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Abstract
Bicuspid aortic valve (BAV) is the most common congenital heart defect. BAV is associated with aortic stenosis and insuf-
ficiency, and aortic dilation in adult groups, but data in pediatric groups are limited. We sought to assess the impact of 
BAV morphology on aortic valve disease and aortic dilation in pediatric patients. We performed a retrospective review of 
all echocardiograms in patients with isolated BAV who were followed at our institution from July 2002 to July 2012. BAV 
morphology, aortic valve stenosis and/or insufficiency, and aortic dimensions were measured manually. Comparisons were 
made between right–left cusp fusion (RL) and right–noncoronary cusp fusion (RN) BAV morphologies. Generalized least 
square models were fit to analyze the impact of specific variables on aortic dilation. There were 1075 echocardiograms in 
366 patients (72% male) with isolated BAV. Aortic valve insufficiency and stenosis were more common in RN (p < 0.001 for 
both). The median aortic sinus Z score was higher in the RL (0.47; IQR − 0.31 to 1.44) than in the RN group (0.02; − 0.83 
to 0.82) (p < 0.001). There was no difference in median ascending aorta Z score between groups. Patients with the highest 
weights had larger aortas (p < 0.001), but the absolute difference between the highest and lowest weight groups was small 
(1.5 mm). The impact of BAV morphology on aortic valve disease and aortic dilation in pediatric patients presages that seen 
in adults. Patient body weight does not make significant clinical impacts on aortic diameters, suggesting that Z scores for 
aortic diameters should be based on ideal body weights.
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Introduction

Bicuspid aortic valve (BAV, OMIM#109730) is the most 
common congenital cardiac malformation, affecting 1–2% 
of the general population with a 2:1 male predominance [1]. 
While it may occur sporadically, recent literature increas-
ingly supports a genetic basis. The prevalence of BAV in 
first-degree relatives has been demonstrated to be 9–12%, 
suggesting an autosomal dominant pattern of inheritance 

with incomplete penetrance [2, 3]. BAV is associated with 
multiple cardiac complications. Progressive development of 
aortic stenosis and/or insufficiency (AS/AI), which are the 
leading indications for aortic valve replacement, is common 
in patients with BAV [1, 4]. Aortic dilation and aneurysm 
have been reported in 20–84% of patients, predisposing them 
to aortic dissection [5–8]. Additionally, some investigators 
have demonstrated gradual left ventricular dysfunction asso-
ciated with BAV [9, 10]. Limited data exist on BAV and 
the progression of aortic dilation in pediatric patients, and 
there are no guidelines for clinical management of BAV in 
this patient population [11–15]. Data regarding the degree 
of aortic dilation and progression, as well as valvulopathy, 
are limited in pediatric populations. Better understanding of 
the breadth of BAV and its associated complications in pedi-
atric patients is necessary to develop risk stratification and 
provide more accurate, cost-effective care. Hence, we sought 
to determine the prevalence and essential components of the 
progression of valvulopathy, aortopathy, and left ventricular 
dysfunction in the pediatric population with isolated BAV 
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to better guide clinical judgment and practice. Secondarily, 
we sought to assess the impact of body weight on aortic size 
in pediatric patients.

Methods

The University of Arkansas for Medical Sciences Institu-
tional Review Board approved the retrospective study and 
waived the need for individual patient consent. The study 
period was from July 2002 to July 2012. Patients were iden-
tified using the Syngo Dynamics echocardiography database 
at Arkansas Children’s Hospital. Demographic, anthropo-
metric, and cardiac anatomy and function data were culled 
from the echocardiography reports. Echocardiograms were 
included in the study for all patients from birth up to and 
including 20 years of age with a diagnosis of isolated BAV. 
Patients with any other cardiac abnormalities, excluding a 
small patent foramen ovale, were excluded. All echocardio-
grams performed during the study period were performed in 
accordance with published guidelines for pediatric echocar-
diograms [16].

