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Abstract Aortic dilation at the level of the aortic root can be
caused by a variety of congenital or acquired conditions that
lead to weakening of the aortic wall. In this retrospective
study, we sought to determine the frequency of different asso-
ciated diagnoses from children with aortic dilation seen at a
single institution. A total of 377 children (68 % male) met
study inclusion criteria. Patients were classified based on the

suspected or confirmed associated diagnosis in one of the
following categories: congenital heart disease (241/377,
64 %), chromosomal (34/377, 9 %), Marfan syndrome (26/
377, 7 %), other genetic and non-genetic (22/377, 6 %),
Loeys-Dietz syndrome (6/377, 2 %), and unknown (48/377,
13 %). Bicuspid aortic valve was by far the most prevalent
congenital heart defect (206/241, 85 %), while Turner syn-
drome was the most frequent chromosomal abnormality (12/
34, 35%). Patients withMarfan syndrome were more likely to
have severe dilation of the ascending aorta (p=0.002) and to
require aortic root replacement surgery (p<0.001) compared
to those in other diagnosis categories.

Conclusion: The differential diagnosis of aortic dilation is
broad and requires a careful assessment of cardiac anatomy.
Evaluation by a clinical geneticist in this setting should be
strongly considered given the high frequency of associated
genetic conditions.

What is Known:
• Aortic dilation is frequent in bicuspid aortic valve and other congenital
heart defects.

• Aortic dilation can be seen in several connective tissue disorders.
Limited information is available in regard to the differential diagnosis
of aortic dilation in children.

What is New:
• In patients with aortic dilation concurrent congenital heart disease is
frequently diagnosed.

• Almost 18 % of cases in the present study had a defined presumptive or
confirmed genetic diagnosis. We suggest considering a genetics
evaluation in the setting of aortic dilation.
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Abbreviations
AoD Aortic dilation
ASD Atrial septal defect
BAV Bicuspid aortic valve
CHD Congenital heart defect
EDS Ehlers-Danlos syndrome
LDS Loeys-Dietz syndrome
MFS Marfan syndrome
VSD Ventricular septal TOF

Introduction

Aortopathies are a group of disorders characterized by dila-
tion, tortuosity, and aneurysms of the aorta. Aortic dilation
(AoD) leading to aortic dissection has been associated with
several syndromic connective tissue disorders such as Marfan
syndrome (MFS; MIM154700), Loeys-Dietz syndrome
(LDS; 609192), and Ehlers-Danlos syndrome (EDS) type IV
(MIM 130050), among others [6–8, 22].

Aortopathy is also seen in other conditions apart from
clearly defined connective tissue disorders, specifically con-
genital heart defects (CHD). The aorta in patients with bicus-
pid aortic valve (BAV), the most commonCHD,maymanifest
similar histological changes to those seen in patients with
MFS. De novo AoD occurs frequently in the setting of BAV
and is not related to the presence of hemodynamically signif-
icant aortic valve stenosis or regurgitation [3]. Other CHDs
reported to have de novo or postsurgical AoD and aortic dis-
section include conotruncal lesions, hypoplastic left heart syn-
drome, and coarctation of the aorta [1, 2, 18, 19, 23, 24]. Neo-
aortic root dilation after arterial switch operation for d-
transposition of the great arteries, Ross procedure for aortic
valve disease, and balloon valvuloplasty for congenital aortic
stenosis have also been observed [2, 14, 18].

The literature is more limited however in the differential
diagnosis of AoD in children in the setting of recent advances
in molecular genetic techniques. We sought to determine the
most frequent associated genetic diagnoses in a large pediatric
population with AoD.

