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Abstract: Congenital anomalies of the aortic arch include diverse subgroups of malformations that may be

clinically silent or may present with severe respiratory or esophageal symptoms especially when associated

with complete vascular rings. These anomalies may be isolated or may be associated with other congenital

heart diseases. Volume rendered computed tomography (CT) and magnetic resonance angiography (MRA)

help in preoperative surgical planning by providing information about the complex relationship of aortic arch

and its branches to the trachea and esophagus. Three dimensional capabilities of both computed tomography

angiography (CTA) and MRA are helpful in determining evidence of tracheal or esophageal compression or

other high-risk features in patients with a complete vascular ring.
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Introduction

Congenital aortic arch malformations present a large
spectrum of variations and anomalies that emanate from
disordered embryogenesis of branchial arches. These
aberrations are the result of either abnormal persistence
or involution of embryonic vascular segments. Clinically,
these malformations can be asymptomatic in terms of their
detection especially when imaging is being performed for
some other reasons. However, these can be symptomatic
in the form of difficulty in breathing or swallowing.
These malformations can be isolated or they may be
associated with other intracardiac and/or chromosomal
defects. Imaging plays a great role in the detection of these
anomalies and thus helps much in accurate preoperative
surgical decisions. The primary role of a radiologist is to
detect these abnormalities and, importantly, to look for

imaging features which indicate high risk of compression of
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the trachea and esophagus.

Historically, barium swallow study was the primary
mode of investigation to look for evidence of indentations
on the posterior wall of esophagus as seen on lateral
view. A negative esophagram may rule out the presence
of vascular ring. However, even if it is positive, this still
would not depict the type of vascular anomaly. The upper
gastrointestinal study also is relatively difficult to perform
in pediatric patients. All these factors led to the need of
invasive modalities like angiography for surgical planning.
Currently, non-invasive multidetector three-dimensional
(3D) CT and 3D MRA play a greater role in the detection
and characterization of these anomalies. These techniques
also provide a more detailed evaluation of the tracheo-
esophageal anatomy which is not delineated clearly by
the 2D imaging modalities like conventional radiography,
esophagram and angiography. However, an exact knowledge
of anatomy is essential to avoid unnecessary surgical
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complications.

In this review, we proceed to discuss various aortic arch
malformations along with their associated aberrations. We
also take stock of surgical parameters that influence various
management strategies. And most importantly, we discuss
how to properly approach a case with suspected aortic arch
pathology.

Various imaging modalities are available, and each has
its own merits and demerits. The use of conventional
modalities, including barium esophagram, have fallen
presently out of place because of acute difficulty in
performing them, especially in pediatric patients. Another
reason for not using them is that they are able to provide
2D information only. Catheter angiography, another 2D
technique, has also lost its charm due to the advent of other
non-invasive imaging modalities. Echocardiography is often
used as the first imaging modality, especially in pediatric
patients. However, it is operator-dependent, and as such,
is challenging in evaluation of complex arch anomalies.
Both computed tomography (CT) and magnetic resonance
imaging (MRA) are therefore indispensable for accurate
description of pre-surgical anatomy.

CT provides high spatial resolution evaluation of
vascular anomalies and can be reformatted in multiple
oblique planes to provide a complete assessment of the
tracheal and esophageal compression simultaneously.
With the availability of new generation scanners that
have advanced radiation dose reduction technologies, the
radiation dose has reduced dramatically. CT is usually
performed without use of gating which further reduces
the exposure. High pitch spiral mode can be used without
gating to drastically reduce cardiac pulsation artifacts (1).
This may favor its increasing use, especially in pediatric
patients, as CT may be performed without use of
anesthesia or breath-holding (2).

MRI is an excellent multiplanar imaging modality that
provides evaluation of aortic arch malformations without
radiation exposure. Black blood and bright blood—both
non-contrast—sequences as well as contrast enhanced
MRA can be employed and are cardiac gated to reduce
motion artifacts. Three dimensional capabilities provide
anatomic aortic arch relationships as well as the assessment
of tracheal compression. Unfortunately, MRI is generally
time consuming and it also requires general anesthesia in
infants and most of the young children (3,4). However, the
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availability of new techniques including compressed sensing,
3D ultra-shot echo time and 4D flow acquisition result
in a significant reduction of scan time. These techniques
make free breathing MRI highly feasible with little or no
requirement of sedation (5-7). 4D contrast-enhanced MRA
with k-space undersampling techniques such as keyhole
method results in shorter scan times and is more effective
in imaging pediatric patients with rapid heart rates (8). The
diagnostic quality is also acceptable with minimum motion
artifacts. The availability of these techniques is, however,
still very limited.

Recently there has been raised a concern regarding the
deposition of gadolinium based contrast agents on repeat
administration of gadolinium in deep gray matter of the
brain, predominantly the dentate nuclei and globus pallidus.
However, the clinical significance of this is still not clear
(9,10). As a result of this recent discovery, there has been
an increasing demand for non-contrast enhanced MRA
especially for the patients who require multiple follow up
studies. Unenhanced MRA including 3D ECG gated and
respiratory navigated balanced steady-state free precision
(SSFP) techniques obviate the need of contrast in these
patients and the image quality here is also more acceptable as
compared to contrast enhanced MRA (11-14). The patients
with renal failure may also benefit from unenhanced
MRA since they cannot receive gadolinium due to risk of
nephrogenic systemic fibrosis.

