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Abstract

The objective of the present study is to describe a cohort of
complex esophageal atresia and the yield of genetic tests
performed for such patients. We selected 45 patients with
complex esophageal atresia (EA), namely those having at
least one associated anomaly. We reviewed their medical
records to assess clinical features, other diagnoses, and ge-
netic investigations. Most of the patients had a diagnosis of
VACTERL association (56%) with no genetic variant identi-
fied. Interestingly, 5 patients in the cohort (11%) had a right
pulmonary hypoplasia or agenesis. A majority of our cohort
(73%) had genetic testing; 60% were karyotyped (abnormal
in 4 of the 27 patients tested), 31% had aCGH (abnormal in
1 of the 14 patients tested), and 31% had diepoxybutane
(DEB) testing for Fanconi anemia (abnormal in 2 of the 14
patients tested). One patient had exome sequencing stud-
ies, but no candidate gene was identified. Various anoma-
lies were associated with EA, and overall a genetic variant
could be identified in 7 of the 33 patients tested. Chromo-
somal studies such as aCGH and chromosomal breakage

studies should be considered, and their yield varied be-
tween 7 and 14%. Other genetic investigations such as
exome sequencing could possibly have even higher yields
but will need to be assessed in a large cohort. Improved ge-
netic diagnoses in EA may improve the management of
these patients by directing specific surveillance and man-

agement schemes. © 2017 S. Karger AG, Basel

Esophageal atresia (EA) with or without tracheo-esoph-
ageal fistula (TEF) is a relatively common congenital de-
fect occurring in about 2.4/10,000 births [Nassar et al.,
2012]. Different anatomical classifications have been pro-
posed. The Gross classification includes 5 subtypes mainly
depending on the presence and the location of TEF. Type
A is an isolated form of EA, type B has a proximal TEF,
type C, which is the most frequent type, is associated with
distal TEF, while type D comprises both proximal and dis-
tal fistulae. Finally, type E is defined as the presence of a
TEF without an EA [Gross and Piotti, 1953].

About half of the patients with EA are known to have
associated anomalies [Shaw-Smith, 2006]. Despite its rel-
atively high prevalence, its etiology remains poorly un-
derstood. Some environmental factors, such as fetal alco-
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hol exposure or maternal diabetes, have been associated
with an increased risk for EA/TEF [Martinez-Frias and
Rodriguez-Pinilla, 1991; Martinez-Frias, 1994]. EA is also
aclinical feature seen in several genetic syndromes caused
by chromosomal anomalies (e.g., trisomy 13, 18, and 21)
or by specific gene mutations (e.g., CHARGE syndrome,
Fanconi anemia). Despite this complex etiology, genetic
causes can be identified in less than 10% of the patients
with EA [Genevieve et al., 2007].

The aim of the present retrospective study is to de-
scribe a series of patients with complex EA/TEEF, to iden-
tify useful genetic testing, and to propose an algorithm to
facilitate investigation of these patients.

Patients and Methods

A total of 181 patients have been seen at the EA-TEF Clinic at
CHU Sainte-Justine, Montreal, between 2005 and 2015. For this
retrospective study, we selected patients with complex EA/TEF,
namely those having at least one associated anomaly, with the ex-
clusion of patients with only minor cardiac anomalies, such as the
frequently associated right aortic arch and aberrant right subcla-
vian artery [Berthet et al., 2015], since genetic testing was usually
not performed in these cases or in cases of completely isolated EA.
A total of 45 patients, mainly Caucasian French-Canadian indi-
viduals, were included. The mean age was 11.6 years (2-25 years),
and there were 21 (47%) females and 24 (53%) males. We reviewed
medical records of the selected patients and compiled data about
clinical features, associated diagnoses, and genetic investigations
performed.

To determine if diagnoses found in this cohort had already
been reported in association to EA/TEF, we searched in PubMed
and OMIM for matching terms, “esophageal atresia” or “tracheo-
esophageal fistula,” and the diagnosis.

Results

Clinical Features of the Cohort Analyzed

A majority of patients (n = 35; 78%) had a type C EA.
Other types were divided as following: 6 patients (13%)
had a type A, 1 patient (2%) had a type D, and 3 patients
(7%) had a type E. There was no type B in this cohort.

