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Abstract: Vascular rings, including double aortic arch and right aortic arch with aberrant left subclavian
and left ligamentum, are part of a larger group of vascular-related aerodigestive compression syndromes
that also includes innominate artery compression syndrome, dysphagia lusoria, aortic arch anomalies,
and aneurysms of either the aorta or pulmonary artery. Additionally, post-surgical airway compression is
a distinct entity in itself. The approach to the diagnosis and management of these varied phenomena has
been streamlined by the multidisciplinary team at Boston Children’s Hospital. Echocardiography, computed
tomographic angiography, esophagram, and three-phase dynamic bronchoscopy are routinely performed
in these patients in order to produce a comprehensive understanding of the unique anatomic challenges
that each patient presents. Adjunctive diagnostic techniques include modified barium swallow, routine
preoperative and postoperative screening of the vocal cords, and radiographic identification of the artery of
Adamkiewicz. Beyond the vascular reconstruction, which ranges from subclavian-to-carotid transposition
to descending aortic translocation, we liberally apply tracheobronchopexy and rotational esophagoplasty to
relieve respiratory and esophageal symptoms. Due to the heightened risk for recurrent laryngeal nerve injury,
intraoperative recurrent laryngeal nerve monitoring has become routine in these cases. The comprehensive
care of these patients requires the coordinated efforts of a large team of dedicated personnel in order to

achieve the optimal result.
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Introduction aerodigestive compression syndromes include congenital

. . . lesions as well as acquired lesions. In many of these other

Vascular rings and vascular-related aerodigestive C ) T
. . . aerodigestive compression syndromes, the true incidence

compression syndromes encompass a variety of lesions

that involve abnormal development of the aortic arch

with resultant vascular compression of either the trachea,

of the underlying pathology is unknown given the potential
for underdiagnosis and the broad spectrum of symptom

the esophagus, or both. True, or complete, vascular severity.

rings include double aortic arch and right aortic arch
with aberrant left subclavian artery and left ligamentum
arteriosum and have a prevalence of approximately
1-1.3 per 10,000 live births (1,2). Beyond vascular rings,
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Despite the substantial variability in etiologies and
presentations, a multidisciplinary approach to diagnostic
evaluation has been standardized at Boston Children’s

Hospital. Herein, we review the clinical presentation and
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Figure 1 Standardized method for reporting location of
tracheobronchial abnormality on rigid bronchoscopy. Used with
permission from the Boston Children’s Hospital CICU image
library. CICU, Cardiac Intensive Care Unit.

diagnostic evaluation followed by treatment options for
vascular ring and aerodigestive compression syndromes.

Clinical presentation and diagnostic evaluation

Patients with a true vascular ring would typically present
with symptoms of tracheal and/or esophageal compression.
Patients with double aortic arch often present early in infancy
with severe symptoms whereas patients with right aortic arch
and aberrant left subclavian arteries may present symptoms
later on. Moreover, patients with incomplete rings often
present later in childhood or are asymptomatic and only
incidentally diagnosed. As a whole, respiratory symptoms,
e.g., noisy breathing, stridor, cough, or recurrent upper
respiratory infections, are present in 88-94% of patients.
Additionally, 43-50% of patients will have esophageal
symptoms including dysphagia and choking (3-6). However,
up to 47% to 66% of adult patients with aberrant right
subclavian will present primarily with esophageal symptoms
(6-8). A challenge that the clinician may face with respect to
eliciting symptoms is that patients may have been labeled as
“picky” or “slow eaters” or carry a diagnosis of reflux (4), and
so the exact symptomatology may be underappreciated.
Echocardiography is a useful initial screening tool for
identifying arch sidedness and presence of an aberrant
subclavian artery. However, axial imaging—either
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computed tomographic angiography or magnetic resonance
angiography—is necessary to delineate the vascular anatomy
and the relationship with the airway and esophagus.
Efforts have been made to use dynamic computed
tomography to detect airway malacia, but rigid dynamic
tracheobronchoscopy remains the gold-standard for airway
assessment (9-12).

Tracheobronchoscopy is the technique of choice for
the definitive diagnosis of tracheobronchomalacia and
tracheobronchial compression. Our group performs
a three-phase bronchoscopy under general anesthesia
without muscle relaxation. In the first phase, the
rigid ventilating bronchoscope is introduced with the
patient breathing quietly. This reveals baseline areas of
compression, abnormalities of cartilage shape, and presence
of granulation tissue. In the second phase, coughing is
induced by decreasing the depth of anesthesia in order
to reveal the dynamic component of the airway collapse
that is typical of tracheobronchomalacia. The final phase
of the bronchoscopy is to distend the airway with positive
pressure. This allows for identification of areas of fixed
tracheobronchial compression and also presence of
tracheoesophageal fistulae, tracheal diverticula, or abnormal
branching patterns (13).