The decision to choose the imaging modality is primarily
based on the available facilities as well as the imaging teams’
expertise. The merits and demerits of various imaging
modalities are given in Table 1.

Embryology of aortic arch development and
anomalies

An exact understanding of the development of aortic arch
is essential in order to classify and interpret various aortic
arch malformations. The development of branchial arches
begins by the second week of gestation and continues till
the seventh week. There are six paired arches (numbered
cranial-caudally) that connect the paired dorsal and ventral
aorta. This model was originally described by Rathke as
represented in classical Rathke’s diagram (Figure I). All of
these arches are not present at the same time; rather, they
appear and undergo regression sequentially from cranial
to caudal direction. The first, second, and the fifth arches
involute. The remnants of the first and second arch form
maxillary and stapedial arteries respectively (15). The fifth
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Table 1 Merits and demerits of different diagnostic modalities
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Modality Advantages Disadvantages
Ultrasound Readily available, lack of ionizing radiation or need for Operator dependent, difficult to evaluate complex anomalies
intravascular contrast agents, ability to provide real given limited ability to generate 3D images, overlying bony
time information thorax often limits ability to view structures completely
Conventional High spatial resolution, ability to demonstrate complex  Invasive modality, need for iodinated contrast material, inability
angiography connections and provide real time information, ability to provide 3D information, information provided is limited to
to grade stenosis using pressure gradient information the lumen and one cannot evaluate associated anomalies
Computed Ability to rapidly generate volumetric images which Use of ionizing radiation, needs iodinated contrast material
tomographic can be viewed on multiple planes or processed into which may be contraindicated in renal insufficiency
angiography 3D images, high spatial resolution, available at most
centers, ability to provide extraluminal information
Magnetic Ability to provide multiplanar and 3D images, ability Expensive, limited availability, time consuming modality which
resonance to provide extraluminal information with excellent soft may limit use in sick patients or may warrant sedation, images
angiography tissue contrast, ability to provide information without can be degraded by respiratory motion and often requires

use of contrast material

patient’s cooperation, cannot be used in claustrophobic
patients or those with contraindications like metallic foreign
body, etc., non-contrast MRA may be degraded by artifacts
and often provides limited information
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Figure 1 Rathke’s diagram, schematic representation of the development of the aortic arch and branches. Definitive aortic arch is formed

from the fourth arch, while the pulmonary artery is formed from the anterior bud of the sixth arch. Parts of the third arch and anterior

segments of the branchial arches contribute to formation of left common, external and internal carotid arteries. Areas that are shown in red

persist where as those shown in grey eventually disappear.
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arch may rarely remain patent which explains the double
barrel aorta. The principal arches that form the aortic
branches are the third, fourth and the sixth. The third arch
forms common carotid and a segment of internal carotid
arteries while the fourth arch forms the definitive aortic
arch. The ventral portion of the sixth arch forms the distal
segments of pulmonary artery whereas the dorsal portion
of the arch forms the ductii arteriosus. The ventral aorta
forms truncus arteriosus which later divides into ascending
aorta and proximal segment of main pulmonary artery. The
paired dorsal aorta fuses to form a single trunk. The seventh
intersegmental artery (branch of dorsal aorta) forms a part
of the subclavian arteries (16).

In order to classify and understand the morphology of
various subtypes of aortic arch anomalies and variants, it is
important to understand another model that was proposed
by Edwards. He proposed a hypothetical developmental
model that consisted of paired aortic arches on either side,
paired bilateral ductus arteriosus and a single dorsal aorta.
The carotid and subclavian vessels here arise from the aortic
arch. The carotid vessels are anteriorly located where as the
subclavian arteries are posteriorly located.

Normal left aortic arch is formed by the regression of the
right aortic arch, right sided ductus and right dorsal aorta.
The proximal portion of right dorsal aorta forms part of
right subclavian artery. The left dorsal aorta forms the distal
aortic arch and the descending thoracic aorta (17,18).

The various anomalies in aortic arch can be explained
by the pattern of breaks at different levels in the Edwards’
double aortic arch model. Abnormal persistence or
regression of various segments leads to several types of
malformations.

Aortic arch variations and anomalies
Classification

The prevalence of aortic arch malformations varies between
1-2% among the general population (19). There are several
ways to classify these malformations which are based
either on anatomical features like arch sidedness, course
and location of arch, interruption, persistent fifth arch
or on the functional outcome of features like respiratory
compromise or esophageal dysfunction (20). Some authors
have also classified these malformations as obstructive or
non-obstructive aortic arch anomalies with observations
that obstructive anomalies are more common in pediatric
populations (21). Most of these can be explained by Edwards’s
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hypothetical double arch system as explained before (22).

In this review we will follow an imaging approach
that helps in defining the type of abnormality and also in
identifying the salient high-risk imaging features which may
result in respiratory distress or dysphagia. We would also
emphasize on the close mimickers of these anomalies and
find out ways to differentiate them.