A wide range of anomalies, affecting various organ sys-
tems, were observed (Table 1), with the most frequent
being cardiovascular defects (76%). We noted 5 individu-
als (11%) with right pulmonary hypoplasia or agenesis.
Developmental delay or intellectual disability was found
in 11 patients (24%). Among other anomalies, we ob-
served an intrauterine growth restriction in 8 patients
(18%) and a failure to thrive in 7 patients (16%).

Esophageal Atresia and Genetic Testing

Table 1. Associated anomalies in 45 patients

Anomalies Patients, n (%)
Cardiovascular 34 (75.6)
Skeletal (excluding vertebrae) 22 (48.9)
Gastrointestinal 21 (46.7)
Kidney 21 (46.7)
Vertebral 21 (46.7)
Respiratory 17 (37.8)
Behavior, cognition, and development 15(33.3)
Genitourinary (excluding kidney) 12 (26.7)
Deafness/hearing loss 12 (26.7)
Neurological 10 (22.2)
Auricular (excluding deafness/hearing loss) 7 (15.6)
Other 21 (46.7)
Genetic Findings

Most of the individuals (n = 33; 73%) had at least 1 ge-
netic test. Table 2 shows the distribution of genetic tests
performed in these patients (patients who had more than
1 test were counted once for each test). A genetic variant
was identified in 7 patients (21% of those tested). Karyo-
typing was the most frequently performed test and often
the first offered, but aCGH is progressively replacing
karyotypes in the clinic for most indications and, for 5 of
the 14 patients in whom aCGH was performed, no karyo-
typing had been done previously. Among the 9 patients
who had FISH analysis for the chromosomal region
22q11.2, only 2 did not have prior karyotyping. Karyotyp-
ing and the diepoxybutane (DEB) test for chromosomal
breakage studies to search for Fanconi anemia showed
the highest detection rate with, respectively, 15 and 14%
of abnormal results. For all patients in which the karyo-
type showed abnormalities, no additional genetic investi-
gations were performed. Targeted analyses were per-
formed in 3 patients and included polymerase chain reac-
tion (PCR) for X fragile syndrome and molecular analysis
of NF1, SPREDI, and PTEN in one patient, GLI3 in an-
other, and EFTUD2 in a last patient. These analyses iden-
tified a mutation of GLI3 in an individual suspected to
have Greig cephalopolysyndactyly syndrome on the basis
of the preaxial polydactyly and dysmorphisms such as hy-
pertelorism. Exome sequencing was performed on a sin-
gle patient, and no variant suspected of causing his phe-
notype was found. He presented with hypoplastic ears,
hypertelorism, macrostomia, abnormalities of the bones
of the skull base, and a ventricular septal defect.

Twenty-seven patients received a diagnosis based on
their clinical features, so that 34 (76%) of the individuals
had a diagnosis (Table 3). A majority (56%) of patients
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Table 2. Genetic testing in our cohort of 45 patients

Table 3. Diagnosis in our cohort of 45 patients

Genetic testing Patients tested,  Positive results,

n (%) n (%)
Karyotype 27 (60.0) 4(14.8)
CGH 14 (31.1) 1(7.1)
DEB test 14 (31.1) 2 (14.3)
FISH 22q11.2 9 (20.0) 0 (0.0)
Targeted testing 3(6.7) 0(0.0)
Subtelomeric FISH 2 (4.4) 0(0.0)
FISH trisomy 13, 18, 21 1(2.2) 0(0.0)
FISH monosomy 5q, 7q 1(2.2) 0(0.0)
FISH trisomy 8 1(2.2) 0(0.0)
Exome sequencing 1(2.2) 0(0.0)

Diagnosis Patients, n (%)
VACTERL

Diagnosed by physician (includes

those with 2/6 criteria) 25 (55.6)

With >3/6 criteria 23 (51.1)
Klippel-Feil syndrome 1(2.2)
Moebius syndrome 1(2.2)
Poland syndrome 1(2.2)
Meier-Gorlin syndrome 1(2.2)
Trisomy 21 3(6.7)
Fanconi anemia 2 (4.4)
47,XYY mosaicism 1(2.2)

