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Abstract
Background Bicuspid aortic valve (BAV) is one of the
most common congenital heart defects with a population
prevalence of 0.5% to 1.3%. Identifying patients with
BAV is clinically relevant because BAV is associated
with aortic stenosis, endocarditis and ascending aorta
pathology.

Methods and Results Patients with severe aortic stenosis
necessitating aortic valve replacement surgery were included
in this study. All dissected aortic valves were stored in the
biobank of the University Medical Centre Utrecht. Addition-
ally to the morphological assessment of the aortic valve by the
surgeon and pathologist, echocardiographic and magnetic
resonance imaging (MRI) images were evaluated. A total of
80 patients were included of whom 32 (40%) were diagnosed
with BAV by the surgeon (gold standard). Patients with BAV
were significantly younger (55 vs 71 years) and were more
frequently male. Notably, a significant difference was
found between the surgeon and pathologist in determin-
ing valve morphology. MRI was performed in 33% of
patients. MRI could assess valve morphology in 96% vs
73% with echocardiography. The sensitivity of MRI for
BAV in a population of patients with severe aortic
stenosis was higher than echocardiography (75% vs
55%), whereas specificity was better with the latter
(91% vs 79%). Typically, the ascending aorta was larger
in patients with BAV.
Conclusion Among unselected patients with severe aortic
valve stenosis, a high percentage of patients with BAV were
found. Imaging and assessment of the aortic valve
morphology when stenotic is challenging.

Keywords Bicuspid aortic valve .Magnetic resonance
imaging . Echocardiography .Morphology assessment

Introduction

Bicuspid aortic valve (BAV) is one of the most common
congenital heart defects with a population prevalence of
0.5% to 1.3% [1–3]. The defect is considered to be a
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heritable disorder, with a family recurrence rate of
approximately 35% [4]. Recent studies show that mutations
in the NOTCH1 gene are associated with BAV [5–7].
Bicuspid aortic valves progress more rapidly into regurgi-
tation or stenosis of the valve [8]. This results in a higher
occurrence of aortic valve replacement, especially at
younger age [8]. Additionally, BAV are more susceptible
than tricuspid aortic valves (TAV) to nest bacteria or other
organisms, leading to endocarditis [9]. BAV is not only a
peculiar valve morphology leading to specific valve pathol-
ogy, it is also frequently associated with (asymptomatic)
ascending aorta dilatation which leads to an increased
susceptibility to ascending aortic aneurysms and aortic
dissection [10–14]. Aortic elasticity measurements of BAV
patients suggest that diminished aortic elasticity is at least
part of its causation [15].

Unfortunately, BAV patients frequently remain undi-
agnosed until the manifestation of symptoms. Therefore,
screening and detection of patients is warranted. In
2007, we started a study, designed for the detection of
genetic mutations/variations in BAV patients in a cohort
of patients accepted for aortic valve replacement in the
University Medical Centre Utrecht and the St Antonius
Hospital Nieuwegein. In this report, we describe the
clinical characteristics of the included patients thus far.
Additionally, the morphological assessment of the aortic
valve by the pathologist and surgeon were compared.
Sensitivity and specificity for the diagnosis of BAV by
magnetic resonance imaging (MRI) and echocardiogra-
phy in a population with severe aortic stenosis was
determined as well.

Material and Methods

Study Design

This study was designed as a multicentre observational
cross-sectional study. The participating centres were the
University Medical Centre Utrecht and the St Antonius
Hospital, Nieuwegein, the Netherlands. The study was
reviewed and approved by the ethics boards of both
hospitals. The methodology and privacy regulations are in
accordance with Dutch and European privacy protection
laws.

Study Population

All patients between 18 and 80 years of age who were
scheduled for aortic valve replacement between July
2007 and 2009 were eligible for participation in this

study. Patients with endocarditis and prior aortic valve
replacement were excluded. As this study was primarily
designed for the identification of genetic variation
associated with BAV, patients with a genetic diagnosis
such as Marfan’s disease, Down syndrome, Turner
syndrome and Noonan syndrome were excluded from
participation as well.