Our team uses a detailed standardized reporting process.
The trachea is divided into 3 segments. Between the
cricoid and the first rib is labeled T'1; from the first rib to
the level of the innominate artery is T2; and T3 is from
the innominate artery down to the carina. The carina is
described distinct from T3. The left mainstem bronchus
is divided into thirds: L1, L2, and L3. While there are
fewer anatomic landmarks for the left mainstem bronchus,
L2 represents the region that typically crosses over a left-
sided descending thoracic aorta. The right mainstem
bronchus is divided in half: R1 and R2 (Figure 1) (14). All
bronchoscopies are video-recorded. Percent compression of
the airway for each of these regions is reported during each
of the three phases of the evaluation. Given the subjective
nature of the diagnosis of tracheobronchomalacia, a
common terminology and reporting system is essential for
communication between providers.

An esophagram may demonstrate the location of an
obstruction in patients with esophageal symptoms. An
impression on the esophagus by esophagram correlated
with the presence of an aberrant subclavian artery by axial
imaging is typically diagnostic (Figure 2). However, in select
patients, liquids may pass easily despite the presence of
symptoms. In these cases, we have found that an esophageal
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Figure 2 Esophagram demonstrating posterior impression related

to aberrant subclavian artery.

transit study with incorporation of Technetium-99m sulfur
colloid mixed into a solid food bolus, e.g., eggs, may aid
in the elaboration of impaired transit (Figure 3). Flexible
endoscopy can help determine whether the obstruction
is fixed or not with insufflation and may also reveal other
potential causes for dysphagia, e.g., eosinophilic esophagitis.

As part of the preoperative process, an otorhinolaryngologist
will perform a vocal cord check and assess for laryngeal
cleft. Vocal cord dysfunction may be congenital in nature,
but more importantly patients who have had prior vascular
ring or aortic arch operations may have preexisting vocal
cord dysfunction that must be noted. If there is concern
for aspiration, functional testing with a modified barium
swallow is performed. We have found that standard
pulmonary function tests generally are not helpful, as
central airway collapse may not correlate with airflow
obstruction in patients with known tracheobronchomalacia
(15-17), and may not be consistent among younger patients
(18-20). The utility of exercise pulmonary function tests is
currently being evaluated.

Vascular rings
Double aortic arch

Double aortic arch represents between 31% and 58%
of complete vascular rings (3,21-23). The two arches
pass to either side of the trachea and esophagus causing
compression (Figure 4). The right aortic arch is dominant
in 71% to 89% of patients, and between 1% and
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18% of patients are codominant. Through a muscle-
sparing thoracotomy on the side of the non-dominant
arch, the posterior aspect of the non-dominant arch is
circumferentially mobilized. Prior to ligation and division,
the diminutive arch may be test clamped in order to assess
the adequacy of the remaining arch by measuring upper and
lower extremity blood pressures. A short segment of the
non-dominant aortic arch may be resected flush with both
the subclavian artery and the descending thoracic aorta in
order to avoid the development of compressive symptoms
related to aneurysmal dilation of a residual stump, and
each side is oversewn. A left ligamentum arteriosum is
typically ligated and divided if the left arch is divided.
In a patient with a left dominant aortic arch, the non-
dominant right aortic arch is approached through a right
thoracotomy, we do not routinely attempt to ligate and
divide a left ligamentum arteriosum as division of the right
arch completely relieves the ring. An additional concern,
discussed below, relates to the position of the descending
thoracic aorta.

Right aortic arch aberrant left subclavian artery

Right aortic arch occurs in approximately 0.1% of the
general population but may occur in up to 34-36% of
patients with congenital heart disease, most prominently
truncus arteriosus and tetralogy of Fallot (24-26). The
proportion of patients with right aortic arch and aberrant
left subclavian ranges from 14.1% to 66%. In the majority of
these patients (50% to 90%), there is a left-sided ligamentum
arteriosum forming a true vascular ring (Figure 5)
(27-30). This arrangement constitutes between 51% and
63% of vascular ring cases (3,21-23). One approach has been
to simply divide the ligamentum arteriosum (31). We do
not recommend this approach as scar tissue may form in the
area of the divided ligamentum, and ongoing compression
may be present from the aberrant subclavian artery. We have
noted this to be a frequent reason patients are referred to
our facility with persistent symptoms following vascular ring
repair.

Patients with right aortic arch and aberrant left
subclavian are approached via posterolateral left-sided
muscle-sparing thoracotomy. After mobilizing the left
subclavian artery, the ligamentum arteriosum is identified
and divided. The esophagus is mobilized, and the fibrous
bands causing constriction of the esophagus are divided.
The base of the left subclavian is clamped aggressively in
order to transect the vessel flush with the aorta. Otherwise,
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Figure 4 Double aortic arch with left ligamentum arteriosum. Figure 5 Right aortic arch with aberrant left subclavian and left

Used with permission from the Boston Children’s Hospital CICU ligamentum arteriosum. Used with permission from the Boston

image library. CICU, Cardiac Intensive Care Unit. Children’s Hospital CICU image library. CICU, Cardiac Intensive
Care Unit.
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there is a risk of a residual stump and symptom recurrence
(32,33). Subclavian-to-carotid transposition is performed.
Depending on the position of the descending thoracic
aorta, additional descending aortopexy may be indicated to
distract the aorta away from the esophagus or airway (34,35).

