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Elastic Properties of Aortic Wall in Patients With Bicuspid Aortic
Valve by Magnetic Resonance Imaging

Giovanni Donato Aquaro, MDa,*,†, Lamia Ait-Ali, MD, PhDb,†, Maira Levorato Basso, MDc,
Massimo Lombardi, MDa, Alessandro Pingitore, MD, PhDb, and Pierluigi Festa, MDa

Bicuspid aortic valve (BAV) is frequently associated with aortic wall abnormalities, includ-
ing dilation of the ascending aorta and even dissection. We propose 2 new indexes of aortic
wall biophysical properties, the maximum rates of systolic distension and diastolic recoil
(MRSD and MRDR, respectively), in patients with BAV and matched control subjects. We
evaluated 53 consecutive young patients with BAV (36 males, mean age 16 � 4 years) with
mild aortic valve disease and a control group of 22 age- and gender-matched healthy
volunteers. All subjects underwent a cardiac magnetic resonance imaging study that
included phase velocity mapping and cine acquisition at several aortic levels. The MRSD
and MRDR were measured in the ascending aorta in both patients with BAV and controls.
Of the 53 patients with BAV, 26 had enlarged ascending aortas (dilated BAV), and 27 had
a normal aortic diameter (nondilated BAV). Compared to controls, the MRSD was signif-
icantly lower in the whole BAV group (4.37 � 1.1 vs 9.1 � 2.1), in patients with dilated
BAV (4.5 � 1.1 p <0.0001), and in those with nondilated BAV (4.3 � 1.0, p <0.0001). The
MRDR was greater in the whole BAV group (�4 � 1.2 vs �7.6 � 2.7, p <0.0001), in the
dilated BAV group (�3.9 � 1.3, p <0.0001), and in the nondilated BAV group (�4.1 � 1.2,
p <0.0001). A receiver operating characteristic curve analysis of MRSD distinguished BAV
from controls with 100% sensitivity and 95% specificity. In conclusion, MRSD and MRDR
were slower in the patients with BAV than in the controls, regardless of the dimensions of
the ascending aorta. © 2011 Elsevier Inc. All rights reserved. (Am J Cardiol 2011;108:

81–87)
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We propose 2 new magnetic resonance imaging (MRI)
indexes of aortic elastic properties: the maximum rate of
systolic distension (MRSD) and the maximum rate of dia-
stolic recoil (MRDR). These indexes assess the velocities of
aortic wall distension and recoil during the cardiac cycle.
The purpose of the present study was to test these indexes in
both patients with bicuspid aortic valve (BAV) and healthy
controls and compare them with the other aortic wall bio-
physical property indexes currently available.

Methods

We enrolled 63 consecutive patients aged 8 to 25 years
with a confirmed diagnosis of BAV. All patients underwent
a comprehensive cardiac MRI study. Of the 63 patients, 10
were excluded from the analysis after the MRI examination
because of significant aortic valve disease. Our final study
population consisted of 53 patients (36 males; mean age
16 � 4 years) with BAV and without significant aortic valve
dysfunction. A total of 22 age- and gender-matched healthy
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volunteers (17 males; mean age 16 � 4 years) were enrolled
as controls. The patients with BAV were subdivided into 2
groups according to the ascending aortic diameter. The
dilated BAV group consisted of patients with an ascending
aortic diameter 2 SD greater than the average diameter of
the control group, and the nondilated BAV group consisted
of patients with a diameter �2 SD greater than the control
group average.

