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Congenital Heart Disease

Aortopathy Is Prevalent in Relatives
of Bicuspid Aortic Valve Patients

Simon Biner, MD,*† Asim M. Rafique, MD,* Indraneil Ray, MD,* Olivera Cuk, MD,*
Robert J. Siegel, MD,* Kirsten Tolstrup, MD*

Los Angeles, California; and Tel Aviv, Israel

Objectives This study aimed to determine the prevalence of dilation and abnormal elastic properties of aortic root in first-
degree relatives (FDRs) of bicuspid aortic valve (BAV) patients.

Background Evidence indicates that BAV is a genetic disorder. Although FDRs of affected individuals have an increased prev-
alence of BAV, their risk of aortic root abnormalities is unknown.

Methods We studied dimensions as well as the elastic properties of the ascending aorta in 48 FDRs with morphologi-
cally normal tricuspid aortic valves, 54 BAV patients, and 45 control subjects using 2-dimensional echocar-
diography.

Results The prevalence of aortic root dilation was 32% in FDRs and 53% in BAV patients, whereas all control sub-
jects showed normal aortic dimensions (p � 0.001). The FDRs and BAVs had significantly lower aortic dis-
tensibility (1.7 � 1.4 � 10�3 mm Hg and 1.4 � 2.0 � 10�3 mm Hg vs. 2.5 � 1.6 � 10�3 mm Hg, p �

0.001) and greater aortic stiffness index (26.7 � 25.8 and 55.9 � 76.8 vs. 18.7 � 40.1, p � 0.001) com-
pared with control subjects. This difference remained significant in subjects without aortic root dilation or
hypertension (p � 0.002 and p � 0.004, respectively).

Conclusions The aortic root is functionally abnormal and dilation is common (32%) in first-degree relatives of patients with
BAV. Screening of FDRs by transthoracic 2-dimensional echocardiography should be considered for detection of
aortic valve malformation and dilated ascending aorta. (J Am Coll Cardiol 2009;53:2288–95) © 2009 by the
American College of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2009.03.027
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icuspid aortic valve (BAV) is the most common con-
enital cardiac anomaly, with an estimated incidence of
.9% to 2% in the general population (1,2). Bicuspid
ortic valve includes different morphologic phenotypes
3– 6) characterized by various hemodynamic profiles.
his valvular malformation is associated with aortic root
ilation in affected patients (7,8), which is out of pro-
ortion to the severity of aortic valve dysfunction (8,9).
tudies have shown reduced elastic properties of the
roximal aorta in patients with BAV (10,11). This may
e caused by a common developmental defect that is
ypothesized to be responsible for the coexistence of
AV and aortic root enlargement (8,9).
Numerous studies using pedigree analysis have shown

amilial clustering of BAV (12–20). The prevalence of BAV
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mong first-degree relatives (FDRs) of affected individuals
s 9% to 21% (14,18–20). Statistical estimation of hereditary
ffect suggests that in this population, valve malformation is
lmost entirely genetic (19). In addition, autosomal domi-
ant inheritance with reduced penetrance has been sug-
ested by some investigators (17,18). Although FDRs of
ffected subjects are at increased risk of inheriting BAV and
ther cardiovascular malformations, there are limited data
oncerning the occurrence of aortic root abnormalities in
his population (17–19).

See page 2296

We hypothesized that aortic root morphologic and func-
ional abnormalities are prevalent in relatives of BAV
ubjects. Using transthoracic echocardiography, we prospec-
ively determined the prevalence of aortic root dilation as
ell as compared aortic root dimensions and aortic root

lastic properties among 3 groups: 1) BAV patients; 2)
DRs with a normal tricuspid aortic valve; and 3) a control

roup.
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ethods

onsecutive patients referred for echocardiography to our
nstitution were recruited prospectively after the echocar-
iographic diagnosis of BAV. The BAV individuals
ospitalized for aortic valve replacement or repair of an
scending aortic aneurysm were included if a pre-surgical
ransthoracic echocardiogram was available. Informed
onsent was obtained in accordance with our Institutional
eview Board; all subjects had anthropometric measure-
ents. Medical records were reviewed, and study subjects
ere questioned to determine any history of hyperten-