CHG, comparative genomic hybridization; DEB, diepoxybu-
tane.

received a diagnosis of VACTERL (vertebral, anorectal,
cardiac, tracheo-esophageal, renal and limb malforma-
tions) association from their physicians. Two patients
had another diagnosis in addition to VACTERL associa-
tion, namely Klippel-Feil syndrome and 47,XYY mosa-
icism. aCGH identified 2 deletions (2q35 and 16p23.3) in
a single patient. No information was available about the
inheritance of these variants, as the parents declined fur-
ther testing. A search in CNV databases, DECIPHER
[Firth et al., 2009] and ClinGen [Rehm et al., 2015], did
not reveal patients with similar deletions. Therefore, we
were not able to conclude if these variants were patho-
genic.

Individuals with VACTERL Association

Patients who received a diagnosis of VACTERL asso-
ciation by their physician had 2-6 of the 6 associated
components with an average of 4. The usual definition of
VACTERL association requires at least 3 out of 6 features,
but diagnostic criteria may vary from one physician to
another [Solomon, 2011; Solomon et al., 2012]. For the
purpose of our study, we considered as having VACTERL
for only those having a minimum of 3 criteria. Some in-
dividuals affected with a confirmed genetic syndrome
other than VACTERL also met criteria for VACTERL as-
sociation, but they were not counted in this category as
the other syndrome explained their features. Cardiac
anomalies (83%) were the most frequent VACTERL ac-
ronym malformations (Table 4). Among other malfor-
mations, genitourinary (35%), skeletal — except vertebrae
and limbs - (35%), and respiratory (35%) systems were
the most affected systems. We noted 1 patient (4%) in that
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group with unilateral pulmonary hypoplasia. Sixteen of
the 23 patients with VACTERL association (70%) had at
least 1 genetic test, mainly karyotyping (65%), DEB test
(35%), and aCGH (30%). Only one of this subset of pa-
tients had an abnormal result, with a karyotype showing
47,XYY mosaicism.

Fanconi Anemia Patients

The 2 patients diagnosed with Fanconi anemia had
multiple anomalies affecting various systems. They both
presented with deafness/hearing loss, congenital heart
defect (atrial septal defect and patent ductus arteriosus),
failure to thrive, and epilepsy. The first patient also
showed microcephaly, ossicular defects, ocular anomalies
(microphthalmia, strabismus, and cataracts), radial hy-
poplasia, thumb hypoplasia, umbilical hernia, testicle at-
rophy, developmental delay, and attention deficit hyper-
activity disorder. The second individual had an aberrant
subclavian artery, thumb duplication, duodenal atresia,
hiatal hernia, single kidney, and cryptorchism.

Discussion

Anomalies Associated with EA/TEF

As previously reported, many malformations can oc-
cur in association to EA/TEF. VACTERL features have
been reported in several individuals, but other anomalies
not included in the VACTERL association are also fre-
quently seen [Genevieve et al., 2007; de Jong et al., 2008;
Solomon et al., 2010a; Solomon, 2011; Brosens et al.,
2014]. In the present cohort, a large spectrum of associ-
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Table 4. Associated anomalies in VACTERL patients

Anomalies Patients Solomon Brosens
(n=23) etal. [2010a] et al. [2014]
(n=60) (n=139)

VACTERL acronym anomalies
Vertebral 17 (73.9) 47 (78) 83 (60)
Anorectal 10 (43.5) 33 (55) 72 (52)
Cardiac 19 (82.6) 48 (80) 83 (60)
Tracheo-esophageal 23 (100) 31 (52) 139 (100)
Renal 18 (78.3) 43 (72) 74 (53)
Limb 7 (30.4) 28 (47) 53 (38)

Other anomalies
Skeletal (excluding vertebrae and limbs) 8 (34.8) - -
Genitourinary (excluding renal) 8 (34.8) - -
Respiratory 8 (34.8) - -
Gastrointestinal (excluding tracheo-esophageal and anorectal) 7 (30.4) - -
Behavior, cognition, and development 3(13.0) - -
Neurological 3(13.0) - -

Percentages are given in parentheses.

ated anomalies was found, principally in cardiovascular,
musculoskeletal, gastrointestinal, genitourinary, and re-
spiratory systems.

