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Abstract

Background and  Introduction of the three-vessel trachea view to the second trimester foetal anomaly screening programme in-
Aims creased detection of right (RAA) and double (DAA) aortic arch. Aim was to investigate incidence, associations,
and medium-term outcome of RAA/DAA.

Methods Retrospective, population-based, multicentre, observational study of foetuses diagnosed with RAA/DAA be-
tween 1 April 2015 and 31 March 2019. All cardiology units in England, Scotland and Wales participated.
Foetuses with major congenital heart disease were excluded.

Results Overall, 1046 foetuses were diagnosed with RAA (n =898, 85.9%) or DAA (n = 141, 13.5%), uncategorized in
seven (0.6%). Estimated incidence of RAA and DAA was 17.98 and 4.58 per 10 000 pregnancies screened/
year (0.23%). Nine hundred forty cases (89.9%) were isolated, with prenatal extracardiac anomaly (ECA) and/
or minor cardiac difference in the remainder. Genetic results were abnormal in 80 of 1046 (7.6%): 22q11.2 mi-
crodeletion (n = 28, 35%). Prenatal ECAs increased the risk of genetic anomaly (risk ratio 3.39, 95% confidence
interval 1.89-5.73, P <.0001). Nine hundred eighty six (94.3%) were liveborn, while five died postnatally from
unrelated problems. Mean follow-up is 4.1 years (standard deviation 1.4), and symptoms of tracheoesophageal
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compression were found in 278 of 986 (28.2%). Vascular ring relief was performed in 234 of 986 liveborn
(23.7%) with no deaths. There was variation in management pathways. Surgery was performed in 74.6%
with DAA, 24.4% with RAA-left arterial duct (LAD)-aberrant left subclavian artery (ALSA); median age at sur-
gery was 5.29 months [interquartile range (IQR): 2.99-11.26 months] and 12.62 months (IQR: 8.68-17.32
months), respectively (P <.0001).

Conclusion Incidence of RAA/DAA is higher than previously reported. Genetic anomaly is identified in at least 7.6%, par-
ticularly in the presence of ECA. Liveborn with DAA have earlier and more surgical intervention compared to
those with RAA-LAD-ALSA.

Structured Graphical Abstract

Key Question

What are the incidence, associations, and medium-term outcomes of right (RAA) and double (DAA) aortic arch in the general
population?

Key Finding

In this retrospective, population-based, multicentre, observational study of fetuses diagnosed with RAA/DAA:

» incidence of RAA/DAA was higher than previously described

* genetic results were abnormal in 7.6%

» most DAA required intervention, compared to a quarter of RAA-left arterial duct-aberrant left subclavian artery in the first 4 years
* there was a wide variation in how patients were managed

Take Home Message
Prospective studies are needed to understand the natural history of aortic arch anomalies, and the indications for intervention.

Incidence Right aortic arch

0.23% of screened fetuses

Chromosomal/genetic
associations
7.6%

Fetuses diagnosed
with RAA or DAA
at all fetal cardiology
centres in England,
Scotland, and Wales
over the course of

RAA ALSA ~25% operated

DAA ~75% ted
operere Double aortic arch

4 years T TR—
%755 et em——————— v
Freedom
from surgical 0.50 -
intervention
P<00001 | L
0.00 |
0 20 40 60 80
Number at risk Time in months
DAA — 137 45 27 5 1
RAA — 361 235 184 74 6
RAA-LAD-ALSA — 476 368 264 74 3
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Right aortic arch & double arch on prenatal echocardiography

Introduction

In the UK, all pregnancies are offered a foetal anomaly screening
ultrasound between 18 and 22 weeks, as part of the foetal
anomaly screening programme (FASP).! In 2015, the three-
vessel trachea view (3VT)?>™* was added to the FASP protocol
further to improve prenatal detection of critical congenital heart
disease (CHD). The impact of this change was reflected positive-
ly in the National Institute for Cardiovascular Outcomes
Research (NICOR) with more patients undergoing cardiac inter-
vention having received a prenatal diagnosis.” However, this
change in practice concurrently increased prenatal detection
of isolated right aortic arch (RAA) and double aortic arch (DAA).

Double aortic arch and RAA can form a complete or partial
vascular ring around the trachea and oesophagus, the latter
only when the arterial duct/ligament is present on the left of
the trachea.® A vascular ring can lead to symptoms in some pa-
tients.” The prenatal incidence of RAA/DAA identified in routine
first trimester screening® and in perinatal settings’ has been re-
ported, but recent experience of the foetal cardiologists in the
British Fetal Cardiology Association indicates this might be
underrepresentative.

Genetic associations reported in postnatal studies suggested
a common association particularly with 2211 microdele-
tion,®1! whereas in prenatal series, the association is less com-
mon. However, all series were from specialist tertiary foetal
medicine units which might not reflect all cases diagnosed.?"14
Understanding genetic associations following prenatal diagnosis
is an important facet of foetal cardiology as this influences paren-
tal decision-making for invasive testing.

Furthermore, the early natural history of prenatally diagnosed
cases is poorly understood as many cases were not monitored
postnatally if deemed well. As centres established postnatal
follow-up pathways for prenatally diagnosed patients, their
data have been reported,®1%13151¢ pyt few multicentre studies
have been published.?” Developing an understanding of RAA/
DAA will allow us to accurately counsel patients prenatally
and provide consistent and appropriate postnatal management.