ion. Blood pressure was measured with commercially
vailable digital sphygmomanometers, and was obtained
fter subjects sat at rest for at least 5 min. The FDRs with
diagnosis of BAV on screening echocardiography were

ncluded in the BAV group. For every newly affected
ndividual identified during family screening, we at-
empted to recruit all of the FDRs of that individual.
ubjects for the control group were enrolled from a
ohort referred for echocardiography for various clinical
ndications, including screening after a diagnosis of
ypertension. For this purpose we selected consecutive

ndividuals without structural heart disease.
chocardiography. Transthoracic echocardiograms were
erformed within 30 min of blood pressure measurement using
tate-of-the-art commercially available systems (ATL system
pgraded to Philips HDI 5000 and iE33, Philips, Bothell,

ashington). Multiple standard cardiac views were acquired
ith particular attention to the aortic valve and ascending

orta.
Measurements of the aortic root were made in the paraster-

al long-axis view, perpendicular to the long axis of the vessel,
rom leading edge to leading edge (21,22). Measurements of 4
egments, including the aortic annulus, sinuses of Valsalva,
inotubular junction, and proximal ascending aorta 1 cm above
he sinotubular junction, were obtained from participants. All
easurements were obtained during end systole and end

iastole. Aortic dimensions were indexed by square root of
ody surface area. Observers performing aortic root measure-
ents were blinded to the anthropometric and clinical data of

articipants.
The presence of aortic root dilation was determined with

he use of data from a reference population relating normal
ortic diameters to body surface area and age (22). The
he Clinical and Echocardiographic Characteristics of Subjects Wit

Table 1 The Clinical and Echocardiographic Characteristics of

BAV Patients (n � 54)

Age (yrs) 46.5 � 14.8

Male (%) 66

BSA (m2) 1.9 � 0.2

Systolic blood pressure (mm Hg) 120.4 � 12.7

Diastolic blood pressure (mm Hg) 67.2 � 11.4

Hypertension history (%) 43*
p � 0.05 versus FDRs.
BAV � bicuspid aortic valve; BSA � body surface area; FDR � first-degree relative of a bicuspid aortic
ortic root was considered dilated
f the maximal dimension ob-
ained at any of the 4 segments
xceeded the 95% confidence in-
erval of the diameter at sinuses
f Valsalva of a normal reference
opulation (21).
Aortic root elastic properties,

ncluding distensibility and stiffness index, were calculated
t the sinuses of Valsalva level using the following formulas:

ortic root distensibility (mm Hg � 10�3) �

2 � (AoS � AoD)⁄AoD � (SBP � DBP) � 1, 000 (23)

ortic root stiffness index �

ln (SBP⁄ DBP)⁄ (AoS � AoD)⁄AoD (24)

here AoS is systolic aortic dimension, AoD is diastolic
ortic dimension, SBP is systolic blood pressure, DBP is
iastolic blood pressure, and ln is a natural logarithm.
Aortic regurgitation was graded as mild, moderate, or

evere using an integrative approach (25–27). Aortic valve
rea (AVA) was calculated by the continuity equation.
alvular stenosis was graded as mild if AVA was �1.5 cm2,

s moderate if AVA was 1.0 to 1.5 cm2, and severe when
VA was �1.0 cm2.
efinition of BAV. Individuals who had aortic valves with 2

learly defined cusps or with the characteristic systolic fish
outh appearance of the aortic valve cusps and 2 of 3

upportive features of BAV, including systolic doming or
iastolic prolapse of the aortic valve cusps and eccentric valve

eaflet closure, were considered to have a BAV (28). Bicuspid
alve morphology was confirmed by independent review of
ach echocardiogram by 2 observers. In addition, subjects
dentified at the time of the aortic valve replacement surgery as
aving bicuspid valve morphology were included in the study.
hese study participants were considered to be probands.
xclusion criteria. For probands, exclusion criteria were
isagreement between observers concerning the diagnosis of
AV, incomplete diagnostic criteria of BAV (i.e., possible
r probable BAV), coexistent coarctation of the aorta,
iscrete subaortic stenosis, tetralogy of Fallot, supra-aortic
tenosis, or Marfan syndrome. For control subjects, exclu-
ion criteria were congenital heart disease, greater than mild
AV, the FDRs, and Control Subjects