Diagnoses in this Cohort

Most of the diagnoses found in this cohort were previ-
ously associated with EA/TEF. It includes the VACTERL
association, trisomy 21, Fanconi anemia, and Klippel-Feil
syndrome [Brosens et al., 2014]. On the other hand, ac-
cording to our literature review, Moebius syndrome, Po-
land syndrome, and 47,XYY mosaicism have never been
reported in association to EA/TEF. The patient with Mei-
er-Gorlin syndrome in our cohort was already reported
[Guernsey et al., 2011] and appears to be the only patient
with this condition reported to also have EA/TEF. More
data would be necessary to determine if EA/TEF could be
aminor feature of these syndromes. A GLI3 mutation has
already been reported in a patient with EA [Yang L et al,,
2014]. However, the variant found in the patient from this
cohort appeared to be a non-deleterious polymorphism
present in 0.6% of the European population (ExAC;
http://exac.broadinstitute.org), even though it was previ-
ously thought to be associated with Greig cephalopoly-
dactyly [Kalff-Suske et al., 1999; Krauss et al., 2009]. Fi-
nally, neither deletions 2q35 nor 16p23.3 were reported
as being associated with EA/TEF, and it has been impos-
sible to establish if these variants have been inherited
from a parent, so the significance of these findings re-

Esophageal Atresia and Genetic Testing

mains to be determined if more patients with this asso-
ciation are identified.

VACTERL Association

The distribution of VACTERL features amongst pa-
tients with this diagnosis was similar to what has previ-
ously been reported (Table 4). Brosens et al. [2014] se-
lected patients with 3 or more VACTERL features in a
cohort of patients with tracheo-esophageal anomalies, as
in our study, but they did not exclude patients with other
proven genetic syndromes. Solomon et al. [2010a], how-
ever, studied patients with VACTERL association that
did not correspond to a known genetic syndrome but did
not select their patients in a cohort of EA/TEF, so they
found a rate of tracheo-esophageal anomalies lower than
our study and the study of Brosens et al. [2014]. We found
similar results to the study of Solomon et al. [2010a] for
cardiac (80%) and renal (72%) defects, while Brosens et
al. [2014] reported lower incidences (60 and 53%, respec-
tively). For vertebral anomalies, our incidence of 74% was
between those found by Solomon et al. [2010a] (78%) and
Brosens et al. [2014] (60%). With incidences of, respec-
tively, 44 and 30% for anorectal and limb malformations,
our results were lower than Solomon et al. [2010a] (55
and 47%) and Brosens et al. [2014] (52 and 38%).

As we observed in our cohort, many other malforma-
tions than the main ones in VACTERL association have
been described in patients with EA. As features of some
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syndromes (e.g., CHARGE) overlap with those of VAC-
TERL, it might suggest an underlying genetic syndrome
in some of those patients [Solomon, 2011].

Until now, VACTERL association has been recog-
nized as a multifactorial disease, while its specific etiology
(genetic or other) remains undetermined in most cases.
The environment is a major factor which has been identi-
fied in some individuals as the causal factor for this asso-
ciation of malformations. Notably, a well-known associ-
ated exposition is maternal diabetes [Solomon, 2011].
Otherwise, it has been shown that some signaling path-
ways, such as sonic hedgehog, Hox and retinoic acid
pathways could also be implicated in the etiology [Solo-
mon, 2011; Brosens et al., 2014]. Individuals with VAC-
TERL features were identified with mutations of ZIC3
and FOXFI [Chung et al., 2011; Hilger et al., 2015], FGF8
[Zeidler et al., 2014], PTEN [Reutter and Ludwig, 2013],
and HOXD13 [Garcia-Barcelo et al., 2008]. A study of 69
twins affected by VACTERL association did not show a
higher concordance rate in monozygotic twins than in
dizygotic twins, and therefore suggested that inherited
genetic factors play a limited role in this condition [Bar-
tels et al., 2012b]. Moreover, while Solomon et al. [2010D]
found evidence of inheritance in patients with VACTERL
association, with 9% of them having a primary relative af-
fected by one or more VACTERL features, Bartels et al.
[2012a] instead described no higher prevalence of VAC-
TERL features in first-degree relatives.