Study data were collected and entered into the Research 
Electronic Data Capture (REDCap) system hosted at 
UAMS [17]. Data collected directly from the echocardio-
gram reports included demographic and anthropometric 
data, blood pressure, and left ventricular dimensions and 
shortening fraction. All study echocardiograms were manu-
ally reviewed to determine BAV morphology. If the valve 
morphology was definitively determined on one echocar-
diogram for a given patient, and there were other studies 
wherein it could not be clearly determined, the morphol-
ogy was assigned based on the echocardiogram with 
definitive images. If all available echocardiograms did 
not clearly demonstrate the valve morphology, the patient 
was excluded from the study. The presence and severity of 
aortic valve stenosis (AS) and/or insufficiency (AI) were 
determined and measured by a single reviewer (R.A.W.) in 
accordance with published guidelines [18, 19]. The severity 
of the aortic valve stenosis was based on the mean Dop-
pler gradient (mild < 25 mmHg; moderate 25–50 mmHg; 
severe ≥ 50 mmHg). Systolic measurements of the aortic 
sinus of Valsalva, sinotubular junction, and ascending aorta 
were made by a single reviewer (J.M.) from inner-edge to 
inner-edge using parasternal long-axis images in accordance 
with published pediatric recommendations [20]. Z scores for 
the aortic sinus of Valsalva and sinotubular junction were 
computed using the regression equations of Pettersen et al. 
[21], and those for the ascending aorta were computed using 
the equation published by Gautier et al. [22].

All data analyses were performed using SAS Version 9.4 
(Cary, NC, USA) and R version 3.2.2 (R Foundation for 
Statistical Computing, Vienna, Austria). Summary statistics 

were expressed as mean (± SD) or median with interquar-
tile range, as appropriate, for continuous variables and 
count (%) for categorical variables. Comparisons between 
right–left coronary cusp fusion (RL) and right–noncoro-
nary cusp fusion (RN) BAV morphology groups were made 
using Wilcoxon–Mann–Whitney for continuous variables 
and Pearson’s Chi-square variables. Because left–noncoro-
nary cusp fusion BAV morphology was exceedingly rare in 
the study cohort, those patients and echocardiograms were 
excluded from analysis. Descriptive age-based trends in aor-
tic measurement Z scores were established using Lowess 
plots in those patients with at least 2 echocardiograms, with 
additional stratifications for BAV morphology, gender, body 
mass index (BMI), AS severity, and AI severity. Association 
between age and mean aortic measurement Z scores was 
analyzed using a generalized least squares model. Age was 
parameterized using a restricted cubic spline with 4 knots. 
A compound symmetry correlation structure was used to 
account for repeated measurements on a patient [23, 24]. A 
similar analysis was done to test for the association between 
the weight-for-age Z score on aortic Z scores. The distribu-
tions of weights within the study cohort were analyzed, and 
Z scores of weight-for-age were created based on the study 
cohort data. Those Z scores were then used to determine 
tertiles of weight-for-age for all patients, and the impact of 
weight-for-age on aortic dimensions was analyzed. We pre-
sent estimated difference and 95% confidence intervals in 
mean aortic Z score measurements between different groups 
based on weight-for-age Z scores. All statistical tests carried 
out were two-sided and a p value < 0.05 was considered to 
be statistically significant.

Results

There was a total of 1101 echocardiograms with isolated 
BAV, 26 of which with left–noncoronary cusp fusion (2.4% 
of echocardiograms) were excluded. The final study cohort 
included a total of 366 subjects (71.6% male) with isolated 
BAV who underwent a total of 1075 echocardiograms dur-
ing the study period. The BAV morphology was RL in 
228/366 (62.3%) patients, with RN occurring less commonly 
(138/366, 37.7%). Each patient underwent a median of 2 
(IQR 1, 4) echocardiograms, with no difference between 
BAV morphology groups. Baseline patient demographic and 
clinical data are reported in Table 1. Demographic and clini-
cal data from study echocardiograms are reported in Table 2.