Despite the initial enthusiasm for video assisted
thoracoscopic approaches reported by Burke ez 4/. from our
institution (36), this approach is no longer routine (5). The
ability to completely resect the diverticulum of Kommerell
and also to perform vascular reconstruction is limited via
a videoscopic approach. Moreover, adjunctive procedures
such as aortopexy and tracheopexy may be challenging.

Notably, between 33% and 85% of patients with a right
aortic arch will have mirror image branching (27-30). In
the majority of these patients, a vascular ring does not exist.
Rarely, there may be a ductus arteriosus connecting the left
pulmonary artery to the descending thoracic aorta creating
a vascular ring (37-40).

Aerodigestive compression syndromes, including
incomplete vascular rings

Innominate artery compression syndrome and narrow
sterno-cervical spine distance

The innominate artery passes anterior to the trachea.
Among patients under 3 years of age, up to 44% of infants
will have flattening of the airway by either lateral chest X-ray
or computed tomography with an anteroposterior diameter
that is less than the transverse diameter in 88% of patients
(41,42). As patients age, the origin of the innominate artery
translates rightward, and the anteroposterior diameter
of the trachea is greater than or equal to the transverse
diameter in 55% of patients older than 20 years. Despite the
frequency of tracheal deformation, surgery is unnecessary in
the vast majority of cases (43).

Innominate arteriopexy was first performed through
a left anterolateral thoracotomy with reported complete
resolution of the respiratory symptoms (44). Contemporary
reports of innominate arteriopexy have reported complete
response in approximately 62% and partial response in
the remainder (45). In scenarios with significant tracheal
compression, direct anterior tracheopexy in addition to
aortopexy or innominate arteriopexy may be necessary (46).
Innominate artery reimplantation on the distal ascending
aorta is an alternative with reported complete response up
to 86-93% (47-49).

A related phenomenon manifests in a subset of patients
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with chest wall or spine deformities with or without
neuromuscular or neurological disorders, e.g., spastic
cerebral palsy and straight back syndrome, in which the
sternum to anterior cervical spine distance is reduced at
the level of the thoracic inlet. Among these patients, either
the sternum itself or the innominate artery may cause
deformation of the trachea (50-54). This close relationship
between the innominate artery and trachea is such that
among patients with a sternum to anterior cervical spine
distance of <2 cm, there appears to be an increased risk
of tracheoinnominate fistula in patients who undergo a
tracheostomy (55,56). Our group has proposed a metric that
accounts for the patient’s body size and is termed the thoracic
inlet index, similar to the Haller index (thoracic inlet index
= width of first ribs/narrowest anteroposterior measurement
from the center of the manubrium to the spine).

Maneuvers to address this deformity may include splitting
and distracting the manubrium (54), expansion sternoplasty,
rib grafting, manubrial resection, or methylmethacrylate
sternal expansion with or without innominate artery
reimplantation (50), and—in patients with hyperlordosis or
opisthotonus—posterior spinal fusion (53). The approach
at Boston Children’s Hospital has included a combination
of orthopedic surgery, plastic surgery, general surgery, and
cardiac surgery to perform sternal expansion with either
rib autograft or iliac crest homograft, innominate artery
reimplantation, tracheopexy, and pectoralis advancement

flap (Figure 6).

Dysphagia lusoria (left aortic arch with aberrant right
subclavian artery)

In 1787, David Bayford reported on the case of a woman
who experienced severe dysphagia. At autopsy, he identified
a left aortic arch and aberrant right subclavian causing
“obstruction in deglutition” (57). He termed this dysphagia
lusoria. Though this entity is typically associated with
solid food dysphagia, we have noticed in young children
that dysphagia with liquids and associated coughing or
choking may be a common presentation. The left aortic
arch and aberrant right subclavian artery may be termed
an incomplete vascular ring as a right-sided ligamentum
arteriosum, forming a true ring, is rare (58-61). Despite
knowledge of this anatomical obstruction, the first repair
of aberrant right subclavian artery was not performed
until 1945 (62). During this operation, the subclavian
artery was ligated proximal to the vertebral artery without
reimplantation. Ligation and division of the subclavian
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Figure 6 Sternal reconstruction with iliac allograft for thoracic insufficiency syndrome.

artery without reimplantation is generally not recommended
given the potential for subclavian steal syndrome, ischemic
symptoms, or limb length discrepancy (63-67).