cts With a BAV, the FDRs, and Control Subjects

FDRs (n � 48) Control Subjects (n � 45) p Value

41 � 20.1 46.8 � 17.9 0.210

48 52 0.162

1.8 � 0.4 1.9 � 0.3 0.144

120.4 � 13 126.2 � 18.2 0.126

69 � 10 72 � 12.7 0.152

16 33 0.033

Abbreviations
and Acronyms

AVA � aortic valve area

BAV � bicuspid aortic
valve

FDR � first-degree relative
h a B

Subje
valve subject with a normal aortic valve.
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alvular heart disease, abnormal left ventricular end diastolic
imension, segmental wall motion abnormality, left ventric-
lar ejection fraction �50%, and greater than mild left
entricular hypertrophy (men �14 mm, women �13 mm)
21).
tatistical analysis. All analyses were performed with the
tatistical software program SPSS version 13.0 (SPSS
nc., Chicago, Illinois). Continuous data were presented
s mean � SD. Categorical data were presented as an
bsolute number or percentages. The significance level
as set at p � 0.05.
The 1-way analysis of variance was used for univariate

omparison of baseline demographic, clinical, and echocar-
iographic characteristics among the 3 groups, that is,
ubjects with BAV, FDRs without BAV, and control
ubjects. A test of homogeneity of variances was performed
or each individual variable. For multiple comparisons of
ean value, the Bonferroni correction was used assuming

qual variance and the Dunnett T3 was used where equal
ariance could not be used.

For comparison of categorical data among the 3 study
roups, the Pearson chi-square test was used. Pairwise
omparisons were performed between various study groups
sing the Fisher exact test, and p values were adjusted for
ultiple comparisons.
Interobserver variability was assessed between 2 indepen-

ent observers for measuring aortic root diameter using a
oefficient of variation. Interobserver variability for aortic
iameter was assessed in 10 patients in both systole and
iastole at the 4 levels by 2 independent observers. The
verall variability was 8% for all levels during systole and
iastole (p � 0.63). Variability for the annulus and sinus of
alsalva diameter was 7% (p � 0.46).

esults

rom February 2004 to May 2008, we enrolled 49 BAV
robands in the study. A total of 135 FDRs of affected
ndividuals were contacted and invited to participate.
mong those contacted, 53 FDRs participated in the study.
n screening echocardiography, 5 of 53 FDRs (9.4%) were

ound to have a BAV, and were subsequently included in
he BAV group. Echocardiograms of 45 consecutive indi-
iduals without structural heart disease were used as control
ubjects.
aseline characteristics. As shown in Table 1, there was

n insignificant difference in baseline characteristics as well
s systolic blood pressure and diastolic blood pressure
etween the study groups.
Hypertension (history of hypertension treated by antihy-

ertensive medications or history of repetitive high blood
ressure measurements) was significantly different between
DRs and BAVs (p � 0.045); however, it was not signif-

cantly different for the other study groups.
There was a highly significant difference in the prevalence
f aortic regurgitation (37% vs. 0% and 0%, p � 0.001) and
Figure 1
Aortic Root Dimension at Sinuses
of Valsalva Plotted Against BSA of
BAV Patients, FDRs, and Control Subjects

Oblique line represents upper limit of 95% confidence interval of the reference
population ages: (A) �20, (B) 20 to 39, and (C) �40 years. BAV � bicuspid
aortic valve; BSA � body surface area; FDR � first-degree relative.
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ortic stenosis (26% vs. 0% and 0%, p � 0.001) of greater
han a mild degree in the BAV group compared with FDRs
nd control subjects.
revalence of aortic root dilation. Overall, 14 (32%)

ubjects in the FDR group and 29 (53%) BAV patients had
dilated aorta, defined as the maximal dimension obtained

t 1 of 4 levels exceeding previously published data related to
ody surface area and age, whereas aortic dimensions of all
ontrol subjects were within the normal range (p � 0.001).
he prevalence of dilated aorta in the FDR versus the BAV
roup was not statistically significant (p � 0.12).

