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Abstract

OBJECTIVES: Vascular rings are rare anomalies of congenital heart disease that cause respiratory and gastrointestinal symptoms. This study
assessed the long-term outcomes of patients with vascular ring division.

METHODS: A multi-institution retrospective review of 371 patients with vascular rings undergoing surgical division at 3 paediatric cardiac
institutions between November 2007 and October 2019 was performed.

† The first two authors contributed equally to this work.
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RESULTS: The complete vascular rings consisted of a double aortic arch (24.5%), right aortic arch with left ligamentum arteriosum (36.7%)
and left aortic arch, with right ligamentum arteriosum (0.5%). The incomplete vascular rings consisted of a pulmonary artery sling (22.9%),
left aortic arch with aberrant right subclavian artery (15.1%) and innominate artery compression syndrome (0.3%). Respiratory symptoms
included stridor (71.4%), wheezing (49.1%), coughing (31.5%), gastrointestinal symptoms included choking (12.4%), dysphagia (3.2%) and
emesis (1.9%). Only one patient died after discharge, yielding a late mortality rate of 0.3% (1/360). The 10-year overall survival rate was
96.8%. Postoperative complications were reported in 51 patients, 15 of whom required reoperation. The 10-year freedom from reopera-
tion rate was 95.9%. Follow-up was completed in 95.4% (354/371) of patients, with a mean follow-up time of 4.3 ± 2.9 years (range from 1
to 13 years). Twenty patients (5.6%) experienced residual symptoms during long-term follow-up.

CONCLUSIONS: The outcomes of vascular ring division are excellent. A Kommerell diverticulum >1.5 times the aberrant left subclavian ar-
tery origin is an operative indication for primary resection. Tracheomalacia is a risk factor for reoperation and residual symptoms, and pre-
operative fibrobronchoscopy is important for evaluation.
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ABBREVIATIONS

3D Three-dimensional
ALSCA Aberrant left subclavian artery
ARSCA Aberrant right subclavian artery
CPB Cardiopulmonary bypass
CT Computed tomography
CTR Complete tracheal ring
DAA Double aortic arch
IQR Interquartile range
LAA Left aortic arch
LLA Left ligamentum arteriosum
PAS Pulmonary artery sling
RAA Right aortic arch

INTRODUCTION

A vascular ring is a rare congenital cardiovascular anomaly that
compresses the trachea and oesophagus and was first described
by Robert Gross from Boston Children’s Hospital [1]. Currently,
the term vascular ring is used to refer to all congenital vascular
anomalies of the aortic arch system that cause compression of
the trachea and/or oesophagus. The primary symptoms of this
compression are noisy breathing, cough, recurrent upper respira-
tory tract infections, wheezing, dyspnoea and dysphagia. With
the improvement of imaging technology, computed tomography
(CT) has become the preferred imaging method [2, 3], providing
a precise surgical strategy [4]. This multi-institution study assessed
the clinical characteristics of patients with vascular rings along
with the long-term outcomes of patients undergoing vascular
ring repair and the risk factors leading to reintervention.

MATERIALS AND METHODS

Definitions

Vascular ring classification was conducted as recommended by
the International Congenital Heart Surgery Nomenclature and
Database Committee [5, 6], including the classification of com-
plete and incomplete vascular rings. Complete vascular rings
occur as 4 major types: double aortic arch (DAA), right aortic
arch (RAA) with left ligamentum arteriosum (LLA) and aberrant

left subclavian artery (ALSCA), RAA with LLA and mirror-image
branchings and left aortic arch (LAA), right-sided descending
aorta and right ligamentum arteriosum. Incomplete vascular ring
includes 3 major types: pulmonary artery sling (PAS), LAA with
aberrant right subclavian artery (ARSCA) and innominate artery
compression syndrome. Severe tracheomalacia is defined as the
contract of the posterior wall with the anterior wall during expir-
ation [7].

Patients

This multi-institution retrospective study was performed at 3
paediatric cardiac institutions: Children’s Hospital of Nanjing
Medical University, Beijing Children’s Hospital and Children’s
Hospital of Suqian. The human research ethics committees of all
3 institutional approved the present study. Patients diagnosed
with vascular rings who underwent cardiac surgery between
November 2007 and October 2019 were included in this study. A
total of 371 patients were enrolled in the study. Clinical data
were obtained by reviewing the medical records from initial ad-
mission until the last follow-up.