The approach to address the aberrant right subclavian
artery mirrors the approach to aberrant left subclavian
artery. Through a right posterolateral muscle-sparing
thoracotomy, the aberrant subclavian artery and the
esophagus are mobilized. The thoracic duct will frequently
travel close to the takeoff of the aberrant subclavian
artery, and great care must be taken to avoid injuring this
structure. Subclavian-to-carotid transposition is performed,
and intraoperative bronchoscopy is performed to determine
whether aortopexy or tracheopexy is necessary.

In the adult literature, the hybrid approach is increasingly
being employed to address symptomatic aberrant subclavian
artery with or without a diverticulum of Kommerell.
With the hybrid approach, a carotid-to-subclavian bypass
is performed, and the subclavian artery proximal to the
vertebral artery is then ligated. The diverticulum is then
excluded with a thoracic endograft. Outcomes with the
hybrid approach have been reported to be similar to open
surgical repair with respect to both symptomatic relief
and periprocedural mortality (8,68,69). An important
consideration remains the increased late hazard for
mortality and reintervention with thoracic endovascular
aortic repair compared with open surgical repair for
patients with descending thoracic aortic pathology (70).
As such, while a hybrid approach may offer advantages
over open surgery in older patients, hybrid approaches are
best restricted to children who are deemed poor surgical
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candidates (71,72).

Midline descending aorta, bairpin aorta, and circumflex
aorta

The aorta normally passes leftward of the trachea and
continues as the descending thoracic aorta left of the spine.
When the descending thoracic aorta is midline and directly
anterior to the spine, there may be posterior intrusion into
the carina or left mainstem bronchus and also compression
of the esophagus (73,74). In patients with a hairpin aorta,
the ascending and descending thoracic aorta are in close
proximity forming a hairpin and causing the intervening
structures to be compressed, this is often in the setting of
a right arch with right descending aorta resulting in right
mainstem bronchial compression but may also occur with
left arch and left descending aorta resulting in left mainstem
bronchial compression (75-77). When the descending
thoracic aorta is on the opposite side of the aortic arch with
a retroesophageal aortic segment, it is termed a circumflex
aorta (28). Notably, this phenomenon may also arise in the
setting of double aortic arch with a dominant right arch but
a left-sided descending thoracic aorta. Division of the non-
dominant left arch creates a circumflex aorta arrangement
with the potential for ongoing compression of the trachea
and esophagus despite relief of the vascular ring.

This class of aortic arch anomalies requires a thorough
review of axial imaging. At Boston Children’s Hospital,
the use of 3-dimensional segmentation software (Mimics,
Materialise NV, Leuven, Belgium) is a critical part of
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Figure 7 Three-dimensional segmentation using Mimics
(Materialise NV, Leuven, Belgium) allows for detailed preoperative
planning. Here, the aortic arch was reconstructed by implanting
the descending thoracic aorta into the proximal arch thus limiting
the space underneath the aortic arch. The left main stem bronchus

is severely compressed.

the operative planning process (Figure 7). Additionally,
given the potential risk for paraplegia with mobilization
of the descending thoracic aorta, computed tomographic
angiography is routinely used to identify the artery of
Adamkiewicz, as discussed below.

For patients with midline descending thoracic aorta
or hairpin aorta with tracheobronchial compression,
descending aortic translocation may be performed
(74,78,79). Following median sternotomy, the aortic arch is
cannulated along with a single right atrial venous cannula;
the patient is then cooled to 28 degrees. The distal arch is
transected between clamps beyond the subclavian artery, and
the proximal end is oversewn while the head and heart are
perfused by the aortic cannula. The distal end is then passed
underneath the carina and beneath the right pulmonary
artery. The superior-most intercostal arteries may need to
be ligated and divided to achieve this degree of mobility. A
distal perfusion cannula may be inserted into the descending
aorta to provide temporary perfusion to the lower body.
The heart is then arrested with antegrade cardioplegia,
and a transverse aortotomy is made above the sinotubular
junction. Through the aortotomy, a longitudinal incision
is made in the posterior ascending aorta paying close
attention to the position of the left main coronary artery.
An end-to-side anastomosis is then constructed between
the descending thoracic aorta and the posterior ascending
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aorta. One risk of relocating the descending thoracic aorta
under the right pulmonary artery is right pulmonary artery
compression and stenosis. This has happened in one case
at Boston Children’s Hospital, and the pulmonary artery
was subsequently stented with complete resolution. Due
to concerns regarding airway compression, a balloon was
provisionally expanded in the right pulmonary artery while
bronchoscopy was performed, a technique that has been
described by O’Byrne ez 4l. (80).

The aortic uncrossing procedure for circumflex
aorta was first reported by Planché in 1984 (81,82), and
since then several case series and case reports have been
published (40,75,83-89). The approach is similar to that of
the descending aortic translocation. However, due to the
site of aortic reconstruction, we routinely cannulate the
innominate artery for use of selective antegrade cerebral
perfusion during the reconstruction rather than employing
deep hypothermic circulatory arrest (84), which has
been favored by others (75,83). The primary difference
between the two operations is that the aorta is brought
to the opposite side of the trachea rather than under it.
For a patient with right aortic arch and left descending
aorta, this results in a left aortic arch. After performing an
aortotomy at the level of the distal ascending, the backwall
of the aorta is reconstructed. The front wall often requires
reconstruction with patch material, which may consist of
thick patch pulmonary homograft, bovine pericardium,
Dacron, or autologous pericardium.