Fanconi Anemia

The phenotype of Fanconi anemia is highly variable,
which makes it a difficult condition to diagnose on a clin-
ical basis. As it was observed in the 2 patients with Fan-
coni anemia in this cohort, this disease includes multiple
congenital malformations, and 5-10% of the patients
with Fanconi anemia meet VACTERL criteria [Giam-
pietro et al., 1993; Faivre et al., 2005]. Recent cases with
teatures overlapping VACTERL were identified with mu-
tations in FANCB [Mikat et al., 2016], FANCL [Vetro et
al.,2015],and FANCI [Savage et al., 2016]. Apart from the
features frequently reported in this disorder, the 2 pa-
tients in our cohort also presented with epilepsy, while
the usual Fanconi anemia spectrum does not include ep-
ilepsy as a main feature. To our knowledge, only 1 case of
Fanconi anemia with epilepsy was identified in the litera-
ture, the genetic etiology being a compound heterozygos-
ity for a point mutation of FANCA and a large intragenic
deletion encompassing exon 9 of the other FANCA allele
[Alonso et al., 2011]. In our cohort, both children were
diagnosed by DEB chromosomal breakage analysis and
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neither had molecular genetic testing or aCGH. It could
be interesting to see if those patients could carry a similar
deletion that could explain their seizure phenotype.
Even if EA/TEF is not a frequent feature of Fanconi
anemia, with an incidence of 1-14% [de Jong et al., 2010;
Brosens etal., 2014], it might be relevant to perform chro-
mosomal breakage analysis in every patient presenting
with this defect. Notably, 2 patients were reported with
EA as the only associated malformation [Perel et al.,
1998]. This suggests we should consider ordering chro-
mosome breakage studies more often in EA. In this co-
hort, the DEB test was positive in 2 of the 14 patients who
had this test, making it the genetic test with the highest
detection rate (14%) in this cohort. Previous studies did
not show such high diagnostic yield, neither in patients
with isolated EA [Esmer et al., 2004] nor in those with
VACTERL association [Esmer et al., 2004; Solomon et al.,
2012]. Diagnosing Fanconi anemia early carries signifi-
cant clinical importance since it can influence therapy for
hematological anomalies [de Jong et al., 2010].

Pulmonary Agenesis

An interesting finding in this cohort is the presence of
5 patients with right pulmonary agenesis or hypoplasia.
Except for 1 patient who met VACTERL criteria, the oth-
ers received no diagnosis. This congenital defect has al-
ready been reported in association with EA/TEF in the
literature in less than 40 individuals, which thus seems
relatively infrequent [Stark et al., 2007; Yadav et al., 2012;
Verma et al., 2013]. As esophageal and respiratory struc-
tures both derive from the same embryological structure,
the foregut, it might suggest the implication of genes reg-
ulating the development of this structure. For example,
haploinsufficiency of the forkhead gene FoxfI has previ-
ously been linked to congenital lung and foregut malfor-
mations [Mahlapuu et al., 2001]. It would be interesting
to further study this association with the aim of identify-
ing a genetic cause in patients with this phenotype.

Genetic Testing

Genetic variants have been identified in 21% of the pa-
tients following genetic testing. It must be pointed out
that in most of the patients only karyotyping was per-
formed. Only 31% of the patients had a chromosomal mi-
croarray, although it has a much better diagnostic yield
than karyotyping for patients with multiple congenital
anomalies [Miller et al., 2010]. Sequencing of only 3 genes
previously associated with EA/TEF (GLI3, EFTUD2, and
PTEN) has been performed in some patients in this co-
hort. The other targeted tests aimed to explain other fea-
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[ Detailed physical examination ]

Clinical investigations
- Ultrasound: heart, abdomen, brain
- Audiology testing
- Ophthalmic examination
- Skeletal survey

[ Isolated J[ = 1 associated anomaly ]

DEB test
aCGH
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Targeted analysis or
multi-gene panel
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consider @