The aim of this study was to identify foetuses who were pre-
natally diagnosed with a RAA or DAA since the introduction of
the 3VT view to the National FASP to address the following:
(i) to define the incidence of prenatal RAA and DAA,; (ii) to de-
scribe the incidence of genetic and extracardiac anomaly
(ECA\); (iii) to describe frequency of vascular ring symptoms in
early childhood and number of patients undergoing surgery
for a vascular ring; (iv) to define medium term outcomes; (v) in-
fluence of the type of vascular ring on the above; and (vi) to de-
scribe current postnatal management strategies.

Methods

This was a population-based retrospective, multicentre, observa-
tional study of all foetuses diagnosed with a RAA or DAA. All foetal
cardiology centres in England, Scotland and Wales (n = 19) contrib-
uted data. Inclusion criteria were prenatal diagnosis made by a foe-
tal cardiologist or foetal cardiac specialist of a RAA or a DAA,
between 1 April 2015 and 31 March 2019 (4 years). Excluded
from the study were foetuses with prenatal diagnosis of coexistent
major forms of CHD and patients visiting the UK solely for foetal
consultation. Foetuses with small muscular ventricular septal

defects (VSDs), left superior vena cava (LSVC), were included as
these are minor forms of CHD which do not require surgical
intervention.

Local collaborators identified patients from their centre, collect-
ing, validating, and submitting data to the investigating team. No pa-
tient identifiable data were submitted. Variables collected included
gestation at prenatal diagnosis, presence of ECA, prenatal/postnatal
genetic testing, postnatal presentation, and postnatal management.
Variables collected are presented in Supplementary data online,
Table S1. Standard genetic testing was with microarray during the
study period as availability of whole exome sequencing was limited
during this era in the UK.

The type of arch abnormality and aortic branching pattern of the
head and neck vessels used in the analysis was ascertained by a
combination of prenatal and postnatal findings. When there was dis-
cordance between these, the postnatal computed tomography/
magnetic resonance imaging (CT/MRI) diagnosis was used; if post-
natal CT/MRI was not available, they were described as con-
flicted/unclassifiable.

To calculate the estimated incidence, the following factors were
utilized, based on the financial year 2018-2019: (i) national data
(mandatory submissions) of the number of pregnant women
screened—this data is only available for England;'® (ii) percentage
of children with CHD requiring cardiac surgery or catheter interven-
tion in the first year of life that were antenatally diagnosed, reported
from NICOR;? and (jii) type of arch anomaly (RAA or DAA) based on
combined prenatal and postnatal data.

Ethical approval was obtained. Individual informed consent was
not required as data were extracted by the direct clinical care
team using information previously collected during routine care
and did not influence ongoing management.

Statistical analysis

Observational, retrospective study was used, describing all patients
prenatally diagnosed with RAA or DAA in England, Scotland and
Wales during the study period. Continuous data were recorded as
median and interquartile range (IQR) or mean and standard devi-
ation (SD). Normality was assessed using the Kolmogorov-
Smirnov test. Categorical data were presented as frequencies and
percentages within the category. Global Pearson’s chi-squared
test was used to compare proportion of prenatally diagnosed arch
anomaly in the different geographical regions; the Wilson method
was used for the binomial estimation of confidence intervals (Cls).
Incidence was described in number per 10000 births per year.
Agreement between prenatal diagnosis of aortic arch abnormality
and anatomy assigned by the study methodology was described
as percentages, and the Kappa test was used to adjust raw data
for chance. A modified Poisson regression model was used to inves-
tigate predictors of genetic anomaly. Differences were considered
statistically significant when P < .05. Kaplan-Meier empirical curves
were generated to plot freedom from surgery or symptoms over
time, with zero reflecting birth and cases censored at time of last
know follow-up; hazard ratios and 95% Cl were reported; the log-
rank test was used to compare curves. The proportion of liveborn
having surgical relief of a vascular ring for each surgical centre
was compared against all the remaining centres using the Pearson
chi-squared test with Bonferroni correction and the binomial esti-
mation of the Cls using the Wilson method. Statistical analysis
was performed using R (version.4.3.2).

Results

Prenatal diagnosis of RAA or DAA was submitted for 1107 foe-
tuses. Sixty-one cases were excluded for postnatal diagnosis of
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1107 Prenatal arch anomaly

Excluded:

1 Major CHD

1046 Prenatal arch anomaly included

10 LAA postnatally

50 Out of study period

5 (0.48%) IUD

986 Liveborn

14 (1.34%) TOP

41 (3.92%) Lost

5/986 (0.51%) Died postnatally

107/986 (10.85%) No follow-up

874/986 (88.64%) Alive at last follow-up

Figure 1 Flow chart of the cohort with prenatally diagnosed RAA and DAA

a single left aortic arch (n = 10), detection out of the study period
(n = 50), and prenatal detection of major CHD (n = 1). Thus, a to-
tal of 1046 cases were identified during the study period
(Figure 1), 898 with a single RAA, 141 with a DAA, and seven
the type was not categorized. Pregnancy was discontinued in
14 (1.34%) of which half had a prenatally diagnosed chromo-
somal/genetic anomaly. In utero death occurred in five (0.48%)
cases, and 41 (3.92%) were lost to follow-up. Therefore, 986
(94.26%) were liveborn, with only five subsequent deaths in
the study period.