The MRI studies were performed using a 1.5 T Signa
CV/I MRI scanner (GE, Milwaukee, Wisconsin) using an
8-channel cardiac phased array coil. The thoracic aorta was
visualized by acquiring sagittal-oblique cine images parallel
to the major aortic axis using a breath-hold, electrocardio-
graphic-triggered, steady-state free-precession (SSFP) pulse
sequence with the following parameters: 400-mm field of
view, 8-mm slice thickness, no gap, 1 number of excita-
tions, 12 views per segment, echo time/repetition time 1.6/
3.2 ms, flip angle 45°, matrix 224 � 224, and reconstruction
matrix 256 � 256. The number of cardiac phases was set
ccording to the heart rate to obtain an aortic wall excursion
emporal resolution of approximately 10�3 seconds. Cross-

sectional cine SSFP images with the same parameters were
acquired at different aortic levels: (1) at the aortic valve
plane to confirm the diagnosis of BAV; (2) at the aortic root;
(3) at the sinotubular junction; (4) at the proximal ascending
aorta (5 mm above the sinotubular junction) to measure the
distensibility, MRSD, and MRDR; and (5) at the level of the
maximum diameter of the ascending aorta. The left ven-
tricular volumes and mass were obtained using the con-

ventional approach. A gradient-echo velocity mapping
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electrocardiographic-triggered sequence (phase velocity
cine-MRI) was used to determine the blood flow and regur-
gitation volume. The through-plane flow was measured or-
thogonal to the vessels in the ascending aorta (5 mm over
the sinotubular junction) and in the descending aorta (Figure
1). The following acquisition parameters were used: repe-
tition time/echo time 12/5 ms, 20° flip angle, field of view
30, phase field of view 1, 192 � 192 matrix, 256 � 256
reconstruction matrix, 5-mm slice thickness, 1 excitation, 2
views per segment, and encoded velocity 250 cm/s. The
number of cardiac phases was set according to the heart rate,
as above. The systemic arterial pressure was noninvasively
measured with an automatic manometer at the brachial
artery level at each acquisition. The SSFP and phase veloc-
ity cine-MRI imaging sequences for the assessment of ven-
tricular function, flow, and wall excursion were elaborated
with commercially available software (Mass Plus and CV
Flow, Leiden, The Netherlands). The diameters of the ao-
rtic root, sinotubular junction, and ascending aorta (at the
maximum dimension level) were measured from the cine
SSFP images. The flow through the aortic valve and the
ascending and descending aorta was measured as described
in a previous study.1 The blood flow was calculated as the
product of the aortic cross-sectional area and mean flow
velocity for each cardiac phase. A volume/time curve was
obtained for each section (aortic valve and ascending and
descending aorta). The anterograde flow was measured as
the area under the positive component of the curve, and the
retrograde flow was the area under the negative component.
The aortic regurgitation fraction was calculated at the level
of the aortic valve plane as follows: retrograde flow/antero-
grade flow � 100, expressed as a percentage. The flow

ave velocity propagation was defined as the time delay of
he flow between the descending and ascending aorta (Fig-
re 1) and was measured as previously reported.1 Aortic
all distensibility in the ascending aorta was measured on

Figure 1. (Middle) SSFP images of thoracic aorta in patient with BAV. Red
ine represents phase velocity cine-MRI acquisition plane of ascending
Asc) aorta (5 mm above sinotubular junction) and proximal descending
Desc) aorta. Length of green line considered distance between ascending
nd descending aorta for evaluating flow wave propagation. (Left) Phase
elocity cine-MRI magnitude image (Upper) and phase image (Lower)
rom ascending aorta. (Right) Phase velocity cine-MRI magnitude image
Upper) and phase image (Lower) acquired in descending aorta.
he SSFP images, using a method described in previous o
tudies.1,2 In brief, aortic wall distensibility was then mea-
ured as (A max � A min)/[A min � (SP � DP)], where A
ax is the maximum (systolic) cross-sectional aortic area

in mm2), A min is the minimum (diastolic) cross-sectional
ortic area (in mm2), SP is the systolic blood pressure (in
m Hg), and DP is the diastolic blood pressure (in mm Hg).
e also defined MRSD and MRDR, 2 new indexes that

escribe the elastic properties of the aortic wall using cine-
RI in the ascending aorta. In brief, the cross-sectional area