Operative techniques

DAA. Preoperative 3-dimensional (3D)-CT reconstruction was
used to describe the development of the bilateral aortic arch.
The approach was generally through the left fourth intercostal
space to enter the chest; we preferred the left to the right fourth
intercostal space as the RAA is smaller than the LAA. The medias-
tinal pleura was incised to expose the LAA and RAA, and then,
the smaller aortic arch was divided to release the oppression,
avoiding injury of the vagus, recurrent laryngeal and phrenic
nerves. For patients with equally sized aortic arches, the division
of the aortic arch was at the surgeon’s discretion.

RAA with LLA. The approach was through the left third or
fourth intercostal space, and the mediastinal pleura was incised
longitudinally along the oesophagus. The ligamentum arteriosum
and left subclavian artery were fully freed, and care was taken to
avoid injuring the vagus, recurrent laryngeal and phrenic nerves.
Once the ligamentum arteriosum was divided, oxygenation was
markedly increased. When the Kommerell diverticulum was >1.5
times the ALSCA and caused obvious compression of the trachea,

606 D. Yu et al. / European Journal of Cardio-Thoracic Surgery



it was resected, and the ALSCA was transferred to the left carotid
artery [8].

PAS. The main pulmonary artery, left pulmonary artery, right
pulmonary artery and ligamentum arteriosum were carefully dis-
sected through median sternotomy. The ligamentum arteriosum
was divided, and the left pulmonary artery was resected from the
right pulmonary artery, transferred to the left of the trachea and
then implanted in the left side of the main pulmonary artery. If
patients had a long segmental complete tracheal ring (CTR), slide
tracheoplasty was performed. The trachea was carefully eval-
uated with perioperative fibrobronchoscopy and cut off in the
mid-portion. Longitudinal incisions were made in the upper and
lower segments, and then, the 2 segmental tracheas were held
together with running anastomoses. If patients had severe trache-
omalacia as evaluated with preoperative fibrobronchoscopy, ex-
ternal tracheobronchial suspension was performed with a three-
dimensional bioresorbable airway splint (polycaprolactone, Xi’an
Jiaotong University State Key Laboratory of Manufacturing
Systems Engineering, Supplementary Material, Fig. S1). The length
of the malacic trachea was measured by fibrobronchoscopy, the
splint was fixed on the tracheal cartilage, and the malacic trachea
was suspended on the splint with interrupted anastomosis.

LAA with right-sided descending aorta and right ligamen-
tum arteriosum. The ligamentum arteriosum was divided
through the right third intercostal space as described above.

LAA with ARSCA. Patients with LAA and ARSCA were all had
associated cardiac defects, so surgery was performed through a
median sternotomy. The ligamentum arteriosum was divided as
described above, and then, cardiopulmonary bypass (CPB) was
initiated to repair the cardiac defect. The right subclavian artery
was relocated to release compression on the oesophagus when
patients had dysphagia.

Innominate artery compression syndrome. The innomin-
ate artery was suspended from the back of the sternum through
a median sternotomy.

For patients with cardiac defects, the vascular ring was proc-
essed first, and then, the cardiac defect was repaired by CPB
through a median sternotomy incision. The tracheal surgery was
conducted at the same stage.

Data analysis

Statistical analysis was performed by IBM SPSS v22 (IBM Corp.
Armonk, NY). Kaplan–Meier curves were used to analyse the
overall survival rate and freedom from reoperation rate. Fisher’s
exact test was used to analyse categorical variables, and the
Mann–Whitney test was used to analyse continuous variables.
Variables were assessed with the log-rank test, and each variable
with P < 0.2 was included in the multivariable Cox proportional
hazards regression analysis to identify risk factors for mortality,
reoperation and residual symptoms. Statistical significance was
set at P < 0.05.

RESULTS

Patient characteristics

A total of 371 vascular ring patients were enrolled. In this study,
the median age at the time of operation was 10 months [inter-
quartile range (IQR), 5–24 months]; 53.4% (198/371) of the
patients were younger than 1 year, and 18.1% (67/371) were
older than 3 years. The median weight at operation was 8.7 kg
(IQR, 6.9–12.0 kg), and 232 patients (62.5%) were boys. The classi-
fication of vascular rings and population distribution are listed in
Table 1. Kommerell diverticulum was identified in 49 patients.