Incidence

During the study period, the number of foetuses with RAA or
DAA diagnosed per financial year increased (see Supplementary
data online, Figure S1). To reflect this trend, the last year of the
study (2018-19) was used to estimate the incidence. Prenatal de-
tection of RAA/DAA demonstrated statistical geographical differ-
ence across regions in England (P <.0001) which was reflective
of the variation in prenatal detection between regions (see
Supplementary data online, Table 52).> The London region had
the highest prenatal detection (0.13% of all foetuses screened)
and, therefore, was used as a benchmark to estimate incidence
of RAA or DAA in the wider population.

The number of pregnancies where second trimester screening
was accepted in England in 2018-19 was 519 890 (99.1%), and
in the London area it was 115 653 (99.0%).'® London detection
was 54.8%, and overall UK detection was 50.0% of all major
CHD requiring catheter or surgical intervention within the first
year of birth.1? This information was extrapolated to estimate
the incidence of RAA or DAA in the general population, assum-
ing 54.8% of all RAA/DAA would be detected in the London re-
gion. Therefore, the incidence per year of DAA was estimated at

4.58 per 10 000 foetuses and RAA 17.98 per 10 000 foetuses,
equating to 0.23% of screened foetuses.

Minor cardiac and extracardiac anomalies

A minor cardiac anomaly was identified in 3.92% (41 of 1046) of
foetuses, of which muscular VSD was the most common
(2.96%). Left superior vena cava was seen in 0.86% of cases.
Five with a minor cardiac anomaly also had an ECA.

An ECA was diagnosed prenatally in 6.69% (70 of 1046) cases,
and in 0.48% (5 of 1046), two or more were identified.
Gastrointestinal tract and brain anomalies were the most com-
mon, 18.57% (n = 13) and 15.71% (n = 11), respectively, of those
with ECA.

In total, 106 (10.13%) foetuses had an ECA or minor cardiac
anomaly identified in the prenatal period. In the remaining 940
(89.87%) foetuses, RAA/DAA was the only structural abnormal-
ity seen.

Type of aortic arch abnormality

There were 141 of 1046 (13.48%) cases of DAA, 860 of 1046
(82.22%) cases of RAA and left-sided arterial duct (LAD), and
38 of 1046 (3.63%) cases of RAA and right-sided arterial duct
(RAD). In 7 of 1046 (0.67%) cases, pre- and postnatal ultrasound
data were conflicting regarding anatomy with no CT/MRI data
available.

Aortic arch branching pattern

The branching pattern of the head and neck vessels of those
with a single RAA-LAD was defined pre- or postnatally in 653
of 860 (75.93%) cases using study methodology. In 185 of
860 (21.51%), branching pattern was unknown both pre- and
postnatally, and in 22 of 860 (2.56%), pre- and postnatal
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Table 1 Comparison of the prenatal diagnosis of the aortic arch abnormality and the anatomy assigned by the study

methodology

Prenatal diagnosis (n = 1046) Anatomy assigned by study

methodology

RAA-LAD-MIB RAA-MIB 94
(n=148) RAA-ALSA 19
RAA-RAD 0

DAA 17

Conflict/unclassifiable 18

RAA-LAD-ALSA RAA-MIB 3
(n=430) RAA-ALSA 404
RAA-RAD 0

DAA 15

Conflict/unclassifiable 8

RAA-RAD RAA-MIB 0
(n=38) RAA-ALSA 0
RAA-RAD 38

DAA 0

Conflict/unclassifiable 0

DAA RAA-MIB 0
(n=98) RAA-ALSA 8
RAA-RAD 0

DAA 87

Conflict/unclassifiable 3

RAA-LAD, head and RAA-MIB 51
neck branching RAA-ALSA 74
pattern unknown RAA-RAD 0
(n=332) DAA 22
Unknown 185

Confidence interval according
to kappa test’s chance
adjusted agreement, % (95%

Raw agreement between
prenatal diagnosis and
anatomy assigned by study

methodology, % (95% Cl) Cl)
................. T
(55.16-71.15) (49.91-65.09)
93.95 75.57
(91.15-95.94) (71.58-79.55)
100.00 100.00
(88.57-100.00) (100.00-100.00)

88.78 69.42
(80.41-93.99) (62.22-76.62)
NR NR

Column 3 reports the percentage of cases where the prenatal diagnosis matched the diagnosis assigned using the study methodology. Column 4 reports agreement

using the kappa test to adjust for chance.

ALSA, aberrant left subclavian artery; Cl, confidence interval; DAA, double aortic arch; LAD, left arterial duct; MIB, mirror image branching; RAA, right aortic arch; RAD,

right arterial duct; NR, not relevant.

ultrasound data were conflicting regarding branching pattern of
the head and neck vessels. RAA-LAD-ALSA was found in 505
of 653 (77.34%) where branching pattern was defined and
RAA-LAD-mirror image branching (MIB) in 148 of 653
(22.66%).

Prenatal description of aortic arch branching pattern was only
available in 578 of 910 foetuses (63.52%) which were thought
to have a single RAA-LAD prenatally (Table 1). When described
prenatally, agreement between the prenatal description and the
anatomy assigned by study methodology, which used additional
postnatal ultrasound and CT/MRI data, was 498 of 578
(86.16%).

Table 1 compares the prenatal diagnosis of the aortic arch ab-
normality and branching patterns with the anatomy assigned by
the study methodology. The RAA-LAD-MIB demonstrated the
poorest rate of agreement, 94 of 148 (63.51%) foetuses.
Conversely, prenatal diagnosis of RAA-LAD-ALSA demon-
strated highest agreement, 404 of 430 (93.95%) foetuses. For
DAA, there was agreement in 87 of 98 (88.78%) foetuses.