f the proximal ascending aorta (5 mm above the sinotubu-
ar junction) measured in each cardiac phase was indexed
or the maximum end-systolic cross-sectional area and plot-
ed against the time (relative cross-sectional area/time
urve; Figure 2). In this curve, MRSD, the maximum rate of
ystolic distension of the ascending aorta cross-sectional
rea, was measured as the maximum systolic upslope, and
RDR, the maximum rate of diastolic recoil, was measured

s the maximum diastolic downslope. The MRSD and
RDR were expressed as the percentile of the maximum

rea/10�3 seconds. The systemic vascular resistance was
alculated using the cardiac output measured by phase ve-
ocity cine-MRI in the ascending aorta and the mean arterial
ressure, assuming a right atrial pressure of 5 mm Hg in all
atients. The measurement of aortic wall indexes was per-
ormed by 3 blinded expert investigators who were unaware
f the clinical information of the patients and the pres-
nce of BAV.

The values are expressed as the mean � SD (for normal
istribution) or median and 25th to 75th percentile. The
roup means of numerical data were analyzed using a
-sample Student’s t test. Differences among the groups
ere analyzed using analysis of variance and Bonferroni

ests, when appropriate. A simple linear correlation with
earson’s coefficient (r) was used to correlate the MRSD
nd MRDR with the cross-sectional area and systemic vas-
ular resistance. A receiver operating characteristic analysis
as used to compare the specificity and sensitivity of the

ortic wall indexes to distinguish between BAV and con-
rols. Observer agreement was quantified by using intraclass
orrelation coefficients.

esults

In 27 patients with BAV (17 males; the nondilated BAV
roup), the ascending aorta diameters were not significantly
ifferent from those of the healthy controls. In the remain-
ng 26 patients with BAV (19 males; the dilated BAV
roup), the ascending aorta diameter was greater than the
ange measured in the controls (greater than the mean � 2
D; Table 1). No significant differences were found in the

eft ventricle volumes and ejection fraction (Table 1) or the
ystemic vascular resistance (14.07 � 4.3 vs 12.6 � 5.8

ood units, p � NS) in the patients with BAV and the
ontrols. Figure 3 shows that the ascending aorta wall dis-
ensibility was significantly lower in those with BAV than
n the controls (Table 2). Both groups of patients with BAV
dilated and nondilated BAV) had lower wall distensibility
han did the controls. Flow wave propagation was signifi-
antly faster in the patients with BAV than in the controls
1.8 � 0.75 vs 1.26 � 0.4. mm/ms, p �0.05), although the

verlap was considerable (Figure 3). The patients with BAV



h
f

d
v
B

BAV;

P
M
A
B
D

E
E
E
M 76.5 �

83Valvular Heart Disease/MRI Evaluation of Aortic Wall
had lower MRSD (p �0.0001) than the controls (Table 2).
The box-and-whisker plot in Figure 4 shows that only 1
ealthy patient had an MRSD within the range of values

Figure 2. MRSD and MRDR in control subject (Upper) and patient w
cross-sectional area of ascending aorta of healthy patient and patient with

Table 1
Population characteristics

Variable BAV Nondilated
BAV

atients (n) 53 26
ales (n) 36 17
ge (years) 16 � 4 15 � 4
ody surface area (m2) 1.63 � 0.3 1.51 � 0.26
iameter
Aortic root 31.6 � 5.5 30 � 5.2
Aortic junction 28.2 � 5.3 24.1 � 4.3
Ascending aorta 30.9 � 6.8 24.3 � 5.1
nd-diastolic volume index (ml/m2) 92 � 20 87 � 21
nd-systolic volume index (ml/m2) 32 � 12 29 � 11
jection fraction (%) 67 � 6 69 � 7
ass index (g/m2) 74 � 14 71 � 14
ound in the patients with BAV. No significant gender B
ifferences were found for MRSD in the controls (8.6 � 2
s 10 � 2.5, male vs female, p � 0.21) or in those with
AV (4.2 � 1.1 vs 4.6 � 1.1, male vs female, p � 0.76).