Arch sidedness and branching pattern

The imaging report should begin with a description of
the arch sidedness. It is described on the basis of right
or left location of the aortic arch with respect to trachea
and its course in relation to the main bronchus. In the
normal branching pattern, the first branch (innominate or
brachiocephalic artery) usually travels to the side opposite
to that of the aortic arch. There are, of course, a few
exceptions like the retroesophageal innominate artery that
instead of being the first arises as the last branch from the
aortic arch. In some patients, the origin of both carotid
arteries may be close to each other, and thus making it
difficult to determine about the first branch (21).

Left aortic arch

Left aortic arch lies on the left of trachea and courses over
the left main bronchus. The structures that involute in
the formation of normal left arch include distal segment
of the right fourth branchial arch lying between the right
subclavian artery and the descending thoracic aorta, right
sided dorsal aorta distal to the seventh intersegmental artery
origin and the right sided ductus arteriosus. The persistence
of left fourth branchial arch forms the definitive aortic
arch (18). The ductus remains patent on the left side and
connects the aorta distal to the left subclavian artery origin
to the proximal left pulmonary artery. The descending aorta
is usually on the same side as is the aortic arch, and it is due
to the persistence of ipsilateral dorsal aorta (23). The exact
mechanism of the predominant sidedness of the arch is still
unknown.

Normal left aortic arch branching pattern

In the normal branching pattern, the first branch is the right
innominate artery followed by the left common carotid
and finally the left subclavian artery (Figures 2,3). The right
brachiocephalic (or the innominate) artery further divides
into right common carotid and right subclavian arteries (16).
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Normal variations in aortic arch branching
pattern

Bovine arch-A mistaken identity

The most common left aortic arch branching variation

Right common
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Figure 2 Schematic representation of the normal branching
pattern of the left aortic arch. The first branch is right innominate
artery giving rise to right common carotid and right subclavian
artery, followed by the left common carotid and left subclavian
artery. Ductus is usually on the left side persisting as ligamentum

arteriosus.
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is often incorrectly labeled as the bovine aortic arch.
The reported incidence varies in between 10-20% of
the population. The bovine arch seen in cattle has the
origin of all three branches from a single trunk. However,
in the normal variation, the left common carotid
artery either shares generally a common origin or, less
commonly, arises directly from the right innominate artery
(Figure 4). The left subclavian artery arises separately from
the arch (24). Initially thought to be a normal anatomic
variant, the bovine aortic arch has recently been linked with
the development of thoracic aneurysms with, of course,
an increased risk of torsion and deceleration injuries. This
risk is due to the presence of only two fixation points in
place of usual three points (25,26). This anomaly is no
longer considered a clinically insignificant variant since it is
associated with a high incidence of thoracic aortic disease
and its presentation comparatively in a younger age (27).

Vertebral artery origin variations

The other often encountered variation is the origin of
left vertebral artery directly from the aortic arch with a
prevalence of 2.4-5.8% in autopsy series (28) (Figure 5).
However, the aberrant origin of right vertebral artery
is more rare (29). There may also be fenestration or
duplication of vertebral artery origins. These variations
may have no clinical significance, but they should
be documented as they may have certain surgical

implications (30).

Figure 3 Left aortic arch with normal branching pattern: a 54-year-old male with acute chest pain, CTA to rule out dissection. Coronal

CTA maximum intensity projection (MIP) (A) and 3D (B) images show a left aortic arch with (a) normal branching pattern. Note

brachiocephalic artery (b), common carotid arteries (c) and subclavian arteries (s).
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Figure 4 Common origin of brachiocephalic trunk and left
common carotid artery: a 65-year-old male on follow up for known
ascending aortic aneurysm. Oblique MIP CTA shows common
origin of brachiocephalic trunk (B) and left common carotid artery
(C) from a left aortic arch (A). Note left subclavian artery (S).

Figure 5 Direct origin of the left vertebral artery from the aortic
arch: CTA to evaluate aortic dilatation seen on chest radiograph in
a 69-year-old female with chest pain. Oblique sagittal CTA MIP
image shows direct origin of the left vertebral artery (arrow) from
the aortic arch (A). Note left subclavian artery (S) and bilateral

common carotid arteries (C).

Left aortic arch with abervant right subclavian artery (ARSA)

ARSA is the most common anomaly associated with left
aortic arch and is predominant in females (31). This
anomaly results from involution of right arch between
the right subclavian and the right common carotid artery
along with regression of the right ductus arteriosus. The
proximal segment of the ARSA arises from the distal
right dorsal aorta instead of arising from the right fourth
arch and follows a retroesophageal course (32). This
anomaly does not result in complete vascular ring as there
is nothing on the right side of trachea. However, it may
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Figure 6 Aberrant right subclavian artery with diverticulum of
Kommerell: a 51-year-old male with recurrent strokes, CTA to
evaluate aortic arch and its branches. Axial CTA shows aberrant
origin of the right subclavian artery (S) with dilatation at its origin,
called diverticulum of Kommerell. The aortic arch (A) and both

common carotid arteries (C) are visualized.

result in a syndrome called “dysphagia lusoria”, that is,
esophageal compression, and it happens due to an aberrant
retroesophageal course. The most common course of
the aberrant vessel is retroesophageal. However, it may
course between trachea and esophagus or even anterior
to the trachea (33). It may also be associated with other
congenital anomalies including patent ductus arteriosus
(PDA), ventricular septal defect or coarctation of aorta.
The association between the aberrant subclavian artery and
the bicarotid trunk (common origin of the both common
carotid arteries) is more symptomatic than the aberrant
course alone (34). The salient feature to document is the
presence or absence of diverticulum of Kommerell. The
presence of diverticulum is a high-risk feature especially
if ectatic or aneurysmal. The anomaly does not require
an intervention as it is usually an incidental finding and is
asymptomatic as well. In patients without diverticulum the
ductus is usually ipsilateral to the arch thus no formation of
a vascular ring.