Genetic associations

A prenatal genetic result was available in 262 of 1046 (25.05%),
of which 26 of 262 (9.92%) had an abnormal result reported. A
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Table 2 The number of cases and the percentage with genetic abnormality for the whole cohort and the subsets of arch

abnormality
Aortic arch type N. Genetic Normal Abnormal Percentage Genetic Genetic abnormality if
result (n) genetic genetic with genetic abnormality in those with no result
result (n) result® (n) result those with result assumed to have
(%) normal genetics
o genetlc o aIy PRSP group .....................................................................................................

RAA-LAD-MIB 148 (14.14%) 61 56 5 41.22% 8.20% 3.38%
RAA-LAD-ALSA 505 (48.28%) 259 215 44 51.29% 16.99% 8.71%
RAA-RAD 38 (3.63%) 16 12 4 42.11% 25.00% 10.53%
RAA-LAD 860 (82.22%) 386 323 63 44.88% 16.32% 7.33%

DAA 141 (13.48%) 88 75 13 62.41% 14.77% 9.22%

AllP 1046 493 413 80 47.13% 16.23% 7.65%

Risk of genetic anomaly if additional extracardiac anomaly or minor® cardiac anomaly detected prenatally

RAA-LAD-MIB 13 4 3 1 30.77% 25.00% 7.69%
RAA-LAD-ALSA 49 32 22 10 65.31% 31.25% 20.41%
RAA-RAD 6 4 2 2 66.67% 50.00% 33.33%
RAA-LAD 87 49 33 16 56.32% 32.65% 18.39%

DAA 13 11 8 3 84.62% 27.27% 23.08%

AllP 106 64 43 21 60.38% 32.81% 19.81%

Risk of genetic anomaly if no other differences detected prenatally

RAA-LAD-MIB 135 57 53 4 42.22% 7.02% 2.96%
RAA-LAD-ALSA 456 227 193 34 49.78% 14.98% 7.46%
RAA-RAD 32 12 10 2 37.50% 16.67% 6.25%
RAA-LAD 773 337 290 47 43.60% 13.95% 6.08%

DAA 128 77 67 10 60.16% 12.99% 7.81%

AllP 940 429 370 59 45.64% 13.75% 6.28%

ALSA, aberrant left subclavian artery; DAA, double aortic arch; LAD, left arterial duct; MIB, mirror image branching; RAA, right aortic arch; RAD, right arterial duct.
RAA-LAD includes cases where branching pattern of the head and neck vessels was not described.

222q11 deletion in 35%.
®Includes cases with conflicted pre- and postnatal diagnosis.

“Minor cardiac anomalies include 29 muscular VSD, 7 bilateral SVC + muscular VSD, 2 single LSVC, 3 other.

prenatal or postnatal genetic result was available in 493 of 1046
(47.13%), with an abnormal genetic result in 80 of 1046 (7.65%)
and a normal genetic result in 413 of 1046 (39.48%). No genetic
result was available either prenatally or postnatally in 553 of
1046 (52.87%).

The genetic abnormalities identified in the 80 cases included
22q11.2 microdeletion (n=28, 35%), trisomy 21 (n=9,
11.25%), and CHARGE syndrome (n =3, 3.75%). A mixture of
other types of genetic difference was identified in 30 of 80
(37.50%) cases. A further 10 (12.50%) had a genetic variant re-
ported at the time as ‘of unknown significance’, four of which
had significant ECAs postnatally. The 10 cases were described
and included in the analysis. Of the 80 cases with genetic abnor-
mality, 58 (72.5%) had no additional anomalies detected pre-
natally with the RAA/DAA being the only structural prenatal
marker of anomaly. Of the cases with 22q11.2 microdeletion,
16 (57.14%) had no additional structural anomalies detected

prenatally. Of the 493 cases with a genetic result, 28 (5.68%)
had 22q11 deletion, or 2.68% of the whole cohort. Details of
cases with genetic abnormality are in Supplementary data
online, Table S3.

Thirty-three patients in the cohort underwent both prenatal
and postnatal genetic testing, of which six had a reported normal
prenatal result but subsequently received an abnormal postnatal
result, after clinical examination and guidance towards specific
genetic testing these included CHARGE syndrome (n=1),
Rubinstein-Taybi syndrome (n = 1), ALG8 gene variant (n = 1),
Noonan’s syndrome (n=1), 15q11.2 deletion (n=1), and
Robinow syndrome (n = 1).

Prenatal risk factors for genetic anomaly

Table 2 describes the number of cases and the percentage with
genetic abnormality for the whole cohort and the subsets of
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DAA, RAA-RAD, RAA-LAD—according to the origin of the left
subclavian artery, prenatally detected ECA, and associated min-
or cardiac anomalies. Those that had genetic testing are de-
scribed, and the whole cohort where those not tested are
assumed to be genetically normal. Having an ECA prenatally di-
agnosed in addition to the RAA-DAA increased the risk further
of having a genetic abnormality (risk ratio 3.39, 95% CI 1.89-
5.73; P<.0001) (Table 2 and Supplementary data online,
Table S4).

Postnatal outcomes

Of the 986 liveborn, 5 (0.51%) died secondary to causes unre-
lated to the aortic arch anatomy; these included prematurity
and complications arising from the ECAs. A further 107
(10.85%) were lost to follow-up. Mean postnatal follow-up per-
iod was 4.11 years (SD 1.38 years) for DAA and 4.08 years (SD
1.37 years) for RAA-LAD.