ted BAV (Lower). (A,B,D,E) First SSFP frame and frame with largest
(C,F) area/time curve of control and patient with BAV.

d Control p Value

BAV vs
Control

Nondilated BAV
vs Control

Dilated BAV
vs Control

22
17 0.41 1 0.44

4 16 � 4 0.9 0.39 0.012
0.2 1.62 � 0.23 0.88 0.12 0.03

5.7 29 � 5.7 0.16 0.34 0.03
4.3 22 � 5.3 0.0002 0.13 �0.0001
5.3 23.8 � 3.7 0.0002 0.6 �0.0001
17 87 � 15 0.38 0.99 0.06
12 31 � 11 0.96 0.53 0.37
6 66 � 6 0.57 0.12 0.99
15 70 � 12 0.39 0.35 0.9
ith dila
Dilate
BAV

27
19

19 �
1.76 �

34 �
31.2 �
35.3 �

96 �
34 �
66 �
oth BAV groups (dilated and nondilated) had similar
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MRSD when evaluated separately; both were significantly
lower than the MRSD in normal patients. The MRSD did
not correlate with the systemic vascular resistance (p �
0.79). Similar results were found for MRDR. The patients
with BAV had greater MRDR (greater values are less neg-
ative, indicating a slower rate) than the controls (p �0.0001;

Figure 3. Box and whisker plot showing absence of overlap between MRSD
with ascending aorta dilation; and nondilated BAV, those without dilation
MRSDs than did controls.

Table 2
Distensibility, flow wave velocity propagation, maximum rate of systolic

Variable BAV Nondilated
BAV

scending aorta distensibility 6.4 � 3.0 6.4 � 3.2
aximum rate of systolic distension 4.37 � 1.1 4.3 � 1.0
aximum rate of diastolic recoil �4 � 1.24 �4.1 � 1.2

low velocity propagation 2.37 � 1.9 1.8 � 0.7

Figure 4. Box and whisker plot showing MRDR values in patients with B
had greater MRDRs than did controls.
Figure 5). No significant gender differences were found for
MRDR in the controls (�7.2 � 3.5 vs �7.9 � 2.4, male vs
female, p � 0.47) or in those with BAV (�3.7 � 1.3 vs
.3 � 0.9, male vs female, p � 0.18). The MRDR was

significantly greater in both BAV groups (nondilated and
dilated) than in the healthy subjects. As with the MRSD, the
MRDR did not correlate with systemic vascular resistance

s in controls, patients with BAV, and BAV subgroups (dilated BAV, those
rall, patients with BAV with and without dilation had significantly lower

on (MRSD) and maximum rate of diastolic recoil (MRDR)

ilated
AV

Control p Value

BAV vs
Control

Nondilated
BAV vs
Control

Dilated vs
Nondilated

BAV

� 2.9 8.7 � 3.4 �0.05 0.02 0.9
� 1.1 9.1 � 2.1 �0.0001 �0.0001 0.49
� 1.3 �7.6 � 2.7 �0.0001 �0.0001 0.56
� 0.98 1.29 � 0.4 0.03 0.004 0.09

d controls. *Patients with BAV with and without ascending aorta dilation
value
). *Ove
distensi

D
B

6.5
4.5

�3.9
AV an
(p � 0.98). Receiver operating characteristic curve analysis



0.05

85Valvular Heart Disease/MRI Evaluation of Aortic Wall
showed that MRSD values �6.6 distinguished between
those with BAV and the controls, with 100% sensitivity and
95% specificity. MRDRs with a cutoff of �4.8 identified
patients with BAV, with 71.4% sensitivity and 90.9% spec-
ificity. Ascending aorta distensibility distinguished between
the patients with BAV and controls (cutoff of 5.7), with
98% specificity and 40% sensitivity. Finally, flow wave
propagation showed 71.8% specificity and 69.7% sensitiv-
ity. The receiver operating characteristic curves for MRSD
and MRDR had a significantly greater area under the curve
(AUC) compared to the ascending and descending aorta
distensibility and flow wave velocity propagation (Table 3).

