chest
physiotherapy, while two patients were found to have tracheo-
bronchomalacia, one patient had severe stridor and one patient
had diaphragmatic palsy that needed diaphragmatic plication.
Four patients required elective re-intubation for chest drain inser-
tion in two patients due to pleural effusion, while one patient
required cardiac catheterisation to measure the pulmonary pres-
sures and one patient for abdominal operation because of other
abdominal comorbidities. There was no 30 days mortality. The
in-hospital mortality was 3.95% (n= 3) which was after 30 days
of operation. The 5-year survival rate was 93.42% (n= 71). Full list
of complications and survival rates are summarised in Table 3.
Figure 2 shows Kaplan–Meier curve for overall survival rate during
the period of follow-up.

The first in-hospital mortality was for a 5-month-old baby who
had AAH repair, VSD closure, ASD closure and PDA ligation. She
had multiple other comorbidities including hypoplastic left lung,

tracheobronchomalacia, pulmonary hypertension, duodenal atre-
sia, malrotation and duodenal perforation which required multiple
gastrointestinal operations and passed away after 5 months of hos-
pital stay. The second mortality was a 22-day old baby with AAH,
ASD, two muscular VSDs and PDA. He had AAH repair, PDA
ligation and PA banding. His hospital stay was complicated by
thrombosis in iliac and femoral veins and later he developed
necrotising enterocolitis which was managed conservatively and
recovered. While on the ward, he had a cardiac arrest and did
not respond to CPR and passed away 73 days after operation.
The last mortality was for a 24-day old baby who had AAH repair,
VSD repair and PDA ligation. He had a cardiac arrest the following
day after surgery which required veno-arterial ECMO via central
cannulation for 5 days. A CT angiogram showed discrete narrow-
ing in the ascending aorta, for which, he had a patch enlargement.
He failed three trials of ECMO weaning and developed Candida
mediastinitis and passed away on day 36 post-operatively.

Regarding the other two patients who required ECMO, they
were 5 days and 8 days old babies who failed to come off CPB

Figure 2. Kaplan–Meier curve for survival for
patients undergoing aortic arch hypoplasia
repair.

Figure 3. Freedom from re-intervention for
patients undergoing aortic arch hypoplasia
repair during study period.
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because of low cardiac output despite being on high inotropic sup-
ports and went out of theatre on ECMO via central cannulation.
Then we managed to wean the patients from ECMO after 1 and
4 days and both patients were discharged home after 20 and 27
days, respectively.

Median follow-up was 35 months (IQR 18.9–46.4 months).
Significant residual gradient over the aortic arch was reported
in seven patients (9.21%) who needed a catheter-based
re-intervention and no surgical re-intervention was done on
the aortic arch. Those seven patients required balloon dilatation
of the stenotic segment of the aorta at which themedian gradient
dropped from 30 mmHg (IQR 24.5–41.5 mmHg) before the
balloon dilatation to 11 mmHg (8–12.5 mmHg) after the dilata-
tion. The median time to re-intervention was 4.3 months (IQR
3–6.25 months). Median follow up was 35 months (IQR 18.9–
46.4 months). Overall freedom from re-intervention during
the follow-up was 90.8 % as shown in Figure 3.

Tables 4 and 5 show the significant predictors associated mor-
tality among patients who underwent AAH repair. In univari-
able logistic regression analysis, the significant variables
were long cross clamp time (OR = 1.03, 95% CI = 1.01–1.11,

p value = 0.007) and prolonged pleural effusions (OR = 4.8,
95% CI = 1.7–6.73, p value = 0.012).

The significant variables in univariate logistic regression
entered in multi-variable analysis and the best model shows that
the long cross clamp time (OR= 1.03, 95% CI= 1.01–1.07, p value
= 0.038) and prolonged pleural effusion (OR = 9.49, 95%
CI= 1.01–20.03, p value = 0.049) were the most important predic-
tors for mortality.

Discussion

Neonates with hypoplastic aortic arch pathologies are a high-risk
cohort and they need immediate attention and significant plan-
ning for intervention is required, especially if the AAH is asso-
ciated with other anomalies, such as TGAs, ventricular septal
defect or coarctation of aorta, which increases the mortality
rates by several folds and therefore careful intervention plan-
ning is necessary.1

The advancement in clinical practice and the use of moderate to
deep hypothermic circulatory arrest combined with adjunct brain
protection in the form of selective cerebral perfusion have had sig-
nificant impact on improved outcomes over the period of time.4,5