Table 3 describes postnatal findings in liveborn infants (n =
986). Postnatal ECA was identified in 112 of 845 (13.25%). Of
891 liveborn in whom no additional anomalies were identified
during prenatal examination, 78 (8.75%) were identified post-
natally to have an ECA or cardiac abnormality. In five infants,
more than one anomaly was identified.

A cardiac anomaly was present postnatally in 136 of 735
(18.50%). Most were minor defects. Sixteen cases were identi-
fied to have a restrictive perimembranous VSD that was not de-
tected prenatally and not requiring intervention. Among these,
three (18.75%) were also confirmed postnatally to have a genet-
ic anomaly (trisomy 21, 22q11.2 deletion, and 8g24.3 deletion).
The infant with 8g24.3 deletion was known to have an absent
kidney before birth.

Prenatally undetected major CHD requiring surgery in the
first year of life was found in four liveborn: tetralogy of Fallot
(n=1), aortopulmonary window (n = 1), pulmonary valve sten-
osis (n=1), and absent/small left pulmonary artery (n=1). In
these four cases, there was no identifiable genetic anomaly,
and no ECA was detected in the prenatal period.

Symptoms

Of the 986 liveborn cases, 278 (28.19%) patients were docu-
mented postnatally to have symptoms/signs (Table 4).
Figure 2A and B and Supplementary data online, Table S5 show
freedom from symptoms for RAA-LAD-ALSA, DAA, and RAA.
Supplementary data online, Figure S2 illustrates the symptomol-
ogy. Upper and lower airway symptoms were the most common
presenting complaints. There were 168 patients with one re-
ported symptom and 80 with two or more symptoms (total
370). Symptoms/signs were reported more commonly in pa-
tients with a DAA (58.70%) than a RAA-LAD-ALSA (35%) or
RAA-LAD-MIB (11.25%) and present earlier.

Surgery

Surgery was performed in 103 of 138 (74.64%) patients with a
DAA, 117 of 480 (24.38%) patients with RAA-LAD-ALSA,
four of 133 (3.01%) patients with RAA-LAD-MIB, and one pa-
tient with a RAA-RAD (Table 4). This latter patient had bilateral
ducts and an isolated left brachiocephalic artery diagnosed pre-
natally, which was reimplanted into the aorta postnatally. In
nine, details of arch anatomy were not available.

Table 3 Postnatal data in liveborn

Number (% of Complete
complete data) data
. leebo m ............................. 9 86 |nfants .....................
Gestational age at birth Median 39 +4 n=953
(weeks + days) IQR 38 + 2 to 40 (96.65%)
+3
Premature (<37 weeks 108 (11.33%) n=953
gestation) (96.65%)
Abnormal genetic test 72 infants n=476
(15.13%) (48.28%)
ECA present postnatally® 112 infants n=3845
(13.25%) (85.70%)
Gastrointestinal 22
Musculoskeletal 20
Brain 13
Renal 10
Other 55
Cardiac anomalies present 136 infants n=735
postnatally. (18.50%) (74.54%)
Major®
Tetralogy of Fallot 1
AP window 1
Valvar pulmonary 1
stenosis
Absent/small LPA 1
Minor©
Small perimembranous 16
VSD
Others 116
Aortic arch type n=979
(99.29%)
RAA right duct 35 (3.58%)

RAA left duct 806 (82.33%)
133 (13.59%)
480 (49.03%)

193 (19.71%)

RAA-MIB
RAA-ALSA

RAA Unknown branching
pattern

DAA 138 (14.10%)

ALSA, aberrant left subclavian artery; AP, aortopulmonary; DAA, double aortic
arch; ECA, extracardiac anomaly; LPA, left pulmonary artery; MIB, mirror
image branching; RAA, right aortic arch; RAD, right arterial duct; VSD,
ventricular septal defect.

?Postnatal extracardiac anomaly: 8 of 112 infants had two or more ECA.
PMajor congenital heart disease only identified postnatally, requiring
intervention.

“Minor cardiac anomalies not needing intervention, including patent foramen
ovale, small atrial septal defect, mild pulmonary valve or branch pulmonary
artery  stenosis, bicuspid aortic valve, Wolff-Parkinson-White/
supraventricular tachycardia, anomalous left upper pulmonary vein to
innominate vein, and muscular VSD and left superior vena cava.
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Table 4 Symptoms and surgery according to anatomical
type of RAA-DAA

Symptoms  Surgery cohort
CAII(986 liveborn) 278 (28.19%) 234 (23.73%)
RAA-LAD-MIB (n=133) 15 (11.25%) 4 (3.01%)
RAA-LAD-ALSA (n = 480) 168 (35.00%) 117 (24.38%)
RAA-RAD (n = 35) 1(2.86%) 12
DAA (n=138) 81(58.70%) 103 (74.64%)
RAA unknown branching 13 (6.5%) 9 (4.50%)

and uncategorized (n = 200)

ALSA, aberrant left subclavian artery; DAA, double aortic arch; LAD, left
arterial duct; MIB, mirror image branching; RAA, right aortic arch; RAD, right
arterial duct.

?Prenatally found to have isolated left brachiocephalic artery with left arterial
duct joining LPA, bilateral ducts. Had reimplantation of left brachiocephalic
artery to the aorta postnatally.