Other efforts to address circumflex aorta have included
ascending-to-descending bypass with ligation of the distal
arch (77,90-93), aggressive aortopexy (94), and carotid-to-
descending bypass (95). While these approaches may be
adequate in adults, this strategy is not optimal for younger
patient for whom there is the need to account for somatic
growth.

A major challenge for patients with aortic anomalies
resulting in tracheobronchial compression is that the true
denominator of patients with each anomaly, i.e., circumflex
aorta, hairpin aorta, or midline descending thoracic aorta,
is not known. In patients with severe airway and esophageal
symptoms or with recurrent symptoms following prior vascular
ring repair, we have taken an aggressive approach of offering
aortic reconstruction. For first-time patients with primarily
swallowing difficulty, our approach has been less aggressive.

Aneurysms causing central airway compression

Aneurysmal dilatation of either the aorta or pulmonary
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artery may lead to central airway compression. In older
patients with aortic arch aneurysms causing bronchial
compression, total arch replacement is the standard
practice. Pulmonary artery aneurysms may occur in patients
with tetralogy of Fallot with absent pulmonary valve (96-99),
patients with chronic pulmonary overcirculation or
hypertension (100), or in connective tissue disorders (101).
While techniques of pulmonary artery reduction plasty with
Lecompte maneuver have been described for tetralogy of
Fallot with absent pulmonary valve (98,102), our approach
has been to resect a short segment of ascending aorta,
perform a Lecompte maneuver, and completely replace
both branch pulmonary arteries with dilatable exGraft
(PECALabs, Pittsburgh, PA, USA) (103). Given the
abnormal nature of the pulmonary arteries, there is the
potential for subsequent aneurysmal degeneration if this
tissue is left in place (104). Techniques for addressing the
airway in these patients include anterior tracheopexy and
tracheobronchial splinting.

Reoperation on vascular rings

Freedom from reoperation following vascular ring repair
has been reported to be 86% to 90% at 10 to 20 years
(5,23,105), though these reoperation rates may be
underestimated as 74% (20/27) of reoperative vascular
ring patients undergoing surgery at Boston Children’s
Hospital were referred from outside facilities. The
principle mechanisms of failure can be broadly categorized
into ongoing vascular compression, development of
constricting scar tissue reforming the vascular ring,
tracheobronchomalacia (32,33), or a combination. Axial
imaging with 3-dimensional reconstruction, 3-phase
dynamic bronchoscopy, and esophagram are essential
elements to the preoperative evaluation of these patients.

Ongoing vascular compression may be related to an
aberrant subclavian artery if the prior operation was merely
division of the ligamentum arteriosum to relieve the vascular
ring. For these patients, reoperation with subclavian-to-
carotid transposition is standard. Among patients for whom
the subclavian was transposed to the carotid, failure to
resect the subclavian flush with the aorta may result in a
residual diverticulum of Kommerell. For these patients,
mobilization of the aorta to re-resect the diverticulum of
Kommerell is necessary. Failure to recognize a circumflex
aorta or midline descending thoracic aorta at the initial
operation may result in residual symptoms, and aortic
reconstruction may be necessary.

© Translational Pediatrics. All rights reserved.
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Development of scar tissue where previously a
ligamentum arteriosum or accessory aortic arch has been
divided may result in reformation of the previously repaired
vascular ring, and this often is apparent on esophagram. At
the time of reoperation, dividing these adhesions and the
accompanying fibrous bands on the esophagus along with
more aggressive mobilization of the esophagus to allow it to
rotate into the chest is our typical approach.

Finally, the infrequent application of tracheobronchopexy
at the time of vascular ring operation appears to be a
distinct mechanism of failure. Historically, patients with
known tracheomalacia have been expected to “grow out
of it”. In order to avoid these reoperations, our approach
at the initial operation has evolved to include liberal use
of tracheobronchopexy under bronchoscopic guidance
for patients with tracheobronchomalacia and significant
respiratory symptoms. Preoperative and intraoperative
bronchoscopy is essential to distinguish between static airway
compression from the vascular ring that may improve with
vascular ring release and the presence of dynamic airway
collapse or tracheobronchomalacia that may require additional
tracheobronchopexy. Our goal is to achieve an almost normal
appearing airway at the end of the operation. In order to
achieve this, we will often employ the Munoz maneuver
(negative suction test) intraoperatively in order to assess the
effect of dynamic collapse following tracheobronchopexy.
The Munoz maneuver involves applying up to 50 cmH,O of
suction to the endotracheal tube while disconnected from the
ventilator and observing for airway collapse bronchoscopically.
In patients for whom there is greater than 50% collapse,
additional airway work is required.