ARSA with diverticulum of Kommerell

The retroesophageal diverticulum arises because of
the persistence of segment of the right sixth arch
(Figure 6). When the aberrant subclavian artery arises from
the Kommerell diverticulum, the ductus completing the
vascular ring is usually on the opposite side of the arch (35).
In patients with aneurysm of the diverticulum of
Kommerell, it may be surgically resected.

Cardiovasc Diagn Ther 2018;8(Suppl 1):526-S44
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Left aortic arch with isolation of subclavian artery

In this rare anomaly, the subclavian artery has no connection
with the aortic arch. This unusual malformation is the result
of some involution in right arch at two levels: one is between
the left subclavian and the left common carotid artery, and
the other is distal to the right ductus and right subclavian
artery. The subclavian artery is reconstituted from either the
vertebral artery or the ductus arteriosus (36). This should
not be confused with an interrupted aortic arch (IAA) in
which discontinuity is actually of the descending aorta itself.
This anomaly may be associated with some other congenital
cardiovascular diseases, such as PDA, tetralogy of Fallot or
chromosomal aberrations in the nature of 22q11 deletion
syndrome which has been described in syndromic anomalies
like CHARGE (coloboma, heart anomalies, choanal atresia,
retardation of growth and development, and genital and
ear anomalies) syndrome (37,38). This anomaly does not
constitute a vascular ring. Clinically, these patients are
asymptomatic though sometimes may have features of left
upper limb ischemic pain (39). If symptomatic, management
involves division and reanastomosis of the subclavian artery
to the carotid artery.

Left circumflex aorta

In normal circumstances, the dorsal aorta persists on the
side of aortic arch. However, left circumflex aorta is a rare
variation which consists of left aortic arch and the right
sided descending aorta. In this anomaly the aortic arch itself
courses behind esophagus. The vascular ring is completed
by a segment of aortic arch on the left side along with a
retroesophageal segment of aortic arch, ductus arteriosus on
the right, and pulmonary artery on the anterior aspect (40).
The embryological basis of this pathology is regression of the
right fourth branchial arch between right common carotid
and right subclavian artery along with persistence of the right
ductus arteriosus and right dorsal aorta. However, if there
is a left sided ductus, the vascular ring remains incomplete.
The left aortic arch with circumflex aorta may result in
severe tracheobronchial compression leading to respiratory
compromise, especially in the pediatric patients, necessitating
surgery (41). In such patients, compression may be relieved
by division of the ductus or ligamentum arteriosum.

Right aortic arch (RAA)

Right sided aortic arch is a rare aortic anomaly with a
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reported incidence of 0.1% (42). There are three main
subtypes based on Edward’s model: type I—RAA with
mirror image branching; type II—RAA with aberrant
left subclavian artery; and type III—RAA with isolated
subclavian artery. Type II is the most common subtype (43).
Other rare subtypes include RAA with isolation of
innominate artery and right circumflex aorta.

Type I—RAA with mirror image branching

RAA with mirror image branching is the result of regression
of the left fourth branchial arch between left ductus and
dorsal aorta. The branching pattern is exactly opposite of
the left aortic arch with normal branching pattern.

Here the first branch is the left brachiocephalic artery
followed by the right common carotid and finally the
right subclavian artery (Figure 7). Usually there is a
left ductus arising from left brachiocephalic artery and
coursing anteriorly with no evidence of tracheo-esophageal
compression (17). Sometimes, however, the ductus can be
right sided, and in extremely rare situations, bilateral ductii
may also be seen. Contrary to the popular belief that this
anomaly does not result in the formation of a complete
vascular ring, it may form a complete vascular ring in rare
scenarios, e.g., if the left ductus arises from the descending
thoracic aorta and courses posterior to the esophagus to join
the left pulmonary artery (44).

Almost always, this malformation is associated with
intracardiac defects like truncus arteriosus, tetralogy
of Fallot with or without pulmonary stenosis, tricuspid
atresia and it often is related to certain chromosomal
anomalies like 22q11 deletion syndromes (17,45). Isolated
cases of RAA with mirror image branching do not require
any treatment.

Type II—RAA with aberrant left subclavian artery

This is the most common subtype of RAA (46). The defect
is due to the abnormal involution of left fourth arch in
between the left subclavian and left common carotid artery.
In this the first branch to arise is right common carotid,
followed by right subclavian artery, left common carotid,
and the last branch is the left subclavian artery that takes a
retroesophageal course to reach on the left side (47). The
ductus is usually on the right side, and with no formation of
vascular ring. This subtype, unlike type I variation, is rarely
associated with other cardiac malformations (48).