Collecting Data and Tissue Preparation

Informed consent was obtained before surgery. During
valve surgery, 10 ml of blood was obtained for genomic
DNA extraction. The aortic valve was photographed in
vivo and excised. In case of a BAV, the surgeon
documented the presence or absence of a raphe and its
position on a standardised form according to the
classification system of Sievers and Schmidtke [16].
After excision, the aortic valve leaflets were collected on
ice by dedicated staff and immediately taken to the
Pathology Department. Next, the aortic valve leaflets
were inspected, measured and photographed by a cardio-
vascular pathologist (AV). Each of the aortic valve
leaflets was subsequently bisected. Half of the valve
leaflet was snap frozen in liquid nitrogen and stored at
−80°C for further analyses in the UMC Utrecht biobank.
The remaining half was fixed in formalin, decalcified in
EDTA and embedded in paraffin. Haematoxylin and eosin
as well as Elastica van Giesson stainings were performed
on three micron slides for routine histopathological
purposes.

Echocardiography and MRI

An MRI investigation of the aorta and aortic valves was
made for identification of either a BAV or TAV and for
identification of aortic root dilatation and coarctation of
the aorta before surgery. First, the aorta was examined
in the transverse imaging planes. Then, imaging planes
perpendicular to the long axis were used to assess the
diameters of the aortic root, sinotubular junction (STBJ),
ascending aorta, aortic arch and the descending aorta
accurately. The morphology of the aortic valve was
evaluated in specific imaging planes perpendicularly or
longitudinally oriented through the aortic valve. All
images were evaluated by a cardiologist experienced in
assessing cardiac MRIs. Echocardiograms from the
referring hospitals were reviewed by at least two
investigators (ICJ, MJC). The aortic valve was exam-
ined in the left parasternal long-axis view (a bicuspid
aortic valve shows a doming configuration when it
opens during systole). M-mode was used to determine
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whether the valve closed centrally and the short-axis
view was used for determining further valve morphol-
ogy (‘fish-mouth’ opening in true bicuspid aortic valve,
or somewhat altered with a fused commissure). If the
aortic valve was too calcified to determine the valve
morphology, then the valve was defined ‘undetermined’.
The aorta was measured at several positions in the
parasternal long-axis view. Measurements were made at
the level of the annulus, sinus valsalvae (aortic root)
STBJ and the ascending aorta, measured 4 cm from the
annulus in diastole. The aortic root was also evaluated
at the M-mode recording.

Data Analysis

Patients were divided into two groups based on the
morphological assessment of the valves at surgery: a BAV
and TAV group. For comparing clinical characteristics, an
unpaired t test was used for continuous variables and a χ2

test for comparing categorical variables. For the comparison
of aortic diameter means between the bicuspid and tricuspid
groups, analysis of covariance was used with as covariates
aortic valve morphology, hypertension and age. A paired t
test was used to compare differences in echocardiographic
evaluation of aortic size versus aortic diameters measured
with MRI. The McNemar test was used for determining
differences between surgical and pathological evaluation of
aortic valve morphology.

Sensitivity and specificity were calculated with the
Clinical Calculator 1 (http://faculty.vassar.edu/lowry/clin1.
html). Two-sided p values below 0.05 were considered
statistically significant. SPSS for Windows, (release 15.0.0.
2006, Chicago SPSS Inc.) was used for all other statistical
analyses.

Results

Clinical Characteristics

A total of 80 patients were included. Clinical characteristics are
shown in Table 1. Of the patients, 65% were male and mean
age at operation was 68.5 years; 51% of the patients were
hypertensive and 25% were obese. Diabetes and hyper-
cholesterolaemia occurred in 10% and 31% of all patients,
respectively. BAV was more often observed in males than in
females (p=0.004; Table 1). Patients with BAV where
younger than patients with a TAV (55 vs. 71 years, p<
0.0001; Table 1). BAV patients had less hypertension and
overweight as compared with TAV patients, although the
number of patients with these risk factors was limited. When
correcting for the confounding factor age, hypertension was
no longer associated with a tricuspid aortic valve. None of the
other known risk factors associated with typical cardiovascular
disease were significantly different between the two groups.