Figure 1 shows that 12 (27%) of the FDRs with mor-
hologically normal tricuspid aortic valves had dilated aortic
oot at the sinuses of Valsalva. In addition, 27 (51%)
ubjects in the BAV group had an aortic diameter beyond
he upper limit of the 95% confidence interval at the sinuses
f Valsalva.
ortic root dimensions. As indicated in Figure 2, indexed

ortic annulus dimensions (cm/m) were significantly different
etween FDRs, BAV patients, and control subjects (1.72 �
.17 vs. 1.95 � 0.33 vs. 1.57 � 0.13, p � 0.001). The same
as true for indexed diameters (cm/m) at the sinuses of
alsalva (2.77 � 0.46 vs. 2.77 � 0.46 vs. 2.18 � 0.25, p �
.001). The dimensions at the sinotubular junction differed
nsignificantly among the 3 study groups (p � 0.05). The
roximal ascending aorta (cm/m) was significantly larger in
AVs compared with both FDRs and control subjects (2.64 �
.59 vs. 2.20 � 0.22 and 2.15 � 0.22, p � 0.001).

orphology of dilated aortic root. We observed 2 major
henotypes of aortic root dilation. In type 1 (Fig. 3A), the
iameter at the sinuses of Valsalva exceeds the ascending
orta, and in type 2 (Fig. 3B), the ascending aorta is larger
han the diameter at the sinuses of Valsalva. Among FDRs
ith dilated aortas, types 1 and 2 dilation were observed in
6% and 14% of cases, respectively. The BAVs with an

Figure 2 Indexed Aortic Root Dimensions of 3 Study Groups

At aortic root at annulus, sinuses of Valsalva, sinotubular junction, and proximal a
variance results are shown as p values on the top of each group of black bars. *
nlarged aortic root had type 1 morphology in 72% and type
morphology in 28% of cases.
lastic properties of aorta. As shown in Figure 4, the
DR and BAV groups had significantly reduced aortic

oot distensibility compared with the control group (1.74 �
.4 � 10�3 mm Hg and 1.4 � 2.0 � 10�3 mm Hg vs.
.5 � 1.6 � 10�3 mm Hg, p � 0.001). Moreover, there
as no significant difference between FDRs and BAVs

or this parameter. The aortic root stiffness index was also
ignificantly higher in the FDR group and BAVs com-
ared with control subjects (26.7 � 25.8 and 55.9 � 76.8
s. 18.7 � 40.1, p � 0.001).
ortic root elastic properties and aortic root size. Aortic
istensibility was not significantly different (p � 0.52)
etween FDRs and BAVs with a dilated aortic root. In
ndividuals with normal aortic root size, FDRs and BAVs
howed reduced distensibility compared with control sub-
ects (1.5 � 1.16 � 10�3 mm Hg and 1.3 � 1.16 � 10�3

m Hg vs. 2.4 � 1.66 � 10�3 mm Hg, p � 0.002).
Similarly, in FDRs and BAVs the aortic root stiffness

ndex of subjects with dilated aortic root was not signifi-
antly different (p � 0.16). In subgroups of participants
ith a normal-sized aorta, FDRs and BAVs also showed a
reater aortic stiffness index compared with the control
roup (30.2 � 37.1 and 46.5 � 55.5 vs. 12.6 � 9.4, p �
.004) (Figs. 5A and 5B).
ortic root elastic properties and hypertension. Among
articipants without a history of hypertension, aortic root
istensibility was significantly reduced in FDRs and
AVs compared with control subjects (1.6 � 1.1 � 10�3

m Hg and 1.2 � 1.0 � 10�3 mm Hg vs. 2.5 � 1.6 �
0�3 mm Hg, p � 0.001). In addition, the stiffness index
as greater in FDRs and BAVs compared with control

ubjects (25.7 � 33.9 and 56.1 � 75.7 vs. 11.2 � 6.4,
� 0.005). In a small subset of patients with a history of

ing aorta of BAV patients, FDRs, and control subjects. Analysis of
05 versus BAV patients. †p � 0.05 versus FDRs. Abbreviations as in Figure 1.
scend
p � 0.
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ypertension, aortic root distensibility was significantly
ifferent in all of the 3 study groups (0.5 � 0.1 � 10�3