 Bicuspid aortic valve morphology had significant impacts 
on the aortic sinus and on the function of the aortic valve. 
For the entire cohort, the aortic sinus diameter remained 
stable across the age range. However, when subanalysis of 
BAV morphology was performed, the mean aortic sinus Z 
score was significantly higher in the RL group compared to 
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the RN group (p < 0.001), with a divergence between the 
two groups that began at 3 years of age (Fig. 1). Conversely, 
the RN group more commonly had AS (p < 0.001) and AI 
(p < 0.001) than the RL group.

Aortic dimension Z scores were affected by some fac-
tors such as valve morphology, but not by other factors. 
The aortic sinus and sinotubular junction Z scores were not 
affected by age. Similarly, none of the aortic Z scores were 
affected by gender or the presence or severity of AS or AI. 
Conversely, age and body size did affect the ascending aorta 
size (Fig. 2). The Z scores of the ascending aorta increased 
significantly with age. Additionally, the ascending aorta Z 
scores were higher in those with BMI < 25% than in those 
with BMI > 75%. However, when tertiles of weight-for-age 
were analyzed, the absolute aortic dimensions increased 
as weight-for-age increased. While the absolute diameters 
were higher in those in the highest tertile (weight-for-age 
Z score > 1.5), the absolute differences between the lowest 
tertile (weight-for-age Z score < − 0.5) and the highest tertile 
were small (1.9 mm at 5-years-old, 2.1 mm at 10-years-old, 
and 2.1 mm at 15-years-old, p < 0.001 for all) and of no 
meaningful clinical significance.

Surgical interventions were rare in the study cohort. 
Table 3 demonstrates the details of those patients who 
underwent surgical interventions. There were 4 patients 
who underwent 5 interventions. Two patients underwent 
interventions before 1.5 years of age, one of whom sub-
sequently underwent a Ross procedure at 13.4 years. The 
remaining 2 patients underwent surgical intervention at 18.2 
and 20.2 years.

Discussion

Mild dilation of the aortic sinus of Valsalva in the setting of 
BAV has been reported in a number of studies [25–27]. In 
most studies, dilation is considered to be present when the 
mean Z score in the BAV group is statistically greater than 
the expected Z score of 0. Therefore, while dilation may 
be statistically present in the cohort, it is not likely clini-
cally present, which would be indicated by a Z score ≥ 2. In 
a smaller cohort, Spaziani et al. have previously reported 
dilation of the aortic sinus in 11% of pediatric patients with 
isolated BAV [14]. The present data in our study are in keep-
ing with the findings of these aforementioned prior studies.

The degree of dilation of the aortic sinus was directly 
affected by BAV morphology. There was no evidence of 
aortic sinus dilation in those with RN fusion morphology. 
However, the median aortic sinus Z score in those with 
RL fusion morphology was significantly higher. This find-
ing is in keeping with some studies in adult populations 
[28–30]. The definitive etiology of the greater degree of 
aortic dilation in RL fusion is uncertain at present. Some 
investigators have used 4-dimensional cardiac MRI to 
evaluate flow dynamics in patients with BAV and found 
differences in blood flow profiles between BAV morpholo-
gies [31, 32]. The differences in the blood flow profiles 
were associated with differences in aortic dilation. Other 
investigators have evaluated the biochemical profiles of 
matrix metalloproteinases and inhibitors in BAV and have 
shown that patients with RL have a biochemical profile 
that predisposes them to a more aggressive aortic dilation 

Table 1  Baseline demographic and clinical measurements at the time of first echocardiogram in patients with isolated bicuspid aortic valve