Of those patients having an operation for DAA, 73 of 103
(70.87%) had reported symptoms, and 94 of 129 (72.87%)
with RAA-LAD had reported symptoms. Cross-sectional im-
aging was performed in 91.80% (mainly CT) and bronchoscopy
in 34.43% of the asymptomatic patients; only 10.4% of these in-
vestigations were performed in centres outside the London
area. Median age at surgery for patients with a DAA was 5.29
months (IQR: 2.99-11.26 months), and median age at surgery
for patients with a RAA-LAD-ALSA was 12.62 months (IQR:
8.68-17.32 months) (P <.0001).

The 30-day mortality was 0%, 59 of 234 (25.21%) had a post-
operative complication, and the most common were chylothor-
ax (n =24, 10.26%) and vocal cord palsy (n = 12, 5.13%). Median
length of hospital stay was 4 days (IQR: 3-6 days). Figure 2C and
D and Supplementary data online, Table S5 show freedom from
surgery for RAA, RAA-LAD-ALSA and DAA. A greater propor-
tion of patients with DAA underwent surgical intervention com-
pared to RAA-LAD-ALSA, 74.64% vs. 24.38% (P < .0001) (see
Supplementary data online, Table S6). Another 107 cases were
reported to have symptoms/signs suggestive of tracheoesopha-
geal compression but did not undergo surgical intervention. A
small number were listed for surgery but not undertaken due
to symptomatic improvement.

Table 5 demonstrates the differences in the preoperative in-
vestigations and surgical rates between the surgical centres in
the UK. Centre E undertook the most surgical interventions
with 38.1% (P <.0001, 95% Cl 30.6-46.2) and Centre H the
least with 5.4% (P < .0001, 95% Cl 2.3-12.0). A higher propor-
tion of patients had investigations in Centre E.

Discussion

This is the largest study of prenatally diagnosed RAA-DAA re-
ported in the literature and describes the estimated incidence
of a RAA as 0.18% and DAA 0.05% of screened pregnancies.
Extracardiac anomaly was present in 6.69% and genetic abnor-
malities in 7.65%. A RAA-LAD was seen more commonly than a

RAA-RAD, but despite this, genetic conditions were noted in
both groups. The most common variant of branching pattern
of the head and neck vessels in RAA-LAD was an ALSA, which
was present in 75% of cases. Symptoms or signs suggestive of
tracheobronchial compression were reported in ~28% liveborn
with median follow-up of 4 years. Overall, 24% underwent sur-
gery for relief of a vascular ring. Cases with a DAA were more
likely to undergo surgery than those with RAA-LAD variants
(Structured Graphical Abstract).

Incidence

This study has demonstrated that the combined estimated inci-
dence of RAA-DAA (0.23%) is higher than previously reported.
Historic data estimated a RAA-DAA to affect 0.1% of the popu-
lationZ® but predated improvements in prenatal scanning and
widespread utilization of the 3VT during screening. The findings
are unlikely to represent a true increased incidence in the gen-
eral population over time.

The incidence we report is higher than recent studies describ-
ing first trimester foetal incidence of RAA-DAA as 6.9 per
10000 (0.07%)® and higher than findings by Evans et al.” who
reported RAA prevalence at birth (5.8 per 10000). The latter
study did not include RAA-RAD or cases where pregnancy
was discontinued. Cases of RAA-RAD account for few in our
series. The detection of RAA-RAD by screening sonographers
is challenging as these cases do not have the ‘U’ shape seen in
RAA-LAD, so it may be that RAA-RAD cases are underrepre-
sented in this cohort as they may go undetected.

Our findings may be an overestimate if aortic arch abnormal-
ities are more likely to be detected prenatally than other forms
of major CHD. We believe this is unlikely as detection on screen-
ing is still disappointing for other arch anomalies such as aortic
coarctation. Data on antenatal detection of coarctation in
England in 2018 is not reported but was 36.6% on local audit
in the West Midlands;?* detection of transposition of the great
arteries was 75.8% in England in 2018°; both would still give a
higher incidence than previously described (0.17-0.34%). We
found that detection rates increased with each year following
routine inclusion of the 3VT, most likely representing the learn-
ing curve of local obstetric screening units, which may also
underestimate the true number of foetuses with RAA-DAA. A
limitation may be that cases diagnosed by screening sonogra-
phers are not referred to foetal cardiology; however, we believe
this is unlikely due to NHS audited pathways, and acceptance of
FASP is at least 99%.

Genetic abnormalities and extracardiac

anomalies: implications for clinical practice

Extracardiac anomalies have been reported in approximately
15% of foetuses with a RAA or DAA, and therefore, specialist
foetal medicine ultrasonography is required as part of the hol-
istic assessment of foetuses once a RAA-DAA has been de-
tected.?? As regards chromosomal/genetic differences, in our
cohort 7.46% of RAA and 9.22% of DAA and overall, a min-
imum of 6.28% were identified to have a genetic difference
(if assumed that all untested foetuses did not carry a genetic
abnormality). This is similar to the meta-analysis described by
Luo et al.?®> who found that the overall rates of chromosomal
anomalies and 22q11 deletion in isolated RAA are 7.5% (95%
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Figure 2 Kaplan-Meier curves; cases were censored at the time of last known follow-up. Time O = birth. (A) Freedom from symptoms for
liveborn prenatally diagnosed with RAA-LAD-ALSA, DAA, and all remaining RAA. For 74 cases, the age at symptoms onset was un-
known, so they were removed from the analysis, as were the seven cases where arch type was uncategorized. The shaded areas are
the 95% confidence intervals. (B) Freedom from symptoms for all RAA and DAA. (C) Freedom from surgery for liveborn prenatally diag-
nosed with RAA-LAD-ALSA, DAA, and all remaining RAA. For five cases, date of surgery was unknown, so they were removed from the
analysis, as were the seven cases where arch type was uncategorized. (D) Freedom from surgery for liveborn prenatally diagnosed with

RAA and DAA

Cl4.7-10.8%). Luo also found, like us and others,?®?* that ECA
increases the risk of genetic anomalies. The risk of a genetic
difference may be lower in the presence of RAA-LAD-MIB
but was not significant on multivariable analysis; 2.96% had
genetic difference in the absence of any additional foetal
differences.