Associated anomalies

Concomitant cardiac defects were found in 163 patients (43.9%),
and the top 3 were ventricular septal defect (VSD) (71, 19.1%),
atrial septal defect/patent foramen ovale (52, 14.0%) and tetral-
ogy of Fallot (18, 4.9%). Patients with LAA and ARSCA all had car-
diac defects. Genetic syndromes were found in 8 patients (2.2%)
and included Down’s syndrome (5 patients), DiGeorge syndrome

Table 1: Classification of vascular ring

Vascular ring type No. patients
(N = 371)

Complete vascular ring, n (%) 229 (61.7)
Double aortic arch 91
Right arch dominant 65
Left arch dominant 10
Codominant 16
Right aortic arch with left ligamentum arteriosum 136
Aberrant left subclavian artery 95
Mirror-image branching 41
Left aortic arch, right-sided descending aorta with right ductus arteriosus 2

Incomplete vascular ring, n (%) 142 (38.3)
Pulmonary artery sling 85
Left aortic arch with aberrant right subclavian artery 56
Innominate artery compressionsyndrome 1
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(2 patients) and Goldenhar syndrome (1 patient). Other extracar-
diac malformations were rarely found. The patient characteristics
are described in detail in Supplementary Material, Table S1.

Clinical manifestations

Due to compression of the trachea and/or oesophagus, most
patients with complete vascular rings present with respiratory or
gastrointestinal symptoms. Some patients with incomplete vascular
rings, especially LAA with ARSCA, present as asymptomatic and are
diagnosed by an incidental finding with associated cardiac defects.
At the time of admission, respiratory symptoms included stridor
found in 71.4% of patients (265/371), wheezing found in 49.1%
(182/371), coughing found in 31.5% (117/371), shortness of breath
found in 15.1% (56/371), recurrent respiratory tract infections found
in 13.2% (49/371) and apnoea found in 5.7% (21/371).
Gastrointestinal symptoms were relatively uncommon and pre-
sented as choking in 12.4% of patients (46/371), dysphagia in 3.2%
(12/371) and emesis in 1.9% (7/371). Respiratory and gastrointestinal
symptoms are outlined in Table 2.

Diagnosis

Magnetic resonance imaging and cardiac catheterization are not
routine diagnostic methods for vascular rings. Echocardiography
and 3D-CT reconstruction were performed in all patients to depict
the inner cardiac and extracardiac anatomy. Fibrobronchoscopy
was performed preoperatively in 189 patients (50.9%), of whom 68
(18.3%) were diagnosed with tracheomalacia. Overall, in the PAS
patients, fibrobronchoscopy was conducted prior to or during sur-
gery, and CTR was observed in 61.2% (52/85) of these patients.
Upper gastrointestinal radiography had been conducted previously
in only 14 patients.

Surgical management

In patients with DAA, the median operation age was 10 months
(IQR, 4–24 months) and the median weight was 9.0 kg (IQR, 7.5–
12.0 kg). The left arch was divided in 85.7% (78/91) of patients,
and the right arch was divided in 14.3% (13/91). RAA with LLA
seems ‘looser’ than DAA. Therefore, RAA with LLA patients were

Table 2: Patient symptoms at clinical presentation

Symptoms Preoperative no. patients Postoperative no. patients

(N = 371)a (N = 360)b

Respiratory, n (%)
Stridor 265 (71.4%) 15 (4.2%)
Wheezing 182 (49.1%) 1 (0.3%)
Coughing 117 (31.5%) 2 (0.6%)
Shortness of breath 56 (15.1%) 0 (%)
Recurrent respiratory tract infections 49 (13.2%) 1 (0.3%)
Apnoea 21 (5.7%) 0 (0%)

Gastrointestinal, n (%)
Choking 46 (12.4%) 1 (0.3%)
Dysphagia 12 (3.2%) 0 (0%)
Emesis 7 (1.9%) 0 (0%)

aMore than 1 symptom may occur for each patient.
bPatients with residual symptoms on long-term follow-up.