Cardiovasc Diagn Ther 2018;8(Suppl 1):526-S44
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Figure 7 Right aortic arch with mirror branching: a 45-year-old female with acute onset chest pain, CTA to rule out dissection. Oblique

coronal CTA (A) and 3D (B) images show a right sided aortic arch (a) with mirror branching. Note left brachiocephalic trunk (b), bilateral

common carotid arteries (c) and subclavian arteries (s).

Figure 8 Right aortic arch with aberrant origin of left subclavian artery: a 38-year-old female with chest CT performed for dysphagia. Axial

CT (A) shows right sided aortic arch (a) and aberrant origin of left subclavian artery (s) with dilatation at its origin called diverticulum of

Kommerell (d). Note left common carotid artery (c). 3D MRA (B) shows right sided aortic arch (a) with diverticulum of Kommerell (d) at

the origin of left subclavian artery. Note bilateral common carotid arteries (c) and subclavian arteries (s).

RAA with aberrant subclavian artery arising from
diverticulum of Kommerell

This is a classic malformation originally mentioned by
Kommerell in which the aberrant left subclavian artery arises
from retroesophageal diverticulum and runs a retroesophageal
course (Figure §). The complete vascular ring is formed by
the segment of the ascending aorta anteriorly, Kommerell
diverticulum posteriorly and the ligamentum arteriosum
coursing on the left side. This results in complete encircling
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of trachea and esophagus (49,50). If the diverticulum is
aneurysmal, it may itself cause compression of esophagus or
else it may rupture spontaneously (51). Thus, it is pertinent
to report the presence or absence of retroesophageal
diverticulum as it may have prognostic implications. In
symptomatic patients, the diverticulum is resected and it is
followed by aortopexy of the aortic arch. Alternatively, after
dividing the diverticulum, the left subclavian artery can be
reanastomosed to the left carotid artery.

Cardiovasc Diagn Ther 2018;8(Suppl 1):526-S44
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Figure 9 Schematic representation of right aortic arch with
isolated left subclavian artery. This malformation is the result of
involution of the left aortic arch at two levels, both between the
left common carotid and left subclavian arteries, and distal to the
left ductus arteriosus and left subclavian artery. The left subclavian

artery arises from the pulmonary artery via a ductus arteriosus.

Type III—RAA with isolated subclavian artery

RAA with isolated subclavian artery is the result of regression
of embryological left arch at two segments on either side of
left subclavian artery (Figure 9). The left subclavian artery
arises either from the vertebral artery or from the ductus
arteriosus (52). The patients have features of subclavian steal
syndrome and complain of weakness in the left arm (39,53).
Phase contrast magnetic resonance angiography if performed
will reveal flow reversal in the left vertebral artery. Unlike
type II RAA, type III is associated with increased incidence
of congenital heart diseases like truncus arteriosus, tricuspid
atresia or tetralogy of Fallot (54). The treatment strategy
involves creation of a bypass graft to connect the common
carotid and subclavian artery.

Right circumflex aorta

RAA can be associated with a contralateral left sided
descending thoracic aorta. Right circumflex aorta is
more common as compared to left circumflex aorta (55).
To reiterate, in this type of malformation, it is not
the subclavian artery but the aortic arch that takes a
retroesophageal course. After crossing, it gives rise to a left
sided ductus that usually arises from Kommerell diverticulum
opposite to the side of aortic arch and completes the
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vascular ring (56). The subclavian artery may be normally
positioned or may have an aberrant origin (Figure 10).
The embryological theory behind this is the persistence of
the left sided dorsal aorta leading to descending thoracic
aorta coursing on the left side (57). The closest differential
is double aortic arch with an atretic left arch segment.
In such cases it is pertinent to inform the surgeon about
the probability of an atretic left arch, especially when the
preoperative anatomy is not conclusive (57). The treatment
planning is similar to that of the left circumflex aorta which
involves division of the ligament and ductus arteriosus to
relieve the compression.

Double aortic arch

Double aortic arch is easily explainable by Edward’s
theoretical model in which both the right and the left fourth
branchial arches persist leading to the so called double aortic
arch, each one to be seen on either side of trachea (17).
The common carotid and subclavian artery arises from the
ipsilateral arches on both sides (Figure 11). This arrangement
encircles the trachea and esophagus completely and is the
most common cause of complete vascular ring (58). The
ductus is usually on the left side and is seen ipsilateral to the
side of atretic arch (43). Similarly, the descending thoracic
aorta is contralateral to the side of dominant arch. The two
aortic arches can be of the same caliber, or else one of the
arches may be atretic or hypoplastic. Most commonly, the
right arch is dominant and is more cranial as compared to the
left arch (59). Clinically, the infants present early in life with
barky cough and respiratory stridor.

Double aortic arch with partial/complete atvesia of one arch

Double aortic arch may have atresia of one of the arches,
more commonly of the left that persist as fibrous or
ligamentous remnant (60). Contrast enhanced CT or MR
angiography is able only to depict the patent vessels and is
not capable in assessing the ligamentous atretic segments
directly. Thus, it is imperative to look for secondary signs
that will help in detecting the atretic residual remnant and
also in differentiating it from close mimics.