Results are reported in either count with percentage or median with interquartile range
BMI percentiles were computed using WHO growth charts for patients aged 0–2 years and the CDC growth charts for patients 2 years and older
Right–left bicuspid aortic valve with fusion of the right and left coronary cusps, Right–noncoronary bicuspid aortic valve with fusion of the right 
and noncoronary cusps, m2 square meters, kg kilograms, cm centimeters

Variable Number Right–left Right–noncoronary Combined p value
(N = 228) (N = 138) (N = 366)

Male 366 155 (69.7%) 103 (74.6%) 262 (71.6%) 0.31
Age (years) 366 6.2 (1.1, 13.0) 7.2 (1.7, 11.6) 6.6 (1.3, 12.6) 0.82
Body surface area  (m2) 356 0.87 (0.48, 1.49) 0.86 (0.49, 1.41) 0.87 (0.49, 1.47) 0.63
Body mass index (kg/m2) 356 17 (14.9, 20.3) 17 (14.9, 20.3) 17 (14.9, 20.3) 0.82
Body mass index Z score 356 0.36 (− 0.63, 1.13) 0.33 (− 0.84, 1.41) 0.35 (− 0.8, 1.2) 0.80
Body mass index group 356 0.39
 < 25th percentile 55 (25.0%) 39 (28.7%) 94 (26.4%)
 25–75th percentile 80 (36.4%) 40 (29.4%) 120 (33.7%)
 > 75th percentile 85 (38.6%) 57 (41.9%) 142 (39.9%)

Mass (kg) 362 22.8 (11, 48.6) 23.2 (11.6, 48) 22.8 (11.1, 48.5) 0.81
Weight-for-age Z score 362 0.21 (− 1, 0.91) 0.12 (− 0.92, 1.31) 0.17 (− 0.97, 1.07) 0.51
Height (cm) 356 118 (81, 157) 118 (83, 149) 118 (81, 153) 0.51
Median number of echocardiograms 366 2 (1, 4) 2 (1, 4) 2 (1, 4) 0.16
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pattern [33]. Additionally, it has been shown that the 
development of different BAV morphologies results from 
different embryologic mechanisms [34], and this may well 
have implications for the development of aortic dilation. 
Compounding the complexity of the picture is the fact that 
there are cohorts with familial BAV and ascending aorta 
dilation with many family members having aortic dilation 
whether or not BAV is present, thus indicating an intrinsic 
abnormality in the aortic wall [35]. Ultimately, it is likely 
that the differences in aortic dilation seen between the 

different BAV morphologies arise from a complex inter-
action of factors.

Multiple investigators have reported dilation of the mid-
ascending aorta in the setting of BAV [25, 26, 36]. Those 
studies, performed in smaller cohorts, showed progressive 
dilation of the ascending aorta throughout childhood. More 
recently, Niaz et al. have reported on a larger cohort of 
patients and showed that significant ascending aortic dila-
tion is not present in isolated BAV prior to 3 years of age 
[37]. Moreover, in that study, the ascending aorta Z score 

Table 2  Demographic and clinical measurements for all echocardiograms in patients with isolated bicuspid aortic valve

Italics in the table highlight the comparisons that are statistically significantly different
Results are reported in either count with percentage or median with interquartile range
Right–left bicuspid aortic valve with fusion of the right and left coronary cusps, Right–noncoronary bicuspid aortic valve with fusion of the right 
and noncoronary cusps, m2 square meters, kg kilograms, cm centimeters, mmHg millimeters of mercury

Variable Number Right–left (n = 648) Right–noncoronary (n = 427) Combined (n = 1075) p value