Table 3: Reinterventions by type of vascular ring

Type of vascular ring Time to reintervention Type of reintervention

Double aortic arch 10 days Diaphragm plication
Pulmonary artery sling 15 days Diaphragm plication
Pulmonary artery sling 3 days Diaphragm plication
Double aortic arch 5 days Diaphragm plication
Double aortic arch 7 days Thoracic duct ligation
RAA, mirror-image branching, LLA 15 days Thoracic duct ligation
Pulmonary artery sling 1 day Endotracheal stent implantation
Pulmonary artery sling 1 month Endotracheal stent implantation
RAA-mirror-image branching, LLA 2 months Endotracheal stent implantation
Pulmonary artery sling 7 days Endotracheal stent implantation
RAA-mirror-image branching, LLA 3 months Endotracheal stent implantation
Double aortic arch 1 month Endotracheal stent implantation
RAA-ALSCA, LLA 2 months Endotracheal stent implantation
Pulmonary artery sling 14 days Interventional therapy under fibrobronchoscopy
Pulmonary artery sling 1 month Interventional therapy under fibrobronchoscopy

ALSCA: aberrant left subclavian artery; RAA: right aortic arch; LLA: left ligamentum arteriosum.
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older (12 months (IQR, 6–33 months), P < 0.05) and heavier
(10.0 kg (IQR, 7.0–15.0 kg), P < 0.05) than DAA patients at the op-
eration. In most cases, the vascular ring was released by dividing
the ligamentum arteriosum. Kommerell diverticulum resection
and ALSCA implantation in the left carotid artery was performed
in 13 patients (26.5%).

Patients with incomplete vascular rings accompanied by car-
diac defects generally present with symptoms earlier than
patients with complete vascular rings. The age and weight of
patients with PAS were 10 months (IQR, 5–16 months) and 8.5 kg
(IQR, 6.6–11.0 kg) and those of patients with LAA with ARSCA
were 6 months (IQR, 3–11 months) and 5.9 kg (IQR, 4.7–9.0 kg).
Slide tracheoplasty was performed in 6 PAS patients with a long
segmental CTR and 4tracheobronchial suspension was performed
in 4 patients with tracheomalacia. ARSCA implantation was con-
ducted in 2 patients.

Mortality

In this multi-institution study, there were 11 hospital deaths
(3.0%, 11/371). Three patients with LAA and ARSCA, of whom 2
had total anomalous pulmonary venous connections and 1 had
pulmonary atresia, died from low cardiac output and severe pul-
monary infection after surgery. Seven patients with PAS accom-
panied by CTRs died from respiratory failure. A 1-month-old
patient with DAA died from severe tracheomalacia and respira-
tory failure. There was 1 late death (0.3%, 1/360); a 10-month-old
patient with PAS experienced cardiac arrest 1 month after dis-
charge and died from multiple organ failure. The overall mortal-
ity rate was 3.2% (12/371). A CONSORT flow chart is illustrated in
Fig. 1. Incomplete vascular rings, different types of vascular rings,
CTR and concomitant cardiac defects were associated with an
increased risk of mortality in the univariate analyses (Table 4).
Complete vascular ring tended to predict mortality, yielding a
hazard ratio of 0.10 (0.01–0.88, P = 0.038), in the multivariable
Cox regression analysis (Table 5).

Complications

Vascular ring surgery relieved compression of the trachea; how-
ever, persistent tracheomalacia remained in 16 patients (4.3%, 2
patients with DAA, 5 patients with RAA with LLA and 9 patients
with PAS). Due to injury to the thoracic duct and phrenic and re-
current laryngeal nerves during the operation, chylothorax, dia-
phragmatic paralysis and recurrent laryngeal nerve palsy were
observed in 14 (3.8%), 7 (1.9%) and 2 (0.5%) patients, respectively.
Other rare complications included wound indolence, observed in
2 (0.5%) patients, pneumothorax, observed in 3 (0.8%), pleural ef-
fusion, observed in 4 (1.1%), and pericardial effusion, observed in
2 (0.5%). Two of 6 patients undergoing slide tracheoplasty were
observed through fibrobronchoscopy to have granulation tissue.
The postoperative outcomes are summarized in Supplementary
Material, Table S2.