Atretic double aortic arch and RAA with mirror image
branching

If the atretic segment involves the left arch and is distal
to origin of the left subclavian artery, it may be extremely

Cardiovasc Diagn Ther 2018;8(Suppl 1):526-S44
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Figure 10 Right circumflex aorta, a 2-year-old male child with history of chronic cough. CTA (A) demonstrates right aortic arch (short
arrow) crossing over to the left side posterior to trachea. After crossing over, the arch gives rise to aberrant left subclavian artery. Volumetric
3D CTA (B) shows right aortic arch with descending aorta on the left side with evidence of tracheal compression by the crossing aortic arch
(C). L SCA, left subclavian artery; R arch, right aortic arch; R SCA, right subclavian artery; R CCA, right common carotid artery; L. CCA,

left common carotid artery; DA, descending aorta; T, trachea.

Figure 11 Double aortic arch: a 15-month-old female with failure to thrive and abnormal mediastinal contour on chest radiograph. Axial
CTA image (A) showing double aortic arch encircling the airway (*) with left arch (L) being dominant. Volume rendered image (B) showing
four vessel sign in the same patient. Note is made of patent ductus arteriosus (PDA) from left arch (arrowhead). 1, left subclavian artery; 2,
left common carotid artery; 3, right common carotid artery; 4, right subclavian artery; R, right; L, left; AO, descending thoracic aorta; AA,

ascending aorta.
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Figure 12 Cervical aortic arch: a 51-year-old male with known ascending aortic aneurysm on follow up. Oblique sagittal MIP CTA (A) and

coronal 3D (B) images show high location of a right sided aortic arch (A) extending just above the medial end of right clavicle (arrow).

difficult to differentiate it from the RAA with mirror image
branching. In these scenarios we may look for ancillary
findings that can help us in distinguishing between the two.

() Four vessel sign: It is an important diagnostic clue
in the diagnosis of complete vascular ring. The
assessment is made on the basis of axial images
taken just above the level of aortic arch. It consists
of two vessels visible on each side. This symmetric
pattern is predictive of double aortic arch.
However, in patients with RAA with mirror image
branching, there is only one vessel on the left side
and that is a left brachiocephalic artery (61,62).

(II) Ductal diverticulum: in double aortic arch with
left arch atresia, the ductal diverticulum is seen
projecting superiorly while in RAA with mirror
image branching, it is projecting anteriorly towards
the pulmonary artery (63).

(IIT) Course: atretic left arch is placed more posteriorly
while the left brachiocephalic artery is positioned
more anteriorly in patients with RAA with mirror
image branching (64).

(IV) Subclavian artery sign: the course of subclavian
artery is distorted in patients with double aortic
arch as there it takes an inferior course (representing
the embryological persistent segment of left atretic
arch) and then turns towards cephalad. There may
be a tenting of the artery seen projecting inferiorly
and that may represent persistent connection to the
atretic arch (65).

Atretic double aortic arch and RAA with aberrant

subclavian artery

If the atresia is between the left common carotid and
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left subclavian artery, it may be difficult to differentiate
this entity from the aberrant left subclavian artery in
RAA (57,64). In such cases, it is necessary to provide the
information to the operating surgeon about any such
possibility, so that during surgery, he may cautiously look
for the atretic segment that needs to be resected. The
treatment usually involves resection of the lesser arch
and division of the ligamentum arteriosum via lateral
thoracotomy approach.

Cervical aortic arch

In cervical aortic arch, the aortic arch is seen at an
abnormally high position reaching at or just above the level
of clavicles (Figure 12). It is presumed to be arising either
from persistence of the second or third branchial arches
with regression of the normal fourth arch, or from failure
of the caudal migration of the normally developing fourth
arch (66). The cervical aortic arch complex consists of
high position of aortic arch in the superior mediastinum,
separate origin of contralateral carotid arteries, presence
of aberrant contralateral subclavian artery from the aortic
diverticulum and retroesophageal descending aorta coursing
contralateral to the side of the aortic arch (67,68). The
clinical presentation is of a pulsatile neck mass. Majority
of patients do not require surgery as the anomaly does not
result in compressive symptoms. The cervical aortic arch is
commonly seen with RAA and is usually not associated with
other intracardiac defects. However, it may be associated
with 22q11 microdeletion syndromes (69).

1AA

The presence of complete aortic luminal discontinuity

Cardiovasc Diagn Ther 2018;8(Suppl 1):526-S44
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between ascending and descending aorta is termed as
interruption of the aortic arch. However, there may be
sometimes a remnant fibrous cord. The source of blood
flow to the descending thoracic aorta is mostly via the PDA.
It is classified into three types on the basis of the level of
aortic interruption. The radiological report should include

description about the level of interruption, distance between

Left
common Left
Right common  carotid A subClowian A

carotid A

v QX

Dl

Right
subclavian A

Main
pulmonary A

Figure 13 Schematic representation of the type A interrupted
aortic arch. Type A arch involves interruption distal to the left

subclavian artery. A large PDA perfuses the descending aorta.
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aortic arch and descending thoracic aorta, branching pattern
and other associated anomalies, if any. The treatment
involves surgical repair using a bypass graft, stent or end-to-
end anastomosis.