Follow-up to
determine according
to clinical features

1 )

if suggestive phenotype

Fig. 1. Algorithm for the management of patients with EA/TEF.
DEB, diepoxybutane; EA, esophageal atresia; TEF, tracheo-esoph-
ageal fistula.

tures present in the patient in which they were performed.
Many other genes have been found to be involved in syn-
dromes with EA/TEF as a variable feature, such as CHD7
(CHARGE syndrome), MYCN (Feingold syndrome), and
SOX2 (microphthalmia and EA) [Brosens et al., 2014].
Analysis of those genes could yield answers concerning
EA/TEF’s etiology in our cohort, but a suggestive pheno-
type generally has to be recognized by physicians to
prompt such investigations. Recent next-generation se-
quencing technologies such as whole-exome sequencing
could be an interesting alternative since it is not limited
to specific genes and does not inevitably require a prior
diagnostic hypothesis. Moreover, it could not only iden-
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tify mutations in genes already associated with EA/TEF,
but it could also identify unsuspected syndromes or new
causal genes. In this cohort, a single patient underwent
whole-exome sequencing, and no variant could be linked
to his phenotype, but further studies will be necessary to
determine the detection rate of such technology.

Suggested Investigations in EA/TEF

According to the literature, up to 60% of the patients
with EA/TEF had associated anomalies [Shaw-Smith,
2006]. For this reason, a thorough physical examination
and clinical investigations should be performed in every
patient presenting with EA/TEF (Fig. 1). Also, every pa-
tient should be seen by a clinical geneticist, who would
then decide on subsequent appropriate genetic testing.
In this cohort of complex EA/TEF, we found 5 patients
(11%) with chromosomal anomalies (e.g., trisomy 21),
while it has been reported in 6-10% [Felix et al., 2007] of
the patients with EA/TEF. Thus, we suggest aCGH in all
patients, as well as to consider chromosomal breakage
studies (e.g., the DEB assay) in complex EA, which
showed a high detection rate in this cohort. For patients
with associated anomalies, targeted analysis or multi-
gene panel should be performed if a suggestive pheno-
type is identified. Finally, if these genetic tests remain
negative, or as an alternative to targeted genetic testing,
whole-exome sequencing could be considered in pa-
tients with multiple anomalies since it has a diagnostic
rate of 25-54% in patients with multiple congenital
anomalies [Iglesias et al., 2014; Yang Y et al., 2014; Va-
lencia et al., 2015].

Limitations of the Present Study

This study has some limitations that must be men-
tioned. First of all, our cohort did not include all EA pa-
tients diagnosed at our institutions, only those with asso-
ciated malformations; therefore, we cannot use it to cal-
culate the absolute frequency of malformations in EA,
and we cannot compare our findings to other cohorts
which included all EA patients. Also, as we did a retro-
spective analysis of medical records and did not perform
any prospective genetic investigations for this study, our
results thus depend on the observations, imaging, and
tests requested by different physicians over the years.
VACTERL association is usually diagnosed by exclusion,
but not all patients with VACTERL association in this
cohort had genetic testing, and this might have led to a
misdiagnosis. For example, we cannot exclude the possi-
bility that some patients diagnosed with VACTERL
would in fact have CHARGE syndrome because there are
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some overlapping features. Finally, it is possible that some
medical records were incomplete because some patients
might have undergone investigations in other pediatric
hospitals.

In conclusion, this study described various malforma-
tions that can occur in association with EA/TEF. It is im-
portant for clinicians to be aware of the possibility of a
genetic syndrome causing these multiple congenital
anomalies. Even if most patients remain without a genet-
ic explanation for their phenotype, genetic testing identi-
fied a variant in 16% of our cohort (21% of those tested).
Chromosomal microarray might be a good test to per-
form as a first intention test in patients showing malfor-
mations associated with EA/TEF to exclude a chromo-
somal anomaly, and a chromosomal breakage analysis
could permit an early diagnosis of Fanconi anemia. Iden-
tifying genes causing EA/TEF in humans by panel or
exome sequencing could eventually lead to better diagno-

sis and management of patients with this condition, but
such a study needs to be performed in a large cohort to
determine the cohort-specific yield.
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