Methods

Study design and definitions

After obtaining approval from the Arkansas Children’s Hos-
pital Institutional Review Board, a retrospective review was
performed in all patients with AoD evaluated at our center
from January 1, 2009 to July 1, 2013. Study subjects were
identified by querying the Syngo Dynamics v 9.0 (Siemens
Healthcare, Vienna, Austria) database for all echocardiograms
performed at our institution during the study period. Subjects

were included if there was an echocardiographic diagnosis of
at least mild dilation at the level of the aortic sinus of Valsalva
or the ascending aorta. Additional inclusion criteria were age
<18 years at the time of echocardiogram and prior evaluation
by a cardiologist and/or geneticist at our institution. Exclusion
criteria included: inability to identify the primary diagnosis,
history of certain congenital heart defects (conotruncal anom-
alies, hypoplastic left heart syndrome, and heterotaxy), history
of heart transplantation, and lack of persistence of the diagno-
sis of AoD in at least two separate studies in those with mul-
tiple echocardiograms. Medical records were systematically
reviewed, and a separate database was created with the fol-
lowing data abstracted: age at echocardiogram, age at diagno-
sis of AoD, gender, anatomic location of the AoD, aortic di-
mensions, anthropometric measurements, genetic evaluation,
family history, suspected or confirmed diagnoses, associated
clinical findings, and concurrent CHDs, if present. When
available, results of genetic testing were also reviewed.

For younger patients (from birth to 4 years of age) whose
first echocardiographic evaluation occurred during the study
period, the age at the first echocardiogram that demonstrated
AoD objectively also represented the age at diagnosis of AoD.
For older patients (ages 4 to 18 years), whenever possible, the
first available study with AoD was used for analysis.

Family history was determined to be positive if first-degree
relatives were affected with one of the following: CHD, MFS,
other aortopathies (aortic dilation, dissection, rupture, or an-
eurysms), and other connective tissue disorder (EDS, LDS, or
unknown). For the purpose of this study, the suspected or
confirmed associated diagnosis included the following six cat-
egories: CHD, MFS, chromosomal (Turner syndrome and
other chromosomal), LDS, other (genetic and non-genetic
conditions), and unknown. Only patients with isolated, ana-
tomical cardiovascular defects were classified in the category
of “CHD.” Patients with major aneuploidies or submicroscop-
ic pathogenic microdeletions/microduplications were classi-
fied into the “chromosomal” category. Patients who had other
non-chromosomal genetic syndromes and associations either
confirmed or highly suspected and those with other heart con-
ditions different than CHDs (i.e., congenital AV blocks, car-
diomyopathy, etc.) were classified into the “other” category.
Lastly, patients who had multiple congenital anomalies, de-
velopmental delay, and/or dysmorphic features in whom a
genetic diagnosis was not pursued or could not be confirmed
were classified as “unknown.”

Echocardiographic measurements

Echocardiograms were performed with the patient in the su-
pine position using commercially available ultrasound ma-
chines (Siemens Acuson Sequoia 512 with 10, 7, 5, and
3 MHz probes and Philips iE33 with 12, 8, and 5 MHz
probes). The performing echosonographer and the
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cardiologist reading the study obtained two-dimensional mea-
surements in accordance with the recommendations of the

American Society of Echocardiography using parasternal
long-axis views of the aortic sinus of Valsalva and ascending

Table 1 Demographic and
clinical description of patients All patients

Demographics

Male 68 % 256/377

Age at echocardiogram, years (1st quartile, 3rd quartile) 11 (5, 14)

Echocardiogram age groups

<1 year 6 % 23/377

1 to <5 years 16 % 60/377

5 to <10 years 23 % 87/377

10 to <15 years 36 % 136/377

≥15 years 19 % 71/377

Weight, kilograms (1st quartile, 3rd quartile) 32 (18, 53)

Height, meters (1st quartile, 3rd quartile) 1.4 (1.1, 16)

BMI (1st quartile, 3rd quartile) 18 (16, 21)

Clinical data

Family history

Positive 14 % 54/377

Negative 49 % 183/377

Unknown 37 % 140/377

Family history (positive only)