Follow-up and reoperation

Five patients were lost to follow-up, and a total of 354 patients
(95.4%) completed follow-up. The mean follow-up time was
4.3 ± 2.9 years (ranging from 1 year to 13 years). The overall sur-
vival rates at 1, 5 and 10 years were 96.8%, 96.8% and 96.8%,

respectively (Fig. 2). A total of 15 patients underwent reoperation,
including 4 patients with diaphragm plication, 2 with thoracic
duct ligation, 7 with endotracheal stent implantation and 2 with
interventional therapy under fibrobronchoscopy, as summarized
in Table 3. The freedom from reoperation rates at 1, 5 and
10 years were 95.9%, 95.9% and 95.9%, respectively (Fig. 2).
Residual symptoms were defined as persistent respiratory or
gastrointestinal symptoms at the last follow-up, and 20 patients
had residual symptoms, including respiratory symptoms in 19
patients such as stridor (15/360, 4.2%), coughing (2/360, 0.6%),
wheezing (1/360, 0.3%), respiratory tract infection (1/360, 0.3%)
and gastrointestinal symptom in 1 patient, namely choking (1/
360, 0.3%). The univariate analyses and multivariable Cox regres-
sion analysis identified tracheomalacia as an independent risk
factor for reoperation and residual symptoms (Tables 4 and 5).

DISCUSSION

Vascular ring development begins with the embryonic aortic
arch system, which consists of a ventral and dorsal aorta con-
nected by 6 pairs of primitive aortic arches [9]. Persistence, re-
gression or involution of the arches determines the type of
vascular ring, of which there are multiple, and results in varying
degrees of tracheal and/or oesophageal compression and patient
presentation with various symptoms.

The formation of DAA is due to the persistence of the LAA and
RAA and dorsal aorta. Previous studies reported that the percent-
age of right arch dominance was 80%, which is consistent with
our results (71.4%, 65/91) [6, 10]. Moreover, it is uncommon in
DAA patients with cardiac defects [11], and only 7 ventricular
septal defects and 1 transposition of great arteries were identified
in our patients with DAA. In DAA, the ring consists of 2 aortic
arches and seems relatively “tighter” than other types of vascular
rings; accordingly, the symptoms of respiratory distress and feed-
ing problems develop earlier. We believe that in all patients with
DAA, the DAA should be repaired after diagnosis to avoid serious
complications caused by long-term compression of the trachea
and oesophagus. In the patients in this study, 3D-CT reconstruc-
tion was performed to diagnose DAA quickly with a low radiation
dose and to provide information about the trachea and oesopha-
gus; this approach allows precise planning of the surgical strat-
egy. The approach is usually through the left fourth intercostal
space for a dominant right arch and equal-sized arches, and we
recommended dividing the left arch. The mediastinal pleura
should be left open after the operation to avoid scar tissue regen-
eration and recurrent stenosis. Four patients continued to have
slight wheezing after the operation, but none underwent reoper-
ation. The vagus and recurrent laryngeal and phrenic nerves
must be carefully identified and protected; otherwise, diaphrag-
matic paralysis can occur, as we found in 5 patients, and dia-
phragm plication was performed in 2 patients.

The persistence of the right fourth arch with interruption of
the left arch results in RAA with LLA. This type of vascular ring
seems ‘looser’ than DAA, and the symptoms manifest later.
Echocardiography can comprehensively assess the intracardiac
defect and reveal the vascular ring; however, it cannot depict the
trachea and oesophagus. In the patients in this study, 3D-CT re-
construction was conducted and provided an excellent evalu-
ation preoperatively. The approach to isolate RAA with LLA is
through the left fourth intercostal space. Once a patient is diag-
nosed with a cardiac defect, the operation is performed through
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Figure 1: The CONSORT diagram. ARSCA: aberrant right subclavian artery; DAA: double aortic arch; IACS: innominate artery compression syndrome; LAA: left aortic
arch; LLA: left ligamentum arteriosum; PAS: pulmonary artery sling; RAA: right aortic arch; RLA: right ligamentum arteriosum.