Bronchial compression following cardiac
surgery

Airway compression arising as a complication of
cardiac surgery has been reported following aortic arch
reconstruction, arterial switch operation, and pulmonary
artery stenting (75,106-115). Following aortic arch
reconstruction, factors contributing to left main stem
bronchial compression may include use of an overly large
patch or direct implantation of the descending aorta on the
distal ascending aorta without use of a patch. In the arterial
switch operation, with or without arch reconstruction,
the Lecompte maneuver necessarily forces the aorta
to perform a hairpin turn from the ascending to the
descending thoracic aorta. This may cause the left main
stem bronchus to be squeezed between the ascending and
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descending thoracic aorta especially if there is subsequent
aneurysmal dilatation of the neo-aortic root. Finally, in
patients for whom the pulmonary arteries require stent
placement due to stenosis or hypoplasia, the airway may
become compressed between the stented pulmonary artery
and the aorta. This has been reported in patients with
truncus interrupted aortic arch (112,114), following Rastelli
procedure (115), following unifocalization for tetralogy of
Fallot with pulmonary atresia and major aortopulmonary
collaterals (98), and single ventricle palliation requiring
left pulmonary artery stenting (113). In all of these cases,
patients will typically develop recurrent upper respiratory
tract infections, wheezing, stridor, or dyspnea on exertion.

Despite the difference in mechanism when compared
to patients with vascular rings or congenital airway
compression syndromes, the diagnostic workup typically
does not differ. Patients should undergo 3-phase
bronchoscopy in order to determine the location, severity,
and dynamic vs. static components of the compression.
Patients should further undergo computed tomographic
angiography in order to assess the vascular anatomy and
correlate the findings with the bronchoscopy. The issue in
these cases is usually that the space underneath the arch is
inadequate for both the branch pulmonary artery and the
mainstem bronchus. Aortopexy is not adequate given that
posterior distraction of the aorta fails to increase the space
underneath the arch.

In patients with an aneurysmal aortopulmonary
amalgamation following single ventricle palliation, truncal
root, or neo-aortic root following arterial switch operation,
aortic root reduction is performed either with valve sparing
aortic root replacement or aortic root and ascending
aortoplasty (116-119). This in combination with either
ascending aortic elongation or elongation of the proximal
arch may substantially increase the space underneath the
aortic arch relieving the compressive phenomenon (120).

A subset of older patients may benefit from descending
aortic elongation using either Dacron or exGraft in order to
increase the amount of space underneath the aortic arch (111).
We tend not to favor descending aortic elongation in infants
and young children, because implanting a graft of fixed size
does not allow for subsequent growth potential. A theoretical
benefit of the exGraft is the subsequent opportunity to dilate
the graft in the catheterization laboratory.

For patients who have undergone pulmonary artery
stenting with subsequent compression of the bronchus,
reconstruction of the pulmonary artery with removal of
most if not all of the stent is often helpful. The addition
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of a Lecompte maneuver may also be of benefit to free
up space underneath the arch. Alternatively, in patients
who have undergone single ventricle palliation, rerouting
the left pulmonary artery to the innominate vein is a
technique that has been described to achieve the same
effect (121).

Management of the airway

Despite relief from compressing vessels, between 15%
and 80% of patients with tracheobronchomalacia and
tracheobronchial compression may continue to experience
persistent postoperative residual respiratory symptoms of
varying degrees (3,122). This may be related to the overall
tendency not to perform concomitant tracheal surgery at
the time of vascular ring division leaving the underlying
tracheobronchomalacia unrepaired (3,21,23,45,105,122).
Drawing from the esophageal atresia experience in which
tracheomalacia is frequent (123-125), our group has liberally
incorporated tracheobronchopexy into our management
of patients with vascular rings and airway compression
syndromes.

Tracheobronchomalacia is an innate weakness of
the cartilaginous rings. This leads to widening of the
posterior membranous trachea. With exhalation, either the
cartilaginous aspect of the trachea or bronchus collapses
or the membranous trachea intrudes posteriorly (Figure §).
Even with relief of the vascular compression, the
abnormalities of the trachea remain.

Tracheobronchopexy

The goal of posterior tracheobronchopexy is to fix the
membranous trachea in place. After mobilizing the
esophagus, non-absorbable monofilament sutures are placed
as partial thickness bites into the membranous trachea.
Depending on the proximity of the membranous trachea
to the spine, a strut consisting of bovine pericardium or
autologous pericardium may be necessary in order to avoid
excessive tension on the membranous trachea (126,127).
These sutures are tied under bronchoscopic guidance in
order to ensure appropriate placement and tension.