CHD 46 % 25/54

Aortopathy 22 % 12/54

MFS/LDS 19 % 10/54

EDS 6 % 3/54

Sudden death 2 % 1/54

Unknown 6 % 3/54

BAV 64 % 242/377

BAV (CHD only) 85 % 206/241

Associated diagnosis

CHD 64 % 241/377

Chromosomal 9 % 34/377

MFS 7 % 26/377

Other 6 % 22/377

LDS 2 % 6/377

Unknown 13 % 48/377

Aortic data

Sinus of Valsalva Z-score (1st quartile, 3rd quartile) 3.3 (2.8, 3.8)

Sinus of Valsalva severity groups

Mild 81 % 113/139

Moderate 13 % 18/139

Severe 6 % 8/139

Ascending aorta Z-score (1st quartile, 3rd quartile) 4 (3.1, 5.2)

Ascending aorta severity groups

Mild 49 % 139/282

Moderate 37 % 104/282

Severe 14 % 39/282

BMI body mass index,CHD congenital heart disease,MFSMarfan syndrome, LDS Loeys-Dietz syndrome, EDS
Ehlers-Danlos syndrome, BAV bicuspid aortic valve
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aorta [10]. Measurements were made from inner-edge to
inner-edge during mid-systole. All measurements were made
at the maximum diameter. Using the body surface area deter-
mined according to the method of Haycock, Z-scores were
then calculated for the aortic sinus of Valsalva and ascending
aorta measurements available for each subject using the re-
gression equations by Warren et al. [5, 21]. For the purposes
of this study, AoDwas described as mild for Z-scores between
2 and 3.99, moderate for Z-scores between 4 and 5.99, and
severe for Z-scores≥6 [4].

Statistical analysis

All data were analyzed using R version 3.1.0 (R Foundation for
Statistical Computing, Vienna, Austria). Summary statistics
were expressed as median and interquartile range (1st quartile,
3rd quartile) for continuous variables and frequency and per-
centage for categorical variables. The distributions of continu-
ous variables were compared among severity groups using the

Kruskal-Wallis tests and between with and without replacement
using the Mann-Whitney U tests, while the proportions of cat-
egorical variables were compared using the chi-square tests.
p values <0.05 were considered statistically significant.

Results

Population description

A total of 1248 charts were reviewed, and data were collected
on 377 patients (68 % male) who met study inclusion criteria.
Because several patients had AoD at more than one level, a
total of 421 observations were made. The median age at echo-
cardiogram for the entire cohort was 11 years (range, 1 day–
17 years) (Table 1). Only 84/377 patients (22 %) were evalu-
ated by a geneticist. A total of 54/377 cases (14 %) had a
positive family history, though in 140/377 cases (37 %), the
family history was unknown.

Table 2 Demographic and clinical data of patients with dilation at the level of the ascending aorta by severity groups (N=282)

Ascending aorta severity groups Combined (N=282) pa

Mild (N=139) Moderate (N=104) Severe (N=39)