Type A interruption: it is characterized by the level of
interruption distal to the left subclavian artery (Figures 13,14).

Type B interruption: the level of discontinuity is
between left common carotid and left subclavian artery.
(Figures 15,16).

Type C interruption: it involves luminal interruption
between right brachiocephalic and left common carotid
artery (Figure 17).

Type B is the most common subtype in the infants and
type A in the adult patients (70). IAA may be associated with
other congenital heart diseases like ventricular septal defect,
PDA and bicuspid aortic valve. Type B is also associated
with subaortic stenosis due to malalignment of outlet conal
septum (71). IAA is generally seen in patients with 22q11
deletion syndrome, predominantly involving type B (69).

The entity should be diagnosed in multiple planes since
the presence of a large PDA may look like an arch, and that
may lead to an erroneous diagnosis. The PDA is more flat
in appearance as compared to the normal arch (72).

IAA and atresia of aortic arch

TAA presents itself in the form of complete discontinuity and
true absence of any communication between transverse and

Figure 14 Type A interrupted aortic arch: sagittal oblique (A) and coronal (B) CTA images showing type A aortic interruption (arrows) with

reformation of descending thoracic aorta (AO) through thin PDA (arrowhead) and presence of collaterals (*). LSCA, left subclavian artery;

AA, ascending aorta.
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descending thoracic aorta. In case of arch atresia, however,
there is evidence of discontinuity between the aortic arch
and descending aorta in the form of persistent anatomic
fibrous remnant. This fibrous remnant is not visualized

Left common carotid A
* Left subclavian A

v

Right common
carotid A

X

Right
subclavian A

Main
pulmonary A

Figure 15 Schematic representation of the type B interrupted
aortic arch. Type B arch involves interruption between left
common carotid and left subclavian artery. Descending aorta is
perfused by a large patent ductus arteriosus (PDA). Left subclavian

artery arises from the descending aorta.
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on imaging as there is no patent lumen. Nevertheless, the
presence of diverticulum on both sides of the distant aortic
segments may point towards presence of arch atresia (73).

Hypoplastic aortic arch

Aortic arch hypoplasia is defined in terms of relativity of the
external diameter of ascending aorta, assuming ascending
aorta is of the normal caliber. For the proximal arch
hypoplasia, the external diameter is <60%, for distal arch
<50% and for isthmic segment it is <40% of the external
diameter of ascending aorta (Figure 18). There may be
physiological tapering of distal segment of the distal arch in
the first three months of life (17,74).

Coarctation and pseudocoarctation of aorta

The coarctation of aorta is described as a tight stenosis just
distal to the left subclavian artery (juxtaductal). This entity is
hemodynamically significant if blood pressure gradient is more
than 20 mmHg between the upper and lower extremity (75)
and it leads to development of the intercostal collateral
vessels that serve to bypass the site of coarctation in order to
maintain blood flow to the distal descending thoracic aorta
(Figure 19). CTA is able to provide anatomical details of the
site and degree of narrowing, relationship of the coarctation

Figure 16 Type B interrupted aortic arch in a term female born at 39 weeks of gestation with DiGeorge’s syndrome. Volumetric 3D CTA (A)

depicts interruption in aortic arch distal to the origin of left common carotid artery. Descending aorta and left subclavian artery are perfused

by a large PDA. Sagittal oblique reformatted CTA (B) shows perfusion of descending aorta from a large PDA. Left subclavian artery arises

from the descending aorta. L. SCA, left subclavian artery; PA, main pulmonary artery; IA, right innominate artery; L CCA, left common

carotid artery; DA, descending aorta; AA, ascending aorta; PDA, patent ductus arteriosus.
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to the arch vessels, associated pseudoaneurysms, if any, and
it provides information about the collateral vessels (76). For
post-operative evaluation following stent placement, CT is the
better choice as compared to MRA. Similarly, for functional
evaluation, MRA is a better choice compared to CT as phase
contrast MRA can assess the collateral flow by comparing
the flow in the proximal abdominal aorta with the flow just
proximal to the narrowed aortic segment (77). Coarctation of

Left common carotid A

+

Left
{subclavian A

Right common carotid A

v

Right
subclavian A

Main
pulmonary A

Figure 17 Schematic representation of the type C interrupted
aortic arch. Type C arch involves interruption between right
innominate and left common carotid artery. Left common carotid
and left subclavian artery as well as descending aorta are all

perfused via a large patent ductus arteriosus (PDA).
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aorta is commonly associated with bicuspid aortic valve, arch
hypoplasia, ventricular and atrial septal defects, and mitral
valve abnormalities (78).

In contrast pseudocoarctation is hemodynamically
insignificant. It encompasses kinking and elongation of
aortic arch with no evidence of collateral vessels. It differs
from true coarctation since there is no evidence of left
ventricular hypertrophy or ascending aortic aneurysm,
absence of collateral vessels, and no pressure gradient
across the kinked arch. Moreover, both CTA and MRA
would be able to assess the elongated arch and differentiate
it from the true coarctation of aorta (79,80). Usually it is
asymptomatic, but in rare circumstances, there may be
aneurysm formation that may rupture necessitating surgical
intervention (81). Elongation of transverse aortic arch with
slightly distal origin of left subclavian artery may also be
seen in patients with turner syndrome (82).