The most common genetic abnormality was 22g.11.2 deletion
which is in keeping with other series.?%1%17:24-27 We found that
5.68% of foetuses having genetic testing, and 2.68% of all foe-
tuses had 22q11 deletion; this compares to the meta-analysis of
D’Antonio et al.}? who found 22q11 deletion in 5.1% (95% ClI

2.4-8.6%), although that study was not population-based. The
criticism of many previous studies'?*32% was that they were
conducted in highly specialized foetal medicine centres and re-
ferrals were more likely to comprise complex foetuses with as-
sociated genetic abnormalities. However, the current study
still shows an important genetic association.

The first trimester study noted that in vitro fertilization
was associated with an eightfold increase in RAA-DAAZ
Unfortunately, this and nuchal translucency (NT) were not docu-
mented in this study, and a limitation of our data as NT is an im-
portant indicator of genetic abnormality in the foetus.24?% The
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RAA-DAA was the only structural prenatal marker of genetic
difference in 72.5% of affected cases in our cohort.

Genetic differences were seen more commonly if there was
an additional difference in the foetus, although genetic testing
was commonly undertaken in the presence of an additional
ECA, potentially elevating the percentages. However, even
when we assumed all phenotypically normal cases had a normal
genetic result, genetic difference was still found in 6.28%. We
believe, like others,?? that given the strong association with gen-
etic differences, regardless of the presence of an intracardiac
anomaly or ECA, prenatal counselling should include discussing
risk and benefits of invasive genetic testing. Due to the current
limitations of noninvasive prenatal testing, this is not an ad-
equate test. Amniocentesis, quoted to carry a 0.5% risk of preg-
nancy loss,2%®! is notably an order lower than the association
with genetic difference.

The majority of genetic testing in this study was by micro-
array; however, with the wider implementation of more ad-
vanced techniques such as whole exome sequencing and
whole genome sequencing, an increasing number of genetic
anomalies may be identified.32%* As standard microarray
should be offered to all patients with an isolated finding of a
RAA or DAA. It would be appropriate to offer further testing ac-
cording to local policies, particularly if there are extracardiac ab-
normalities, dysmorphic features, or developmental delay.
Postnatal assessment should include offering postnatal genetic
testing if not performed prenatally.

It is reported that genetic conditions such as 22q11 micro-
deletion may be under-recognized in non-Caucasian popula-
tions due to lack of knowledge regarding dysmorphic
features.®®> Other features of chromosomal/genetic abnor-
malities may become more apparent over time, such as neuro-
developmental differences, and might not have contributed to
counselling towards postnatal genetic testing. Indeed, due to
these factors, it is possible that we may have underestimated
the genetic risk.

Although 2211 microdeletion was the most frequent anom-
aly found, we encountered a myriad of other differences, includ-
ing 10 cases of variant of unknown significance (VUS) of which
four had important ECA. This replicates what has been de-
scribed by other studies.®*” It is challenging to know whether
a genetic finding is clinically relevant. Some VUS may be reclas-
sified as clinically relevant in the future; however, the opposite is
also true. We have described all differences identified; but the
study was limited by granularity of the genetic data. When offer-
ing genetic testing, it is critical to explain to the pregnant woman
the entity of VUS and the uncertainty of some findings.

Limitations of foetal echocardiography and

prenatal ultrasound

An important finding of our study was that about 9% of babies
were found to have an ECA or intracardiac anomaly that was
not detected prenatally. Therefore, it is important to counsel
and communicate the potential limitations of prenatal scanning
to the pregnant person. Of note, there were four major forms of
CHD not identified prenatally and 16 restrictive perimembra-
nous VSDs, three of which had a genetic anomaly identified.
Small perimembranous VSDs can be particularly difficult to de-
tect prenatally. We suggest postnatal follow-up be offered to

all babies to ensure normal intracardiac anatomy in all cases of
RAA and DAA.

Impact of branching pattern in RAA-LAD
It appears that the risk of genetic anomaly is similar for DAA
and RAA-LAD-ALSA but may be less in RAA-LAD-MIB
(~3%). This is lower than previously published data for this
group where 19% of RAA-LAD-MIB who underwent genetic
testing had an abnormal result, or 12% of all cases of RAA-
LAD-MIB.2% The RAA-LAD-MIB is reportedly more common
in foetuses with associated major CHD such as tetralogy of
Fallot and, in this context, has a strong association with genetic
anomalies, but this is likely to be influenced by the coexistent
major CHD.38-40