Good interobserver correlation was shown for MRSD
(average difference 3.9 � 18% of MRSD, coefficient 0.95)
and MRDR (average difference 5.2 � 8% of MRDR, coef-
ficient 0.93) between the 2 observers.

Discussion

In the present study, we tested 2 new, noninvasive in-

Figure 5. Box and whisker plots. (1) Distensibility of ascending aorta lowe
patients with BAV than in controls.

Table 3
Receiver operating characteristic analysis comparisons

Variable AUC Stan

Predicting BAV
Ascending aorta distensibility 0.69
Flow velocity propagation 0.71
Maximal systolic distension rate 0.996
Maximal diastolic recoil rate 0.95

Predicting nondilated BAV
Ascending aorta distensibility 0.67
Flow velocity propagation 0.66
Maximal systolic distension rate 1
Maximal diastolic recoil rate 0.97

Predicting dilated BAV
Ascending aorta distensibility 0.71
Flow velocity propagation 0.78
Maximal systolic distension rate 0.992
Maximal diastolic recoil rate 0.935
dexes of aortic wall elastic properties: MRSD and MRDR.
MRSD is an expression of vessel distension during systole,
and MRDR evaluates diastolic recoil. We found significant
differences in MRSD and MRDR in patients with BAV and
healthy controls. The patients with BAV had significantly
lower MRSD and significantly greater MRDR than the
controls, suggesting slower aortic wall distension during
systole and slower recoil during diastole. However, the
present study found that patients with BAV had signifi-
cantly lower aortic distensibility and faster flow wave prop-
agation velocities than the controls, confirming the findings
from a previous report.2 We selected patients with BAV
with functionally normal or nearly normal valves in an
attempt to exclude any confounding factors deriving from
flow disturbances. In agreement with previous reports,3 the
aortic diameters of the patients with BAV in our study were
significantly greater than those of normal age- and gender-
matched controls. However, MRSD and MRDR results
were significantly different from those of the controls, in-
dependent of aortic dilation, showing that these new indexes

tients with BAV than in controls. (2) Flow velocity propagation greater in

rror 95% CI p Value

MRSD MRDR

0.51–0.83 0.002 0.01
0.54–0.89 0.001 0.006
0.90–1 — 0.15
0.83–0.99 0.15 —

0.45–0.85 0.004 0.006
0.45–0.84 0.003 0.007
0.86–1 — 0.29
0.82–1 0.29 —

0.48–0.87 0.01 0.07
0.56–0.92 0.04 0.1
0.84–1 — 0.15
0.75–0.99 0.16 —
r in pa
dard E

0.10
0.09
0.014
0.032

0.11
0.11
0.0
0.025

0.11
0.11
0.01
are not influenced by the aortic diameter. Bonderman et al4
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recently demonstrated a massive focal apoptosis in the me-
dial layers of patients with BAV, independent of aortic
dilation. In the control patients, however, apoptosis was
present in the aortic specimens of only those patients with a
dilated aorta.4 In contrast to MRSD and MRDR, distensi-
ility is influenced by the degree of aortic dilation, partic-
larly aortic diastolic size, as demonstrated by Jeremy et al.5

Thus, the distensibility could be underestimated in patients
with a normal aortic diameter, particularly in younger pa-
tients. Moreover, aortic dissection occurs at an earlier age in
patients with BAV than in those with trileaflet aortic valve,
and it is also linked to abnormalities of the biomechanical
properties of the aortic wall.6–8 Aortic dilation in BAV was
emonstrated to be secondary to cystic medial necrosis
aused by matrix disruption and smooth cells loss, similar to
hat found in patients with Marfan syndrome and in the
brillin-1-deficient aorta model.9,10 Specifically, altered or

deficient fibrillin results in impaired elasticity of the vascu-
lar wall.11 It has also been theorized that the abnormal
lastic properties, dilation, and fragmentation of elastic
omponents within the aortic walls of patients with BAV
ould be associated with increased expression of matrix-
egrading proteins.12 In fact, matrix metalloproteinase ac-