Assessment of Aortic Valve Morphology

Surgeon Versus Pathologist

A significant difference between the surgeon and pathologist
in determining valve morphology was found (Table 2).
Especially when the surgeon diagnosed a TAV, the pathol-
ogist more often assessed the aortic valve to be bicuspid with
a raphe (type 1 according to the classification system of
Sievers and Schmidtke; Fig. 1) [16]. For further analysis, the
surgeon’s assessment of valve morphology was used as the
gold standard. In total, 38% of patients were found to have
BAV, 57% had a TAV and in the remaining 5% the valve
morphology could not be determined.

Overall (n=80) Tricuspid (n=48) Bicuspid (n=32) p valuea

Male (%) 54 (65.1) 24 (51) 26 (84) 0.004

Age at surgery 68.5 (56.5–74) 71 (68–75) 55 (48–66) <0.0001

AVA (cm2) 0.76 (0.23) 0.78 (0.23) 0.72 (0.22) NS

Peak gradient 78 (22) 78 (21) 75 (13) NS

Hypertension (%) 41 (51) 31 (65) 10 (31) 0.003b

Diabetes (%) 8 (10) 7 (15) 1 (3) NS

Obese (%) 19 (24) 16 (33) 3 (5) 0.010

Hypercholesterolaemia (%) 28 (31) 20 (42) 8 (25) NS

Smoking (%)

Never 37 (46) 23 (48) 14 (44)

Past 15 (19) 7 (16) 8 (25)

Recently stopped 13 (16) 7 (16) 6 (19)

Current smoker 15 (19) 11 (23) 4 (13) NS

Table 1 Clinical characteristics

AVA aortic valve area, NS
nonsignificant
a Unadjusted p values
bWhen adjusted for age, hyperten-
sion is not significantly associated
with a tricuspid aortic valve
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MRI and ECHO

Diagnostic accuracy of MRI (Fig. 2) was 79%. In addition,
MRI was able to correctly identify a bicuspid aortic valve
in 75% (43–93) of cases (sensitivity). Specificity of MRI
was 0.79 (0.49–0.94; Table 2). In one (∼4%) patient, aortic
valve morphology could not be determined with MRI. The

positive predictive value was 75% (43–93) and the negative
predictive value was 79% (49–94).

In 27% of patients, the morphology of the aortic valve could
not be determined by echocardiography due to severe
calcifications of the aortic valves (∼70%) or insufficient
window quality (∼30%). Of the remaining echocardiograms
(Fig. 2), the diagnostic accuracy was 66%. In this population
of patients with severe aortic stenosis, sensitivity was only
0.54 (0.25–0.82), which is somewhat smaller than MRI.
Echocardiography was, on the other hand, more specific than
MRI for excluding the presence of BAV (0.91 (0.25–0.82) vs
0.79 (0.49–0.94); Table 2). The positive and negative
predictive values were 75% (36–96) and 80% (60–92),
respectively.

The maximum aortic diameter was defined as the
maximum aortic diameter measured at three to five
measuring levels at ECHO and MRI, respectively. Measure-
ments were compared between patients with a bicuspid and
tricuspid aortic valve. The ascending aorta was significantly
wider in the bicuspid compared with the tricuspid patients,
even when corrected for possible confounders such as
hypertension and age (p=0.021; Table 3). Additionally, the
maximum diameter measured in any of the five measure-
ment sites was significantly broader in the BAV group as

Table 2 Aortic valve morphology; surgery compared with patholo-
gist, ECHO and MRI