Table 4: Univariate analysis results identifying risk factors for mortality, reoperation and residual symptoms

Variable Mortality P-value Reoperation P-value Residual symptoms P-value
(N = 371) (N = 371) (N = 360)

Neonate 0.59 0.37 0.008
Yes 1/18 0/18 2/18
No 11/353 15/353 18/342

Male 0.76 0.38 0.83
Yes 8/232 11/232 14/225
No 4/139 4/139 6/135

Complete vascular ring 0.005 0.45 <0.001
Yes 1/229 8/229 10/228
No 11/142 7/142 10/132

Tracheomalacia 0.39 <0.001 0.014
Yes 1/68 9/68 9/67
No 11/303 6/303 11/293

Complete tracheal ring <0.001 1.00 0.055
Yes 7/52 2/52 4/45
No 5/319 13/319 16/315

Concomitant cardiac defect 0.011 0.79 0.004
Yes 11/163 7/163 11/153
No 1/208 8/208 9/207

Table 5: Multivariable analysis of risk factors for mortality, reoperation and residual symptoms

Risk factor HR (95% CI) P-value

Mortality Complete tracheal ring 3.51 (1.03–12.02) 0.045
Complete vascular ring 0.24 (0.02–2.78) 0.26
Concomitant cardiac defect 4.51 (0.46–44.76) 0.20

Reoperation Tracheomalacia 6.85 (2.44–19.25) <0.001
Residual symptoms Tracheomalacia 3.18 (1.29–7.88) 0.012

Neonate 3.19 (0.60–17.15) 0.18
Complete vascular ring 0.34 (0.09–1.36) 0.13
Complete tracheal ring 1.63 (0.39–6.81) 0.50
Concomitant cardiac defect 2.01 (0.66–6.15) 0.22

CI: confidence interval; HR: hazard ratio.
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a median sternotomy incision with concomitant CPB. Division of
the ligamentum arteriosum significantly relieved compression,
especially in patients with RAA with mirror-image branching and
LAA [12]. The dilated origin of ALSCA is a remnant of the fourth
aortic arch, called the Kommerell diverticulum, which was first
described in 1936 [13]. Backer et al. [8] found that Kommerell di-
verticulum is one of the 4 primary indications for reoperation in
26 patients. However, previous studies have reported that severe
complications, such as aortic dissection and aorta rupture, can
occur after Kommerell diverticulum resection [14, 15]. In our ser-
ies of 49 patients with Kommerell diverticulum, we resected the
Kommerell diverticulum and translocated the ALSCA to the left
carotid artery in 13 patients [8]. The remaining patients had a
simple division of the ligamentum arteriosum, and only 7 of
them had slight or moderate respiratory symptoms. Therefore,
primary resection of the Kommerell diverticulum and transloca-
tion of the ALSCA might achieve good outcomes in eliminating
respiratory symptoms after the operation. However, considering
the risk of severe complications during the procedure and the re-
lief of respiratory symptoms after division of the ligamentum
arteriosum (0/13 vs 7/36, P = 0.17) [2, 16], a Kommerell diverticu-
lum >1.5 times the origin of the ALSCA with obvious compres-
sion of the trachea is an operative indication. For patients with a
small Kommerell diverticulum, single division of the ligamentum
arteriosum could simplify the operative procedure, reduce the
severe operative complications and achieve desirable clinical
effects.

PAS is a malformation in which the left pulmonary artery arises
from the right pulmonary artery, crosses behind the trachea and
in front of the oesophagus and reaches the left pulmonary hilum,

causing compression of the trachea as a sling. Berdon [17] first
proposed the ‘ring-sling complex’ and more than half of PAS
cases occur in combination with a CTR [18]. Therefore, patients
suffer respiratory symptoms owing to both artery compression
and tracheal stenosis. Echocardiography could not only depict
the intracardiac anatomy but also distinguish the anomalous ori-
gin of the left pulmonary artery. In addition, 3D-CT reconstruc-
tion and fibrobronchoscopy were performed to evaluate the
trachea. In our series of patients with PAS, 61.2% (52/85) of
patients had CTRs. Surgery was recommended when the patient
was diagnosed with PAS. The left pulmonary artery was trans-
ected from its origin on the right pulmonary artery, pulled to the
left side in front of the trachea and implanted in the anatomic
origin of the left pulmonary artery in the main pulmonary artery
through median sternotomy. Wilcox et al. [19] reported that an
estimated 17% of children could be managed conservatively but
not those with long segmental CTRs. A previous study revealed
that the CTR grew at a faster-than-normal rate and reached a
normal diameter by the age of 9 years [20]. Six patients under-
went slide tracheoplasty, among them, granulation tissue was
observed in 2 patients, 1 of whom died. The mortality (16.7%, 1/
6) and incidence of granulation tissue (33.3%, 2/6) were consist-
ent with Zhang et al.’s early-stage results [20]. Our study showed
that CTR may be a risk factor for hospital mortality (7/52 vs 0/33,
P = 0.040), while slide tracheoplasty did not increase hospital
mortality (1/6 vs 6/46, P = 1.00). Therefore, we recommended
slide tracheoplasty for patients with a long segmental CTR and
stenosis more than half of the normal diameter, allowing simul-
taneous repair of the cardiac defect. Among the remaining 45
patients with CTR, only 4 patients presented with mild respiratory