Male 1075 425 (66%) 299 (70%) 724 (67%) 0.13
Age (years) 1075 9.1 (3.7, 14.1) 9.9 (4.1, 14.6) 9.5 (4, 14.3) 0.08
Body surface area  (m2) 1054 1.04 (0.65, 1.58) 1.17 (0.64, 1.64) 1.07 (0.65, 1.62) 0.17
Body mass index (kg/m2) 1054 18 (15, 22) 18 (16, 23) 18 (16, 23) 0.22
Body mass index Z score 1054 0.44 (− 0.65, 1.38) 0.44 (− 0.71, 1.48) 0.44 (− 0.66, 1.45) 0.81
Body mass index percentile group 1054 0.54
 < 25% 154 (24%) 107 (25%) 261 (25%)
 25–75% 210 (33%) 127 (30%) 337 (32%)
 > 75% 267 (42%) 189 (45%) 456 (43%)

Mass (kg) 1068 29 (16, 57) 34 (16, 60) 31 (16, 59) 0.1
Weight-for-age Z score 1068 0.30 (− 1.01, 1.18) 0.24 (− 0.90, 1.33) 0.27 (− 0.97, 1.22) 0.34
Height (cm) 1054 132 (100, 162) 137 (98, 164) 133 (100, 162) 0.22
Systolic blood pressure (mmHg) 919 109 (97, 121) 109 (96, 120) 109 (96, 120) 0.54
Diastolic blood pressure (mmHg) 900 64 (57, 70) 63 (58, 69) 64 (57, 70) 0.78
Left ventricular end-diastolic dimension (cm) 949 4 (3.2, 4.6) 4 (3.4, 4.8) 4 (3.3, 4.7) 0.18
Left ventricular end-systolic dimension (cm) 949 2.5 (2, 2.9) 2.5 (2.1, 3) 2.5 (2, 3) 0.14
Left ventricular shortening fraction 949 37 (33, 41) 36 (33, 41) 37 (33, 41) 0.32
Aortic valve parameters
 Peak aortic valve gradient (mmHg) 1070 13.7 (8.4, 22) 17.1 (10.3, 28.2) 14.8 (9.2, 24.3) < 0.001
 Mean aortic valve gradient (mmHg) 1070 6.4 (4.1, 10.6) 8.3 (5, 14) 7 (4.4, 11.9) < 0.001
 Aortic stenosis 1070 0.012
  Trivial/mild 631 (97.7%) 402 (94.8%) 1,033 (96.5%)
  Moderate 15 (2.3%) 22 (5.2%) 37 (3.5%)

 Aortic insufficiency 1070 < 0.001
  None/trivial 437 (67.8%) 219 (51.5%) 656 (61.3%)
  Mild 149 (23.1%) 151 (35.5%) 300 (28.0%)
  Moderate/severe 59 (9.1%) 55 (12.9%) 114 (10.7%)

Aortic parameters
 Aortic sinus diameter (cm) 1031 2.3 (1.8, 2.8) 2.2 (1.8, 2.6) 2.2 (1.8, 2.7) 0.14
 Aortic sinus Z score 1010 0.47 (− 0.31, 1.44) 0.02 (− 0.83, 0.82) 0.29 (− 0.55, 1.17) < 0.001
 Aortic sinotubular junction diameter (cm) 1023 1.9 (1.4, 2.3) 1.9 (1.5, 2.3) 1.9 (1.4, 2.3) 0.21
 Aortic sinotubular junction Z score 1002 0.59 (− 0.33, 1.31) 0.49 (− 0.19, 1.28) 0.54 (− 0.23, 1.3) 0.91
 Ascending aorta diameter (cm) 1009 2.2 (1.6, 2.8) 2.3 (1.8, 2.8) 2.2 (1.7, 2.8) 0.099
 Ascending aorta Z score 989 1.53 (0.43, 2.48) 1.44 (0.49, 2.79) 1.51 (0.45, 2.6) 0.34
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did not progress out to age 22 years. In the present study, 
while the mean ascending aorta Z score was > 0 across all 
age groups, indicating dilation, the Z score did not reach 2 
until approximately 10 years of age, and remained there until 

age 16 when there was the beginning of a slight increase 
in the Z score out to age 21 years. These data indicate that 
concern regarding aortic dilation in BAV during childhood 
should be limited, as significant dilation is quite rare. This 