Surgical assessment

Bicuspid Tricuspid Total

Pathologist Bicuspid 29 14 43

Tricuspid 2 35 37

Total 31 49 80

Echocardiography Bicuspid 6 2 8

Tricuspid 5 21 26

Total 11 23 34

MRI Bicuspid 9 3 12

Tricuspid 3 11 14

Total 14 12 26

Fig. 1 Photographs of aortic
valve during surgery and during
inspection by the pathologist. a,
b Patient with severe aortic
stenosis and diagnosed with a
type 0 bicuspid aortic valve by
both surgeon (a) and pathologist
(b); c, d patient with tricuspid
aortic valve at surgery (c), this
photograph shows a clear view
of the presence of three separate
valve leaflets. d Excised valves
of the same patient. It is hard to
identify three separate valve
leaflets after excision and this
aortic valve was determined to
be a type 1 bicuspid aortic valve
(with raphe) by the pathologist
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compared with the TAV group (p=0.001; Table 3). When
assessing aortic dimensions with echocardiography
similar results were found; the ascending aorta
(29.7 mm (TAV) vs 33.4 mm (BAV), p=0.045) and
maximum diameter (33.2 vs 37.8 mm, p=0.018) were
significantly associated with the presence of BAV. In
addition, the aortic diameters of the sinus valsalvae and
the STBJ demonstrated a trend towards a wider aorta in
the BAV group (p=0.087 and p=0.067, respectively),
even when corrected for hypertension and age (Table 3).
The aortic dimensions of the sinus valsalvae and STBJ
were comparable between MRI and echocardiography.
The ascending aortic dimensions, on the other hand, were
systematically underestimated with echocardiography
(mean difference 3.5 mm (0.574–6.49 mm, p=0.023)).

Discussion

To the best of our knowledge, this is the first study in which
valve morphology was assessed systematically by the
surgeon, pathologist, MRI and echocardiography in an
unselected population of patients with severely stenotic aortic
valves. We observed a significant difference in the assessment
of aortic valve morphology between the surgeon and
pathologist. A possible explanation for the discrepancy
between the assessment of the surgeon and pathologist is the

fact that the surgeon can judge the valve in the anatomical
position, whereas the pathologist has to classify a valve after
dissection. It is therefore difficult for the pathologist to
determine whether the valve leaflets are congenitally fused
(raphe) or fused due to the degenerative disease itself.
Especially in calcified valves that are sometimes dissected in
multiple fragments, classification by the pathologist is less
reliable. Although tissue examination of the pathologist is
considered the gold standard in most diseases, this is not the
case in the classification of bicuspid aortic valves.

Clinical Characteristics

In this report, 40% of patients with severe aortic valve
stenosis were found to have a BAV, which is comparable
with previous reported frequencies [8]. Hypertension was
found in 51% of all patients who participated in our study,
which is higher than expected considering population
prevalence of hypertension in the Netherlands (27% to
34% for persons >60 years of age) [17, 18]. This difference
could be merely due to small numbers, but other reports
have also described the increased prevalence of hyperten-
sion in patients with aortic stenosis versus a control
population of individuals without relevant valve disease
[19]. Therefore, this difference appears a real finding. These
data therefore suggest that hypertension is associated with
aortic stenosis.

Aortic position MRI (mean (SD)) ECHO (mean (SD))

Tricuspid Bicuspid p value* Tricuspid Bicuspid p valuea

Sinus valsalva 32.9 (4.38) 35.3 (7.18) NS 32.8 (4.20) 36.4 (5.11) NS

STBJ 29.7 (3.55) 29.3 (3.47) NS 27.8 (4.11) 32.1 (5.43) NS

Ascending aorta 33.8 (5.18) 39.5 (7.01) 0.021 29.7 (5.24) 33.4 (5.42) 0.045

Aortic arch 27.0 (3.12) 27.9 (4.85) NS

Descending TA 25.7 (0.70) 25.5 (0.75) NS

Max diameter 35.7 (4.36) 40.5 (6.40) 0.001 33.2 (4.09) 37.8 (4.80) 0.018

Table 3 Aortic dimensions
measured with MRI and ECHO

All diameters are in mm

NS nonsignificant, STBJ
sinotubular junction, TA thoracic
aorta
a p values are corrected for
hypertension and age