An alternative to posterior tracheobronchopexy is
anterior tracheobronchopexy (46). For anterior tracheopexy
or mainstem bronchopexy, the strut is placed on the
anterior surface of the airway. At the end of the case, the
strut is brought through the sternal halves as they are
reapproximated and then tensioned and secured under
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Figure 8 As the tracheobronchial cartilages weaken, the posterior
membrane widens allowing for more dynamic collapse of the
airway. Used with permission from the Boston Children’s Hospital
CICU image library. CICU, Cardiac Intensive Care Unit.

bronchoscopic guidance. For more distal struts on the
mainstem bronchus, it is possible to raise a pectoralis flap
in order to bring the strut lateral to the sternum to be
secured to a rib. In either case, it is critical to avoid setting
the tension of the strut until the end of the case with the
sternum almost approximated; otherwise the geometry will

change as the chest is closed.

Tracheobronchial splinting

Anterior and posterior tracheobronchopexy is most useful
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for patients with malacia resulting in anteroposterior
collapse of the cartilages or excessive intrusion of the
posterior membrane. However, a subset of patients will
have either a “saber sheath” deformity, in which the
anteroposterior dimension is greater than normal and
there is lateral collapse (128,129), or circumferential
tracheobronchomalacia, in which the there is a combination
of both anteroposterior and lateral wall collapse
(129,130). In these patients, neither anterior nor posterior
tracheobronchopexy supports the airway adequately to
prevent collapse. External splinting serves to address this by
providing rigid support. Non-resorbable materials that have
been used include Marlex mesh (131,132), a dental bar (133),
and ringed polytetrafluoroethylene prosthesis (134). The
use of non-resorbable materials introduces a theoretical risk
for infection and erosion; additionally the non-resorbable
prostheses do not allow for growth.

More recently, bioresorbable splints have been used
to support the airway. Multiple groups have reported the
use of 3-dimensional printing to create bioresorbable
splints with good results (135-138). One challenge with
3-dimensional printing is the time-intensive production
process. Our group prefers to use a bioresorbable plate,
Rapidsorb (DePuy Synthes, West Chester, PA, USA), that
easily deforms when heated in a hot water bath (79,111,139).
This allows us to rapidly produce new splints and change
the shape of the splints as necessary based on intraoperative
bronchoscopy in order to achieve the optimal result.

Pulmonary artery sling and complete tracheal
rings

Pulmonary artery slings occur when the left pulmonary
artery arises from the right pulmonary artery and passes
behind the trachea (Figure 9). Though not strictly a
vascular ring or vascular-related aerodigestive compression
syndrome, this lesion requires a similar diagnostic workup
given the association with complete tracheal rings. Patients
will have a transthoracic echocardiogram, computed
tomographic angiography to assess both the vascular
anatomy and the airway, and rigid bronchoscopy to confirm
the presence and length of complete tracheal rings. Several
techniques have been reported for reconstruction of the
trachea including resection and reconstruction (140),
pericardial tracheoplasty (141,142), tracheal allograft
reconstruction (143-145), autologous tracheoplasty (146),
and slide tracheoplasty (147-153). Our preference is to
perform slide tracheoplasty on cardiopulmonary bypass
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Figure 9 Pulmonary artery sling. The left pulmonary artery
originates from the right pulmonary artery and passes posterior
to the trachea. Used with permission from the Boston Children’s
Hospital CICU image library. CICU, Cardiac Intensive Care Unit.

with reimplantation of the left pulmonary artery. In order
to reduce tension on the left pulmonary artery, we routinely
create a flap of main pulmonary artery to form the back
wall and reconstruct the anterior wall of the vessel with thin
patch pulmonary homograft.

Complications
Chylothorax

The thoracic duct is highly variable and may consist of
a single thoracic duct, two distinct trunks, or a plexus of
lymphatics (154,155). Injury to the thoracic duct may
result in high volume milky chest tube output after starting
a diet. Pleural triglyceride >110 is highly suggestive of
chylothorax (156,157).

Patients are typically placed on a low-fat diet with
medium chain triglyceride supplementation and observed.
Alternatively, patients who are breastfed may receive
fortified skimmed breast milk (158). Failure of a low-fat diet
necessitates a trial of il per os with total parenteral nutrition.
In the majority of cases, this is adequate (159,160). However,
in a subset of patients who continue to experience large
volume drainage, additional medical therapies may include
treatment with corticosteroids (161), propranolol (162), or
octreotide (163,164). Lymphangiography with thoracic duct
embolization has successfully been employed (165,166), and
mass ligation may be necessary in some cases (167). Upper
extremity venous thrombosis, e.g., innominate or internal
jugular vein, is a separate distinct cause for chylothorax.
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When this is the etiology of chylothorax, there is significant
risk for failure of thoracic duct ligation (168).