Figure 2: Rate of overall survival and freedom from reoperation related to vascular ring repair. Y-axis is truncated at 0.9.
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symptoms and showed slight tracheal stenosis with 3D-CT recon-
struction (4/45 vs 0/32, P = 0.14), which indicated that the CTR
has growth potential.

The respiratory symptoms of patients with LAA and ARSCA are
not caused by compression of the trachea but by cardiac insuffi-
ciency. Occasionally, retroesophageal ARSCA might cause dys-
phagia. Diagnosis was made by accident with echocardiography
or 3D-CT reconstruction. Cardiac defects were repaired by CPB,
the ligamentum arteriosum was divided, and the patients usually
had excellent outcomes. The rare vascular ring patients included
2 patients with LAA with right-sided descending aorta and RAA
and 1 patient with innominate artery compression syndrome.
Ligamentum arteriosum division and innominate artery suspen-
sion released compression of the trachea, and the outcome was
satisfactory.

Tracheomalacia is often accompanied by a vascular ring, and
after relief of the compression, the trachea can require several
months to recover. Backer et al. [17] stated that tracheomalacia is
one of the primary indications for reoperation, which is consist-
ent with our results. In our series of vascular rings, there were 16
patients with persistent tracheomalacia after operation, 7 of
whom underwent reoperation with endotracheal stent implant-
ation. The remaining 9 patients continued to present with mild-
to-moderate respiratory symptoms, such as stridor and wheez-
ing. Tracheomalacia was a predictor of reoperation and residual
symptoms, which adversely impact the long-term outcomes of
vascular ring division. Therefore, preoperative fibrobronchoscopy
evaluation of the degree of tracheomalacia is important for
designing surgical strategies.

In 2013, the University of Michigan reported the first applica-
tion of a 3D-printed bioresorbable airway splint, which was man-
ufactured from polycaprolactone with a bellowed topology
design to an infant with severe tracheomalacia, which provided
resistance against collapse while simultaneously allowing flexion,
extension and expansion with growth [21]. In a cohort of children
with severe tracheomalacia, the 3D-printed bioresorbable airway
splint was found safe and provided a desirable clinical outcome
[22]. In the series in the present study, 4 patients with tracheoma-
lacia were treated preoperatively with 3D-printed, patient-
specific, bioresorbable airway splints, and all had excellent
outcomes (Fig. 3). According to Serio et al.’s suggestion [23], we
managed tracheomalacia and found that the tracheal lumen

decreased by >70% during the operation. Therefore, we believe
that in addition to endotracheal stent implantation, 3D-printed
bioresorbable airway splints may be an option for patients with
severe tracheomalacia.

Limitations

This present study had the limitations of a retrospective study. As
the study was a multi-institution study, surgeon experience and
the level of perioperative management might have affected the
results.

CONCLUSION

Surgical repair of the vascular ring carries a low risk of mortality
and reoperation, with excellent outcomes. Primary resection of
the Kommerell diverticulum and translocation of ALSCA should
be considered to eliminate respiratory symptoms when the
Kommerell diverticulum is >1.5 times the origin of the ALSCA
and causes obvious compression of the trachea. Tracheomalacia
is a risk factor for reoperation and residual symptoms; therefore,
preoperative fibrobronchoscopy for the evaluation of tracheo-
malacia is important and 3D-printed bioresorbable airway splints
may be an option for patients with severe tracheomalacia.
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