Fig. 2 a MRI of a patient with a
tricuspid aortic valve. b Patient
with a tricuspid aortic valve with
echocardiography. Although,
this echocardiogram was
analysable, the view of the
aortic valve is markedly inferior
compared with MRI
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Surprisingly, overweight was significantly associated
with a tricuspid aortic valve even after adjustment for age.
A high fat/high carbohydrate diet induces aortic valve
disease in mice, independently of cholesterol level [20].
Therefore, overweight is likely to be a risk factor for the
development of aortic stenosis. Bicuspid aortic valves are
already more susceptible for aortic valve stenosis than
tricuspid aortic valves. Therefore, additional risk factors
presumably more explain aortic valve stenosis in tricuspid
than bicuspid aortic valves. Certainly, as numbers were
small, this finding can also be due to chance.

Additionally, significantly more male than female
patients were observed with BAV (84% vs 51%). Similar
gender differences in the incidence and prevalence of BAV
have been previously reported [1, 21–23].

Imaging of the Aortic Valve and Aortic Dimensions

BAV is associated with aortic dilatation which leads to an
increased susceptibility to aortic dissection and ascending
aortic aneurysms [10–14]. Therefore, it is important to
recognise aortic valve morphology for future follow-up (e.
g. regular assessment of the ascending aorta) and possibly
intervention. Furthermore, for risk stratification in family
members, knowledge of valve morphology can be impor-
tant as well. Imaging of the aortic valve when severely
stenotic is challenging. Due to the severity of stenosis and
calcified nature of the aortic valves, echocardiograms were
frequently unable to differentiate between TAV and BAV.
As predicted, MRI was able to assess aortic valve
morphology more frequently than echocardiography (96%
vs. 73%). MRI appeared more sensitive for detecting of
BAV in this population than echocardiography (0.75 vs
0.55). Whilst MRI was more sensitive, echocardiography
on the other hand appeared more specific (0.91 vs 0.79) in
this patient group. Certainly, patients who present to the
cardiologist in a less advanced stage may presumably be
better identified with either imaging techniques. From a
cost-effectiveness perspective, echocardiography would
still be the first choice. Namely, in those patients with
adequate echocardiographic images, echocardiography has
been reported to be both highly sensitive (0.79–0.92) and
specific (0.93–0.96) [24, 25]. When the echocardiograms
prove unanalysable or when in doubt, MRI can be useful to
come to a diagnosis.

MRI is considered the gold standard for the determina-
tion of aortic dimensions. In this report aortic dimensions
were assessed with both echocardiography and MRI. Both
MRI and echocardiography demonstrated a significantly
larger ascending aorta in BAV patients compared with
tricuspid aortic valve patients. This pattern is comparable
with previous reports of aortic diameters in BAV patients
[11–13]. When comparing aortic dimensions assessed by

means of MRI and ECHO, the ascending aortic dimensions
were systematically underestimated with echocardiography.
Therefore, when the ascending aorta appears large at
echocardiography, it is important to consider evaluating
the aorta with MRI as standardised care. The role of other
advanced imaging techniques such as computerised tomog-
raphy was not evaluated in this report.

Conclusion

Among unselected patients with severe aortic valve
stenosis, a high percentage of patients with BAV were
found. Patients with BAV were significantly younger and
more frequently male. Typically, the ascending aorta was
larger in patients with BAV. Notably, a significant
difference between the surgeon and pathologist in
determining valve morphology was found. Although
tissue examination of the pathologist is considered the
gold standard in most diseases, this is not the case in the
classification of bicuspid aortic valves. Therefore in this
study, the gold standard for assessing these stenotic
valves was the appraisal of the surgeon. Imaging of the
aortic valve with echocardiography appeared challenging
due to the severe calcified aortic valves. MRI is more
sensitive but less specific than echocardiography in the
classification of aortic valves.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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