Vocal cord paresis

In typical anatomy, the right recurrent laryngeal nerve
branches off the vagus and wraps underneath the right
subclavian artery before ascending in the tracheoesophageal
groove to insert into the larynx. The left recurrent laryngeal
nerve comes off the vagus nerve to pass underneath the
aortic arch and posterior to the ductus arteriosus and then
ascends the posterior aspect of the arch. In the setting of
an aberrant right subclavian artery, patients will often have
a non-recurrent right laryngeal nerve that has a direct
course into the larynx. However, with an aberrant left
subclavian artery, the left nerve will still wrap around the
left sided ductal ligament. With double aortic arch, each
nerve will wrap around the respective arch. Injury to the
recurrent laryngeal nerve results in vocal cord palsy, which
contributes to aspiration, clinically apparent dysphagia, and
need for enteral feeding supplementation with a nasoenteric
or gastrostomy tube (167,169).

During vascular ring repair, the risk for recurrent
laryngeal nerve injury is approximately 4.5% to 8%
(4,105,170), with a higher incidence—up to 19%—seen
in reoperative vascular ring repair (33). Moreover, the
incidence of vocal cord dysfunction has been reported
as high as 48% to 59% in neonates after aortic arch
reconstruction (171,172), and 20% to 25% in adults after
total arch replacement (173,174). The incidence of vocal
cord dysfunction appears to be directly related to whether
screening is limited to symptomatic patients or if all patients
are universally screened (167). Given that many seemingly
asymptomatic patients may experience silent aspiration, it is
our practice to routinely screen all patients before and after
each operation. Our group also routinely uses intraoperative
recurrent laryngeal nerve monitoring.

Adjunctive techniques
Intraoperative recurrent laryngeal nerve monitoring

Given the high incidence and potential associated
morbidity, our programmatic approach has been to work
with the otorhinolaryngologists to perform routine
preoperative and postoperative vocal fold assessment.
Additionally, intraoperative use of recurrent laryngeal nerve
monitoring with either the Nerve Integrity Monitoring
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integrated electrode endotracheal tube, which is available
in sizes 5-9, or a custom constructed Dragonfly electrode
endotracheal tube, which is used for patients requiring an
endotracheal tube smaller than size 5, is routine (175,176).
This requires that patients not receive muscle relaxant until
after the majority of the dissection has been completed.
This technique is particularly useful in reoperative settings.

Esophageal mobilization

Between 43% and 50% of patients with vascular rings will
have esophageal symptoms (3-5). Dissection of the fibrous
bands to adequately mobilize the esophagus has always been
an important part of relieving the dysphagia symptoms for
patients with dysphagia lusoria (33,177,178). However,
mobilization of the esophagus also serves to relieve direct
vascular compression and also make space for posterior
tracheopexy. We routinely perform these operations as a
combined procedure with a pediatric general surgeon who
specializes in pediatric esophageal disease (BZ).

A distinct challenge in the current management of
this population of patients is determining an optimal
assessment of esophageal function both pre- and post-
operatively. While it is routine to perform esophagram
in the preoperative assessment, subsequent evaluation of
esophageal symptoms is not standardized. Whether this
is to take the form of repeat esophagram, radionuclide
motility study, or esophageal manometry is not certain and
is an area ripe for investigation.

Artery of Adamkiewicz

The artery of Adamkiewicz has long been thought to be the
primary blood supply to the anterior spinal cord between
T8 and the conus medullaris. For this reason, either
identification of the artery of Adamkiewicz with subsequent
reimplantation or empiric reimplantation of intercostal
vessels is routine at many centers when performing
descending and thoracoabdominal aortic aneurysm
repair (179-182). In the majority of cases, the artery of
Adamkiewicz arises from between T8 and T'12 (35,180,183),
though up to 7.5% of patients will have the artery of
Adamkiewicz identified at T7 or above (35). Additionally, in
a minority (10-15%) of patients the artery of Adamkiewicz
may not be identifiable (180,184). There is emerging
evidence that the blood supply of the spinal cord may not
be solely dependent on the artery of Adamkiewicz but on a
vast network of spinal cord collateral vessels, the largest of
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which is the artery of Adamkiewicz (185-187). Despite the
potential for some variance in vascular supply to the spinal
cord, it is important to note that paraplegia is perhaps the
most feared complication of any aortic operation. For this
reason, our approach is to attempt to identify the artery
of Adamkiewicz in patients who are undergoing complex
aortic reconstruction or for whom significant aortopexy is
expected.

Conclusions

Vascular rings and aerodigestive vascular-related
compression syndrome are highly variable with vascular,
airway, and esophageal elements contributing to an overall
complex picture. A standardized approach to diagnostic
evaluation allows for adequate operative planning.
Moreover, with the broad spectrum of disease, the surgeon
must have a variety of techniques available to address
each distinct feature. Due to the complexity of these
patients, a comprehensive approach requires coordination
among congenital heart surgeons, pediatric surgeons,
orthopedic surgeons, otorhinolaryngologists, plastic
surgeons, pulmonologists, cardiologists, gastroenterologists,
radiologists, and intensivists in addition to a dedicated
team of nurses, advanced practice practitioners, respiratory
therapists, speech and language pathologists, occupational
therapists, and physical therapists, is needed.
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