m Hg vs. 1.0 � 0.9 � 10�3 mm Hg vs. 2.1 � 1.4 �
0�3 mm Hg, p � 0.007). In the same subgroup, the
tiffness index was not different among FDRs, BAVs, and
ontrol subjects (50.5 � 25.9 vs. 56.2 � 64 vs. 15.3 �
2.8, p � 0.08). Because of the limited number of
ubjects with elevated blood pressure (�140/90 mm Hg)
t screening echocardiography, separate analysis on these
ubjects was not performed.
ortic root elastic properties in the surgical and medical

ohort of BAV patients. A total of 27 (50%) patients in
AV group underwent aortic valve replacement and/or

urgical repair of an ascending aortic aneurysm; the 27
emaining BAV patients were treated medically. Indexed
ortic root dimensions (cm/m) were slightly but insignifi-
antly larger at all levels in the surgical BAV cohort
ompared with the medical BAV cohort (annulus: 1.44 �

Figure 3 Morphologic Types of Aortic Root Dilation

(A) Type 1 aortic root dilation. (B) Type 2 aortic root dilation.
.31 vs. 1.38 � 0.22, p � 0.47; sinuses of Valsalva: 2.05 � s
.39 vs. 1.94 � 0.34, p � 0.31; sinotubular junction: 1.76 �

.31 vs. 1.62 � 0.28, p � 0.11; ascending aorta: 1.97 � 0.49
s. 1.80 � 0.35, p � 0.19). Similarly, aortic root distensi-
ility (1.2 � 1.1 � 10�3 mm Hg vs. 1.1 � 1.0 � 10�3 mm
g, p � 0.7) as well as stiffness index (50.9 � 76.7 vs. 61.6

77.4, p � 0.62) differed insignificantly between the
urgical and medical BAV cohorts.

iscussion

his study documents that aortic root dilation is highly
revalent (32%) in FDRs of BAV patients with a normal
ricuspid aortic valve phenotype. In addition, this is the
rst study to show that the aortic root dimensions at the
nnulus and sinuses of Valsalva level are significantly
arger in FDRs of BAV subjects compared with control
ubjects. Moreover, it is the first demonstration that
ortic root elastic properties, including distensibility and

tiffness index, are abnormal in family members of BAV
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atients. Reduced elasticity in FDRs and BAV patients is
ndependent of aortic root diameter and is observed
egardless of a history of hypertension. The degree of
ilation and impaired elastic characteristics of the as-
ending aorta in FDRs without BAV are less prominent
han in subjects with BAVs. The results of this study
how the presence of an aortopathy in FDRs of BAV
atients, resulting in both abnormal aortic root dilation
nd abnormal elastic properties.

The finding of an aortic root disorder in family members
f patients with BAV is not unexpected. There is a general
onsensus that many patients with BAV have accelerated
egradation of the aortic media and a loss of elastic tissue
29,30). Low fibrillin content and increased matrix metal-
oproteinase 2 activity of the dilated aortic root have been
roposed as mechanisms for the ascending aortic abnormal-
ties (31). Abnormal histology of the aortic wall is consistent
ith the evidence of reduced aortic elasticity as assessed by
ifferent imaging modalities in BAV patients (10,11). Ab-
ormal wall structure and function may result in dilation of
he aortic root or the ascending aorta even in the absence of
emodynamically significant valvular dysfunction (7–9).
onversely, there is growing awareness of a familial clus-

ering of the BAV phenotype (12–20), indicating a strong

Figure 4 Comparison of Aortic Elastic
Properties in 3 Study Groups

Both distensibility (A) and stiffness index (B) were significantly worse in the BAV
patients and FDRs compared with the control subjects (p � 0.001). *p � 0.05
versus BAV patients. †p � 0.05 versus FDRs. Abbreviations as in Figure 1.
enetic basis for this disease (17,19). Therefore, it is possible
hat the elastic abnormalities and subsequent dilation of the
ortic root in apparently healthy immediate relatives of
AV patients represents another manifestation of the same
eritable disease.
Recently published observations by Loscalzo et al. (17)

eported 13 families of patients with known ascending aortic
neurysms or prior aortic dissection or rupture. The inves-
igators found a 35% prevalence of ascending aortic dilation
ith or without BAV being present among the relatives.
lthough the proband characteristics described by Loscalzo

t al. (17) and our study are different, the segregation of
AV and a dilated ascending aorta among multiple family
embers is comparable. The coexistence of these 2 mor-

hologic phenotypes within families suggests that these
ntities represent independent manifestations of a genetic
isorder.
There are no large-scale studies evaluating the prevalence

f ascending aortic dilation in relatives of BAV individuals
s a primary end point. The current knowledge is based on
ublications evaluating familial clustering and the heritabil-
ty of BAV (18,19). These studies focused attention on the
etection of familial BAV and reported dilated ascending
ortas and other cardiovascular abnormalities in FDRs as an