Demographics

Male 62 % 86/139 74 % 77/104 77 % 30/39 68 % 193/282 0.06

Age at echo, years 10 (4, 14) 11 (7, 13) 10 (5, 13) 11 (5, 13) 0.34

Age at diagnosis, years 7 (3.2, 12.2) 7 (4.6, 12) 5 (3, 8) 7 (3.5, 12) 0.09

Weight, kilograms 36 (17, 55) 35 (22, 55) 28 (18, 45) 34 (19, 54) 0.19

Height, meters 1.3 (1, 1.6) 1.4 (1.2, 1.6) 1.3 (1.1, 1.6) 1.4 (1.1, 1.6) 0.32

BMI 18 (16, 21) 18 (16, 22) 17 (15, 19) 18 (16, 21) 0.08

Clinical data

Seen by genetics 17 % 24/138 11 % 11/102 21 % 8/39 15 % 43/279 0.24

Positive family history 20 % 18/88 25 % 16/64 16 % 3/19 22 % 37/171 0.64

Diagnosis 0.02

CHD 70 % 97/139 77 % 80/104 79 % 31/39 74 % 208/282 0.31

Chromosomal 6 % 9/139 8 % 8/104 5 % 2/39 7 % 19/282 0.85

MFS 1 % 1/139 0 % 0/104 8 % 3/39 1 % 4/282 0.002

Other 6 % 8/139 6 % 6/104 3 % 1/39 5 % 15/282 0.71

LDS 1 % 1/139 2 % 2/104 0 % 0/39 1 % 3/282 0.52

Unknown 17 % 23/139 8 % 8/104 5 % 2/39 12 % 33/282 0.04

BAV 71 % 98/139 82 % 85/104 82 % 32/39 76 % 215/282 0.08

Aortic data

Sinus of Valsalva Z-score 2.5 (2.3, 3) 3.4 (3.4, 3.9) 3.4 (3, 4.1) 3.3 (2.6, 3.9) 0.02

Ascending aorta Z-score 3.1 (2.7, 3.6) 4.7 (4.4, 5.3) 6.8 (6.4, 7.1) 4 (3.1, 5.2) <0.001

Continuous variables are presented as median with 1st and 3rd quartiles. p values <0.05 are marked in italics

BMI bodymass index,CHD congenital heart disease,MFSMarfan syndrome, LDS Loeys-Dietz syndrome,EDSEhlers-Danlos syndrome,BAV bicuspid
aortic valve
a p values were obtained by comparisons among three severity groups (mild, moderate, and severe) using the Kruskal-Wallis tests for continuous
variables and chi-square tests for categorical variables
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Aortic dilation characteristics

Aortic dilation was most often reported in the ascending aorta,
whether alone (238/377, 63 %) or in combination with the
sinus of Valsalva (44/377, 12 %). Isolated dilation of the sinus
of Valsalva was seen in 95/377 patients (25 %). The severity
of AoD was mild in 60 % (252/421) of cases regardless of the
location (Table 1).

Differential diagnosis

Congenital heart disease was the most frequent associated
diagnosis (64 % of cases) (Table 1). BAV was the most prev-
alent defect in the present cohort and was seen in 242/377
patients (64 %), 206 of whom were classified within the
CHD category. Indeed, BAV was seen in isolation, in combi-
nation with other heart or birth defects, and in several patients
with other established primary genetic diagnoses. Other less
common CHDs without BAV included coarctation of the aor-
ta, aortic/subaortic stenosis, atrial septal or ventricular septal
defects (ASD/VSD), pulmonary stenosis, Ebstein anomaly,
and patent ductus arteriosus. MFS was the most commonly

identified connective tissue disorder. Of the 26 cases (7 %), 13
had pathogenic mutations in the FBN1 gene while the others
were diagnosed clinically using the old Ghent criteria or their
revised version [11]. Only six patients with LDS were identi-
fied (2 %), all with pathogenic mutations in either TGFBR1 or
TGFBR2. Of the 34 patients classified as chromosomal (9 %),
Turner syndrome was the most frequent (12 cases), followed
by 22q11.2 deletion (6 cases), and Down syndrome (2 cases).
Of interest, all patients with Turner syndrome had CHD (10/
12 with BAV, 83 %) but 8/22 (36 %) of the remaining patients
with chromosomal abnormalities had structurally normal
hearts by echocardiogram (including 2 patients with 22q11.2
deletion).

Aortic dilation was present in 15 patients (4 %) with a
number of other genetic conditions such as VACTERL asso-
ciation (5 cases, 3 with no BAV), Shimke immunoosseous
dysplasia (2 cases, both with structurally normal hearts), and
Duchenne muscular dystrophy, among others. Other miscel-
laneous cardiac diagnoses associated with AoD included con-
genital AV block (3 cases), rheumatic fever (2 cases), endo-
carditis (1 case), and supraventricular tachycardia (1 case)
(total 7/377=2 %). An underlying etiology for AoD could

Table 3 Demographic and clinical data comparison of those patients that underwent aortic root replacement surgery versus those that did not