Foetal echocardiographic assessment of the aortic arch
branching pattern was noted to be challenging; in this cohort,
one-third of cases had undefined branching pattern prenatally.
In addition to the challenges that were faced by some in differ-
entiating the branching pattern of the head and neck arteries, it
is acknowledged that differentiation between a DAA and a
RAA-LAD-MIB can be difficult both prenatally and post-
natally.*>*2 Indeed, in our cohort, some cases of prenatally di-
agnosed RAA-LAD-MIB were found to have DAA on postnatal
cross-sectional imaging (n = 17). The reason for this overlap is
that in both DAA and RAA-LAD-MIB, an artery which gives
rise to the left common carotid and left subclavian artery
passes anterior to the trachea, and in addition, the distal region
of the left arch may be hypoplastic prenatally.t>2¢4143 Thjs is
often confounded by constriction of the arterial duct after
birth which leads to complete atresia of the distal left arch
and can render similar appearance to that of a RAA-LAD-
MIB. 1542

We found that RAA-LAD-MIB was the branching pattern
most difficult to diagnose prenatally with the least agreement
between prenatal and postnatal diagnosis; it was also the least
likely branching pattern diagnosed prenatally to have postnatal
CT/MRI performed which is an important limitation to our find-
ings. The ARCADE study also compared prenatal and postnatal
diagnosis of head and neck vessel branching pattern and found
reduced concordance regarding distribution of the brachioce-
phalic vessels.!” Foetal cardiac MRI*?>%#4~4% and other ultrasound
methods?’” may become helpful in differentiating these morpho-
logical groups; however, foetal cardiac MRI is not universally
available.

Postnatal presentation of vascular rings

Of the liveborn, tracheo-oesophageal compression symptoms
were present in 59% of those with a DAA, in 30% by 3 months
of age. This is slightly less compared to recent studies which re-
ported 65% of DAA showed symptoms/signs by 3 months of
age.?®*3 Symptoms/signs of tracheo-oesophageal compression
were seen in 35% with RAA-LAD-ALSA which is higher than
that reported in the early meta-analysis of prenatal cohorts
when systematic postnatal follow-up may not have been intro-
duced?®? and higher than in a recent series of 112 children.*® The
lowest proportion of symptoms/signs was present in in RAA-
LAD-MIB (11%), although similar to a previously published
series,*® both may be under-sampled due to the incomplete
follow-up in these patients.



12

Seale et al.

Children with RAA-LAD-MIB are at less risk of developing
symptoms of tracheo-oesophageal compression and so prior
to anomaly screening may never have presented to the paedia-
trician. In our cohort, only 3.01% of patients with RAA-MIB pat-
tern had surgical relief of the ring; these patients do have vessels
encircling the oesophagus and trachea, but the pattern rarely
causes symptoms of compression which may be related to the
absence of a Kommerell diverticulum.

There was wide variation in how patients were investigated
and whether surgery was performed, with the lowest surgical
rate for RAA-DAA anomaly being 5% and highest being 38%
within the study period. Some units electively investigate pa-
tients with a known vascular ring to look for radiographic or air-
way compromise on bronchoscopy to help decide whether
surgical intervention should be offered. This reflects a UK na-
tional survey showing regional variation in assessment and
management of patients.*’ Like others,® we found that there
were no deaths directly attributable to the aortic arch surgery;
however, there is important morbidity with a quarter experien-
cing postoperative complications. Whether surgical interven-
tion is beneficial in the long term is beyond the scope of this
study.

Overall, 24% of patients with RAA-LAD-ALSA underwent
surgery which is higher than described by D’Antonio et al.
(17.1%)*? and the ARCADE study (8%), although follow-up per-
iod was longer in this study. Our data suggest that units have a
low threshold for operating on children with potential tracheo-
bronchial compression. The frequency of surgical intervention
was regional and in those with higher surgical rates investigated
patients more with CT +/- bronchoscopy and thus were more
likely to reveal occult compression of the trachea. A limitation
of this study is assessing the impact upon the respiratory system
and oesophagus, as patients were predominantly monitored by
paediatric cardiologists,* rather than health professionals with
specific expertise in assessment of swallowing or airway path-
ology. This practice may result in milder symptoms/signs being
overlooked by a cardiologist. Alternatively, symptoms might
have been falsely attributed to the arch anomaly. Symptoms
secondary to palatal dysfunction may have been wrongly ex-
plained by the aortic arch difference. Capturing meaningful
data on symptoms is challenging due to its subjective nature; fu-
ture studies should focus on protocolized objective assessment
to avoid institutional bias.

In summary, this is the largest and first study to evaluate the
incidence of a prenatal RAA-DAA in the population and to high-
light the varied management of patients with this anatomy. We
have shown an important association with genetic anomaly; an
arch anomaly may be a surrogate for a difference within the foe-
tus. In the presence of prenatally detected arch anomaly, we
recommend a complete foetal survey be performed and genetic
testing offered. As recommended by Depypere et al.,>* there is
need for prospective, follow-up studies to document the long-
term outcomes of patients with prenatally diagnosed vascular
rings, to understand natural history and which patients may
benefit from early intervention, informing future trials. This
would aid decision-making in those asymptomatic patients or
those presenting with minor symptoms. We suggest that until
we understand the true significance of these lesions, centres de-
velop a robust follow-up pathway for patients with a prenatal
RAA-DAA.

Limitations

The study is limited by its retrospective nature. Cases diagnosed
by screening sonographers may not be referred to foetal cardi-
ology. Anatomical aortic arch details were not always available.
Not all cases underwent genetic testing. Despite being a large
data set, the analysis may be limited by sparse data bias.>?
There may be factors that we have not investigated which
may influence outcome.
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