tivity is increased in specimens obtained from BAV ascend-
ing aortic aneurysms.13 MRSD and MRDR are expressions
of the systolic and diastolic aortic strain rate. During the
ejection phase of left ventricular contraction, the aorta is
distended by blood flowing from the left ventricle, and
kinetic energy from the left ventricle is transformed into
potential energy stored in the aortic wall. During aortic wall
recoil, this potential energy is converted to kinetic energy,
favoring the diastolic flow in the peripheral vessel. Slow
MRSD and MRDR velocities in the patients with BAV
could reveal the impaired elasticity of aortic wall: a lower
MRSD value means that the kinetic energy of systolic
ejection is transformed more slowly into potential energy; a
slower MRDR reflects a delayed conversion of potential
energy to kinetic energy. The imbalance between the uptake
and release of energy by the aortic wall, due to impaired
elasticity, could slow the centripetal acceleration of the
aortic wall, increasing aortic wall stress and progressively
leading to dilation of the aortic wall. Our results have
demonstrated that the aortic strain velocities in BAV were
decreased without a significant overlapping of the MRSD
values between those with BAV and the controls. Further-
more, all the patients with BAV had MRSD values of �6.6,
confirming the presence of atypical aortic wall biomechani-
cal properties in those with BAV. In contrast, a consider-
able overlapping of distensibility values was found be-
tween those with BAV and the controls in the present
study (Figure 5), just as in previous reports.2 When patients
with extremely low distensibility values were excluded,
most of our population with BAV showed intermediate
values similar to those of the normal patients. A large
variation in aortic distensibility was previously reported14;
t could be partially explained because distensibility is in-
uenced by aortic dimensions and systemic pressure. Fur-

hermore, because the aortic biophysical properties change
ith increasing pressure owing to recruitment of the colla-
en fibers, the distensibility reflects only the mean of aortic

lastic behavior in the physiologic pressure range.15 Flow
wave velocity propagation has been proposed as a valuable
tool for evaluating the elastic properties of the aortic wall.
Both patients with BAV and those with Marfan syndrome
had significantly faster flow propagation than the controls.16

The reduced aortic wall elasticity in those with BAV could
be the cause of the increased flow velocity in the thoracic
aorta. However, flow wave velocity propagation could be
influenced by the hemodynamic status of the patients, po-
tentially increasing under hyperdynamic conditions and de-
creasing in patients with left ventricular dysfunction or
aortic disease. Hemodynamic perturbation in aortic coarc-
tation, often associated with BAV in young patients, could
alter the measurement of flow wave velocity propagation.
Furthermore, normal variations in aortic arch anatomy im-
ply great variations in the distance between the ascending
and descending aorta, which would influence the flow wave
velocity propagation measurements. A receiver operating
characteristic curve comparison showed that MRSD was the
better parameter for differentiating the aortic wall properties
of BAV from those of healthy subjects. These results sug-
gest that it is reasonable to consider these 2 new indexes as
potential tools for evaluating the elastic properties of the
aortic wall in BAV. Additional studies are needed to con-
firm these results.

The study limitations should be mentioned. First, the
measurement of aortic distensibility implies the measure-
ment of arterial systemic pressure. As in previous studies,
the present study assessed the systemic arterial pressure
using the brachial cuff pressure, instead of an invasively
positioned catheter, because the patients enrolled were very
young and asymptomatic. It has been shown that the pulse
pressure measured at the brachial artery slightly overesti-
mates the central pulse pressure.17 Therefore, the peripheral
brachial pressure might underestimate aortic distensibility,
especially in younger subjects. However, other investigators
have shown an excellent correlation between the calculated
aortic distensibility using both invasive and noninvasive
methods.18 The new indexes we have proposed in the pres-
ent study, the MRSD and MRDR, are both independent of
the central aortic pressure. Therefore, this could encourage
the clinical use of MRSD and MRDR.
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