Persistent fifth aortic arch (PFAA)

PFAA is a rare anomaly first described in 1969 as a double-
lumen aortic arch. It is located below the 4th arch which
forms the right subclavian artery and the definitive aortic
arch, and it is above the 6th arch whose derivatives are the
left pulmonary artery or ductus (83).

Clinical perspective

The clinical presentation depends on whether the
connection is a systemic to systemic or systemic to

Figure 18 A 46-day-old female with hypoplastic aortic arch. CTA axial (A) and oblique reformatted multiplanar CTA (B) shows evidence of

hypoplasia of both the aortic arch (red arrow) and ascending aorta (blue arrow). AA, aortic arch; AAo, ascending aorta.
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Figure 19 Coarctation of aorta: a 21-year-old female with severe
hypertension. Sagittal MIP MRA shows focal stenosis in the
proximal descending thoracic aorta (arrow). Note the prominent
internal mammary artery (notched arrow), intercostal arteries

(notched arrowheads) and other chest wall collaterals (arrowheads).

Priya et al. Aortic arch malformations

pulmonary system. PFAA is hemodynamically beneficial
when associated with coarctation of the aorta or with an
TAA. The systemic-to-pulmonary arterial connection is
beneficial when associated with pulmonary atresia or with
tricuspid atresia (Figure 20). Patients with right ventricular
outflow obstruction develop multiple aorto-pulmonary
collaterals as a way to maintain pulmonary circulation (84).
PFAA can be either right-sided or left-sided. There are
three types of PFAA (85): (I) double-lumen aortic arch
with both lamina patent; (II) atresia and interruption of the
superior arch with patent inferior (persistent fifth) arch;
(III) systemic-to-pulmonary arterial connection arising
proximal to the first brachiocephalic artery. Type I PFAA is
the most common form. Type III has often been described
in association with pulmonary atresia and ventricular septal

defect. PFAA may be associated with pulmonary atresia,

Figure 20 Persistent fifth aortic arch in a patient with pulmonary atresia and ventricular septal defect: a 2-month-old male with antenatally

diagnosed cardiac malformation, referred for further management. CTA images (A) show subaortic ventricular septal defect (*) and

pulmonary atresia (red arrow). CTA and 3D (B) images show vascular channel (#) extending from the undersurface of aortic arch (AA)

opposite to brachiocephalic artery origin (*) to the left pulmonary artery (LPA) with tight stenosis at insertion (green arrow). RV, right

ventricle; LV, left ventricle
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tricuspid atresia, coarctation of aorta, IAA, ventricular
septal defect, PDA, atrioventricular septal defect, tetralogy
of Fallot and persistent truncus arteriosus (86).

Imaging characteristics of PFAA

For a true fifth arch, its origin must be proximal to the
brachiocephalic artery. It takes a tortuous course, always lies
in extra pericardial sac, and terminates in either the dorsal
aorta or the pulmonary artery via the ductus arteriosus (87).

The differential diagnosis includes aortopulmonary window
(AP Window) and PDA. In PFAA, communicating artery
connects distally to the origin of the pulmonary arteries. In the
case of an AP window, the connection is along the pulmonary
trunk and bifurcation of the pulmonary arteries.

A high AP window, however, may extend to the origin
of the right pulmonary artery. A PDA would communicate
distally to the arch arteries while the communicating artery
in PFAA connects the aorta proximally to the origin of the
head and neck vessels.

PFAA may result in the formation of a complete
vascular ring and thus closely mimic the double aortic
arch. This occurs due to persistence of a large posterior
aortic diverticulum that completes the fifth arch posteriorly
forming a ring. However, in double aortic arch both arches
give rise to ipsilateral carotid and subclavian arteries; where
as in patients with PFAA forming a complete ring the left
subclavian artery is arising from the fifth aortic arch. The
left common carotid, right common carotid and the right
subclavian arteries arise from the right arch. This type of
PFAA has been classified as type A-4 (88).

Conclusions

Congenital aortic arch anomalies comprise a rare spectrum
of cardiovascular diseases. Imaging is therefore required
to elucidate the complex aortic arch anomalies, abnormal
branching pattern, their relationship with trachea and
esophagus, and other associated cardiac and non-cardiac
pathologies. Both CT and MR angiography provide a
detailed assessment of the high risk vascular ring features
like the double aortic arch, retroesophageal Kommerell
diverticulum and circumflex aorta. By making use of three
dimensional capabilities of both CTA and MRA, anatomical
relationship of the aortic arch with trachea and esophagus can
be defined properly thus avoiding conventional techniques
like esophagogram and, possibly, bronchoscopy. MRA avoids
radiation therefore is more suitable, especially for the pediatric
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patients. It also suits long term serial follow-up. However,
longer acquisition times, potential need for anesthesia in
infants, small children, and claustrophobia are some of the
drawbacks of MRA. CT angiography is therefore ideal in these
situations and provides excellent spatial resolution. Modern
CT scanners with state-of-the-art protocols result in reduction
of the radiation exposure which may make utilization more
attractive in this population. The radiology report should
describe all the anatomical and functional details, high risk
vascular ring characteristics, and differential considerations in
order to best aid preoperative surgical planning.
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