Figure 5 Aortic Elastic Properties in Individuals
With Enlarged and Normal Aortic Root

Aortic distensibility (A) and stiffness index (B). *p � 0.05 versus
BAV patients, †p � 0.05 versus FDRs. Abbreviations as in Figure 1.
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dditional finding. The limitations of previous studies
nclude the methodology of ascending aortic measurements
nd an unclear definition of aortic root dilation, as well as
ge differences in the study population.

Huntington et al. (18) evaluated the familial clustering of
AV and associated cardiac anomalies in 186 FDRs of 30
AV patients. The investigators found that 5 of 169 (3%)
ad dilated ascending aortas among relatives without BAV.
e observed a 32% rate of aortic root dilation, which is far

reater than that described by Huntington et al. (18). This
ifference is likely to be the consequence of using a different
ethodology to perform aortic measurements. We detected

oot dilation at the sinuses of Valsalva level in the majority
f cases using 2-dimensional echocardiography-guided
easurements. The rate of aortic root dilation may have

een underestimated by Huntington et al. (18), using a
ingle aortic root dimension, with the location of the
easurement in the ascending aorta not identified. More-

ver, the investigators did not specify whether they used
-mode or 2-dimensional guided assessment. Measure-
ents made by various echocardiographic modalities may

ield substantially different results. Cyclic motion of the
eart and resultant changes in the M-mode cursor location
elative to the maximum diameter of the sinuses of Valsalva
ay result in systematic underestimation (by 2 mm) in the

ortic diameter by M-mode in comparison with the
-dimensional aortic diameter measurements (21). There-
ore, 2-dimensional aortic root diameter measurements are
referable to those made by M-mode (21).
Cripe et al. (19) evaluated 77 children with BAV and 235

f their relatives. The FDR cohort consisted largely of
iblings of probands (n � 177) with the definition of aortic
oot dilation not specified, whereas in our study only a small
roportion of cases were from a population younger than
ge 18 years (n � 6). Cripe et al. (19) identified only 8 cases
f aortic root dilation out of all 309 study subjects, including
hose with BAV. Other investigators reported the preva-
ence of aortic root dilation as high as 52% to 78% in adult
AV patients (7,8). This discrepancy between observations

n children and adults suggests that aortic root size in BAV
atients and their relatives is influenced by age significantly
ore than in a general population. The aortic root in this

opulation is of normal dimension in childhood, and
ilation develops over time in the adult age, possibly as a
esult of accelerated degradation of the media in the aortic
all, particularly if there is coexistent hypertension.
tudy limitations. Although FDRs were apparently
ealthy, BAV subjects for this study were not randomly

dentified from a cross-sectional sampling of the community
ut were identified at the time of echocardiography in a
eferral center. Furthermore, 50% of probands had advanced
alvular or aortic disease requiring surgery. Therefore, it is
ossible that their relatives represent families with high-risk
enetic characteristics. The small proportion of FDRs
elative to probands is another limitation of the study. Our

ecruitment rate was higher among family members with

2

AV patients hospitalized for surgery than in family mem-
ers with uncomplicated probands.
linical implications. Our findings suggest that FDRs of
AV patients should be screened for the presence of BAV
nd dilation of the ascending aorta. The natural history of
DRs with a mildly dilated aortic root and a tricuspid aortic
alve phenotype will need to be determined in a long-term
ollow-up study of this population.

eprint requests and correspondence: Dr. Kirsten Tolstrup,
edars-Sinai Medical Center, 8700 Beverly Boulevard, Room
624, Los Angeles, California 90048. E-mail: tolstrupk@cshs.org.
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