No aortic surgery (N=369) Aortic surgery (N=8) pa

Demographics

Male 68 % 251/369 62 % 5/8 0.74

Echo age, years 11 (5, 14) 14 (10, 17) 0.03

Diagnosis age, years 7 (3.5, 12) 15 (10.8, 17) 0.06

Weight, kilograms 32 (18, 53) 54 (33, 69) 0.06

Height, meters 1.36 (1.06, 1.6) 1.62 (1.44, 1.72) 0.02

BMI 18 (16, 21) 20 (14, 25) 0.98

Clinical data

Seen by genetics 22 % 79/364 62 % 5/8 0.01

Positive family history 22 % 51/231 50 % 3/6 0.11

Diagnosis <0.001

CHD 65 % 240/369 12 % 1/8 0.002

Chromosomal 9 % 33/369 12 % 1/8 0.73

MFS 6 % 23/369 38 % 3/8 <0.001

Other 6 % 21/369 12 % 1/8 0.42

LDS 1 % 5/369 12 % 1/8 0.01

Unknown 13 % 47/369 12 % 1/8 0.98

BAV 65 % 239/369 38 % 3/8 0.11

Aortic data

Sinus of Valsalva Z-score 3.2 (2.8, 3.7) 5.8 (5.1, 6.3) <0.001

Ascending aorta Z-score 4 (3.1, 5.1) 5.4 (5, 8.2) 0.01

Continuous variables are presented as median with 1st and 3rd quartiles. p values <0.05 are marked in italics

BMI bodymass index,CHD congenital heart disease,MFSMarfan syndrome, LDS Loeys-Dietz syndrome,EDSEhlers-Danlos syndrome,BAV bicuspid
aortic valve

p values were obtained by comparisons between aortic surgery and no aortic surgery using the Mann-Whitney U tests for continuous variables and chi-
square tests for categorical variables
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not be identified in the 13 % (48/377) of cases classi-
fied as unknown despite additional comprehensive ge-
netic testing (microarrays, connective tissue gene panels,
FBN1 sequencing, or other single genes) performed in
many of them. Of these, only 7 (15 %) had isolated
AoD with no underlying heart disease while the remain-
ing 42 (85 %) had other birth defects, developmental
delay, and/or dysmorphic features.

Clinical predictors and outcome

On univariate analysis of the 139 patients with AoD at the
level of the sinus of Valsalva, no demographic or clinical
variable was associated with the severity of dilation (data
not shown). In the 282 patients with dilation of the ascending
aorta, univariate analysis demonstrated that the presence of
MFS (p=0.002) was associated with increased likelihood of
severe AoD (Table 2).

Eight patients in the cohort (2 %) underwent aortic root
replacement (Table 3). The median age at surgery was 15 years
(range 9–17 years). For all cases, severe AoD was the main
indication alone (5 cases) or in combination with severe aortic
(1 case) or mitral (2 cases) insufficiency. The latter 2 cases also
underwent mitral valvuloplasty. Surgical intervention was most
commonly undertaken in patients with MFS (3/26, 12 %) and
LDS (1/6, 17 %). The latter was the only patient in the cohort
who died (1/8, 12 %), and this as a complication of the surgery.

Discussion

The objective of this study was to investigate the differential
diagnosis of AoD in the pediatric population focusing on as-
sociated genetic conditions. Overall, we found a high frequen-
cy of such conditions and positive family history. To our
knowledge, no similar study has been conducted in a series

Fig. 1 Proposed strategy for clinically evaluating patients with aortic dilation
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of pediatric patients, making this information useful to the
general pediatrician, geneticist, and/or cardiologist who may
evaluate such patients.