There is wide variation in practice and reported outcomes, espe-
cially early and late mortality.4,5,6,7 Rakhra et al reported their out-
comes on 305 patients that had AAH and coarctation repair with
an early mortality rate of 9% and re-intervention rate was needed
on eight patients prior to discharge from the hospital due to
residual obstruction while late re-interventions of 66 accounts were
reported in 49 (18%) patients.1 On the contrary, Ma et al8 reported
zero mortality rate in their cohort of 22 neonates and young chil-
dren that had undergone surgical repair of AAH and aortic coarc-
tation over the course of 6 years in their centre with a late re-
intervention rate of 4% (n= 1). Their reported hospital stay was
14.5 days (range 9–25 days). Recently, Tulzer et al9 reported their
outcomes of 183 patients that were operated on for CoA and AAH
between 1996 and 2013; 131 patients were operated on for isolated
AAH while 52 of them were combined AAH and VSD repair. In
their experience, the 30-day mortality was only 0.54% (n= 1) with
no late mortality at 1 year and a 0.54% of severe neurological
adverse outcomes (n= 1). Their in-hospital stay duration was 15
days (range 11–22 days). The later re-intervention was 11 accounts
and 9 of them were within the first year of surgery; the overall 10-
year freedom from re-intervention was reported 90%.

The latest study by Onalan et al10 of their cohort of 60 patients
that underwent AAH and CoA repair, they reported in-hospital
mortality of 20% (n = 12), with median hospital stay of 19 days
(range 2–230 days) and median ICU stay of 11 days (range
2–228 days). In an earlier study, Poirier et al11 reported a mor-
tality rate of 14% (n = 5) among their cohort of 37 children that
underwent surgery for AAH between 1982 and 1997 with a neu-
rological complication of 11%. When looking at those results,

Table 4. Univariable logistic regression analysis for predictors of mortality
among patients undergo aortic arch hypoplasia repair

Variables

Univariate analysis

OR (95% C.I.) p-value*

Age at operation 1.00 (0.99–1.01) 0.795

Female gender 1.22 (0.19–2.3) 0.829

Weight 0.71 (0.23–2.17) 0.547

Z score 1.08 (0.65–1.79) 0.749

Clinical presentation

Post-natal diagnosis 1.11 (0.17–2.42) 0.921

Respiratory distress 2.22 (0.39–4.32) 0.255

Feeding intolerance 1.72 (0.17–3.5) 0.643

Associated anomalies

ASD 2.11 (0.64.23 0.138

VSD 2.17 (0.23–4.62) 0.498

Coarctation of the aorta 2.28 (0.22–23.40) 0.486

Bicuspid aortic valve 7.83 (0.82–24.21) 0.072

Operative durations

Cardiopulmonary bypass time (minutes) 1.02 (0.99–1.04) 0.059

Cross clamp time (minutes) 1.03 (1.01–1.11) 0.007

Deep hypothermic circulatory arrest
(DHCA) time (minutes)

1.04 (0.98–1.10) 0.18

Lowest temperature (°C) 0.71 (0.43–1.16) 0.17

Complications

Prolonged pleural effusion 4.8 (1.7–6.7) 0.012

Residual gradient over aortic arch 1.22 (0.12–4.98) 0.859

Chylothorax 3.3 (0.31–6.38) 0.324

CI=confidence interval; OR= odds ratio
The bold values show statistical significance (p< 0.05)
*In univariate regression analysis, the dependent variable is mortality of patients

Table 5. Multi-variable logistic regression analysis for predictors of mortality
among patients undergo aortic arch hypoplasia repair

Variables

Multi-variate analysis

OR (95% C.I.) p-value*

Cross clamp time (minutes) 1.03 (1.01–1.07) 0.038

Prolonged pleural effusion 9.49 (1.01–20.03) 0.049

CI=confidence interval; OR= odds ratio
*In multi-variate regression analysis, the dependent variable is mortality of patients
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we can notice a significant variation in outcomes and lack of a
clear benchmark of mortality and morbidities, although one
would notice the improvement in the mortality and morbidity
since the study by Poirier et al.

In among all these, our reported outcomes are excellent in terms
of hospital stay (median 12.5 days and IQR 8–20 days) and ICU
stay (median 4 days and IQR 3–6.25 days), while the in-hospital
mortality remains acceptable when compared to several other
centre results.9–12

In our cohort, we had seven accounts of re-interventions by bal-
loon angioplasty within the first year of follow-up and no surgical
re-intervention on the aortic arch was needed. The indication for
re-intervention in our centre was the velocity over the stenotic seg-
ment of the aortic arch ≥4 m/s. These data remain within the
acceptable ranges of re-intervention, yet even better than some
of the most recently reported studies.1,9

It is important to highlight that several centers have reported
their outcomes but due to the significant difference in the reported
mortality and morbidity, we cannot generalise or use any of them
as a base to compare the outcomes against the rest. Therefore, there
is a need to establish larger and multi-centre studies to minimise
the heterogeneity in the data and understand the variation in prac-
tice and timing of surgery to optimise outcomes and generate a task
force to put guidelines in place, at international level.

Finally, our study comes with many limitations such as being
retrospective, observational and single centre study.

Conclusion

In our experience, hypoplastic arch augmentation with pulmonary
homograft with moderate to deep hypothermia and RCP is a safe
and reproducible procedure with results in line with the more
recent published series.
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