Fig. 1  Impact of age and bicuspid aortic valve morphology on aortic 
sinus (AOS) Z score. a A normal median AOS diameter Z score with 
no increase in Z score with increasing age. b The impact of aortic 
valve morphology on the mean AOS Z score, with larger diameters 

in the right–left group (p < 0.001). Right–left indicates bicuspid aor-
tic valve with fusion of the right and left coronary cusps; right–non, 
bicuspid aortic valve with fusion of the right and noncoronary cusps
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Fig. 2  Impact of age and body size on the ascending aorta in isolated bicuspid 
aortic valve. a An increase in the mean ascending aorta Z score during the first 
8  years of life with a subsequent plateau in the ascending aorta Z score out 
to 21 years of age. b The impact of body mass index on the mean ascending 

aorta Z score, with those with lower body mass index having a higher ascend-
ing aorta Z score. c The ascending aorta is consistently larger across the entire 
age range in those with higher body weight-for-age Z scores. Echo echocardio-
gram, BMI body mass index



515Pediatric Cardiology (2018) 39:509–517 

1 3

is consistent with the findings of Mahle et al. that ascending 
aorta intervention in pediatric patients with isolated BAV is 
exceedingly rare [13]. These findings suggest that aggressive 
follow-up of aortic dilation in pediatric patients with BAV 
may not be warranted, especially among those patients with 
RN fusion morphology.

The morphology of the aortic valve was associated 
with differences in aortic valve disease. Specifically, those 
patients with RN fusion morphology were found to have 
greater prevalence and worse degrees of both aortic valve 
stenosis and aortic insufficiency. Similarly, in a cohort of 
patients with congenital heart disease of various types, Fer-
nandes et al. have previously shown that RN fusion mor-
phology is associated with a greater degree of aortic valve 
disease [38]. Further, those investigators have also shown 
that progression of aortic valve disease is more aggressive 
in patients with RN fusion morphology [39]. These find-
ings suggest that, in contradistinction to the follow-up of the 
ascending aorta, follow-up of aortic valve disease is more 
important in patients with RN fusion morphology.

In the present study, body weight had a minimal impact 
on the absolute diameter of the aorta. While patients who 
were obese were found to have lower Z scores for aortic 
dimensions, their absolute aortic dimensions were only 
minimally increased compared to the lowest weight-for-age 
Z score tertile group. This finding is of considerable signifi-
cance given the methodology by which cardiac dimensions 
are determined to be either large or small in pediatric popu-
lations. Specifically, body surface area indexed Z scores are 
used to quantify the size of various cardiovascular structures 
[20]. As a result, when patients are obese, a given aortic 
diameter would be expected to have a lower Z score than if 
the same patient with the same aortic diameter were of nor-
mal weight. Conversely, this assumes that an obese patient 
will have an aortic diameter that is significantly greater than 
that of a normal weight patient. The present data indicate 
that while the true difference in aortic diameter is clinically 
insignificant, there is a much larger difference in aortic Z 
score. These findings suggest that when the patient weight 
is significantly different from ideal, the use of body weight-
dependent Z scores is unsound, a finding in keeping with 
multiple prior, though dated, studies [40–44]. Our group has 
recently shown that an increase from an ideal body weight to 
an obese body weight can result in a decrease in the aortic 

Z score by nearly 1 standard deviation [45]. As a result of 
this error at extremes of weight, it is our institutional prac-
tice to use ideal body weight to determine the degree of 
aortic enlargement in those patients who are either over or 
underweight.

The study was retrospective in nature and is therefore 
subject to the limitations of such a design. The possibility 
of referral bias is present, as the study only included those 
patients who were referred for an echocardiogram. A blood 
pressure was not recorded with all echocardiograms, likely 
owing to patient incooperativity. The impact of missing 
blood pressure measurements on the findings of the study is 
likely to be negligible.
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