Unsurprisingly, CHD (BAV in particular) was the most
common associated diagnosis in the majority of patients. With
an incidence of 1 to 2 % of live births, BAV is the most
common form of CHD and is known to be associated with
AoD in 45–50 % of affected patients [13, 15–17, 20, 23]. For
those patients with AoD who do not have isolated BAV or
other CHD, several associated diagnoses can be found. Over-
all, including patients with connective tissue disorders and
chromosomal abnormalities, 18 % of cases had a defined pre-
sumptive or confirmed genetic diagnosis. When combined
with the genetic nature of BAV, these findings strongly sug-
gest that AoD and aortopathy have a primarily genetically
mediated etiology. Based on our results and previous Ameri-
can Heart Association recommendations [6], we propose a
practicing algorithm to aid pediatricians and cardiologists in
the clinical evaluation of patients with AoD, highlighting the
importance of a genetic evaluation (Fig. 1).

In this population, major aneuploidies were seen relatively
frequently, in many cases with conditions that should be easily
recognizable, such as Down syndrome and Turner syndrome.
Although the majority of patients with Turner syndrome in the
present study had BAV, this chromosomal anomaly has been
identified previously as an independent risk factor for AoD
[12]. The second most common chromosomal abnormality
identified was 22q11.2 deletion syndrome, a condition that
also appears to be an independent risk factor for AoD regard-
less of the presence of conotruncal defects [8, 9]. Structurally
normal hearts, ASD/VSDs, and subaortic stenosis were fre-
quent in the remaining cases suggesting that, in some in-
stances and depending on the associated physical exam find-
ings or medical history, primary chromosomal abnormalities
should be ruled out prior to defining a case as being of “idio-
pathic” origin.

In addition to the better-known syndromic conditions that
predispose to AoD such as MFS and LDS, other less common
genetic conditions were diagnosed in this study. Given the
single case occurrence of the majority of them, a direct link
is difficult to establish.

Identifying a potential cause or associated diagnosis in the
setting of AoD could have several implications. Besides the
obvious potential of comorbidities that may need to be ex-
plored further and the genetic counseling associated with dif-
ferent conditions, making a specific genetic diagnosis could
also help predict severity and/or potential need for surgical
repair, as illustrated by the more severe dilation seen in pa-
tients with MFS and the greater chance of needing aortic root
replacement for both MFS and LDS in the present study.

The present study is retrospective in nature and is subject to
the limitations intrinsic to such an investigation. In some
cases, the clinical data were based on those collected by

others. Although the age when the AoD was diagnosed was
possible to obtain in the large majority of cases, this study was
not by design a natural history project. Therefore, the progres-
sion or potential resolution of the AoD was not analyzed. In
some cases, a single echocardiogram was available for analy-
sis, and therefore it was not possible to confirm persistence of
AoD. The echocardiograms were not evaluated by a single
cardiologist, likely resulting in some degree of interpretive
variability although the use of aortic measurements and vali-
dated Z-scores to determine the severity of AoD obviates sub-
jective interobserver variability to a large degree. Z-scores
were classified as mild, moderate, or severe according to a
previous report [4], and this categorization should not be mis-
taken for clinical importance. Equally important in this study,
genetic evaluations were sometimes incomplete and when
conducted, not routinely systematic or uniform with different
tests ordered using a variety of platforms. Finally, while the
sample size was relatively large, a prospective study is desir-
able to validate the present results.

In conclusion, this large retrospective study analyzed the
associated diagnoses in children with AoD at a single institu-
tion. Despite the abovementioned limitations, based on these
results, at our institution, we are now using the proposed prac-
ticing algorithm to determine who may benefit from further
genetic evaluation or testing. We can also make some recom-
mendations andmeaningful conclusions. First, CHDs (BAVin
particular) are the most commonly associated diagnoses in the
setting of AoD. Second, given the combined high frequency
of chromosomal anomalies, connective tissue disorders, and
other less common genetic conditions, a referral for an evalu-
ation by a geneticist is appropriate, especially in the context of
other anomalies. Furthermore, a geneticist could also assist in
the diagnostic evaluation of the relatively high frequency of
unknown cases. Lastly, patients with MFS and LDS are more
likely to need aortic root replacement surgery compared to
other coexistent associated diagnoses or otherwise Bisolated^
cases of CHD.
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