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Abstract—The biaxial anisotropy of integrated backscatter from aortic valve cusps was characterized ex vivo as
an initial assessment of the suitability of high-frequency ultrasound for nondestructive evaluation of fiber
alignment in tissue-engineered heart valves. Apparent integrated backscatter (AIB) from eight fresh, intact
porcine cusps was measured over an 80° range of insonification angles using a 40-MHz ultrasound system.
Angular dependence of backscatter was characterized by fitting a sinusoid to plots of AIB versus insonification
angle for data acquired while rotating the transducer about the cusps in the circumferential and radial directions.
Angular variations in backscatter were detected along both directions in individual specimens, although the mean
amplitude of the fitted sinusoid was significantly greater for the circumferential data (12.1 � 2.6 dB) than the
radial data (3.5 � 3.1 dB, p � 0.002). The higher angular variation of backscatter in the circumferential direction
implies that collagen fibers in the fibrosa layer are the most prominent source of high-frequency scattering from
porcine aortic valve cusps. The ability to characterize anisotropic backscattering from individual specimens
demonstrates that high-frequency ultrasound can be used for nondestructive evaluation of fiber alignment in
heart valve biomaterials. (E-mail: jlacefield@eng.uwo.ca) © 2008 World Federation for Ultrasound in Med-
icine & Biology.
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Aortic valve.
INTRODUCTION

The functional durability of the natural aortic valve,
which completes 30–40 million cycles annually while
withstanding transvalvular pressures of 80 mm Hg (Thu-
brikar 1995) is remarkable considering the submillimeter
thickness of its three cusps. Each cusp is composed of
three distinct tissue layers (Fig. 1) whose structural in-
tegrity is largely attributed to a complex network of
collagen fibers (Vesely and Noseworthy 1992; Christie
and Barratt-Boyes 1995). The layer facing the left ven-
tricle, the ventricularis, consists of densely packed col-
lagen fibers that are aligned circumferentially and radi-
ally in an alternating configuration, as well as radially
aligned elastin. The fibrosa layer faces the aorta and is
composed primarily of circumferentially aligned colla-
gen fibers. The two fibrous layers are joined by the
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spongiosa, a gelatinous lamina composed of loosely ar-
ranged collagen, glycosoaminoglycans and water. The
ventricularis and fibrosa exhibit structural anisotropy be-
cause of their collagen and elastin content, whereas the
spongiosa is considered isotropic. In the histology sec-
tion shown in Fig. 1c, the radially aligned fibers in the
ventricularis appear as subtle, approximately horizontal
striations, whereas the lack of such striations in the
ventricularis implies that the fibers in that layer are
predominantly oriented in the circumferential direction.
Characterization of this anisotropy has increased scien-
tific understanding of the properties of natural (Doehring
et al. 2005) and bioprosthetic (Sacks et al. 1998) valves.

The failure of bioprosthetic aortic valves con-
structed from porcine or bovine tissues to match the
robustness of a native valve motivates investigations of
heart-valve tissue engineering. Replication of the com-
plex structure of the native tissue is an accepted require-
ment (Shi et al. 2006) to achieve long-term durability. A
tissue-engineered valve should therefore consist of cusps

possessing a layered structure with at least one layer
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containing well aligned collagen bundles. The native
aortic valve exhibits limited circumferential extensibility
as a result of the circumferentially oriented collagen
bundles in the fibrosa; yet the valve has good radial
extensibility because of the limited collagen fiber align-
ment in the ventricularis (Vesely 2003). Such a design
provides both the flexibility (Vesely and Boughner 1989)
and mechanical anisotropy required for proper valve
closure (Christie 1992) because the cusps are able to
support and effectively distribute the transvalvular pres-
sure applied to their surfaces while simultaneously
stretching radially to coapt and seal the orifice during
diastole and flexing open to permit ejection of blood
during systole. A nondestructive technique for evaluating
tissue layering and fiber orientation would therefore be
invaluable for assessing a bioengineered material being

Fig. 1. (a) Schematic illustration of a top view of a
cross-sectional view of an aortic valve cusp. (c) Hematox

a porcine aortic
readied for implantation (Mendelson and Schoen 2006).
Anisotropic microstructure in tissue produces vari-
ations in ultrasonic backscatter as a function of the angle
of insonification (Mottley and Miller 1988; Rose et al.
1995; Insana 1995). Anisotropic scattering from myocar-
dial tissue has received the greatest attention. Collagen
content has a strong influence on backscatter from car-
diac tissue (Mimbs et al. 1980; O’Donnell et al. 1981;
Lythall et al. 1993), and collagen fibers are hypothesized
to be quasi-cylindrical scattering elements responsible
for anisotropic backscatter from the myocardium (Rose
et al. 1995). Fibrous collagen comprises approximately
half of the aortic valve cusp composition by weight
(Bashey et al. 1967) and, given the well-defined align-
ment of collagen in the cusps, it is reasonable to expect
ultrasonic backscatter from aortic valve cusps to also
exhibit an angular dependence. High-frequency (40

ic valve cusp. (b) Schematic illustration of a radial
nd eosin–stained histology slide of a radial slice through
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lution to delineate the fibrosa, spongiosa and ventricu-
laris layers of aortic valve cusps (Qiu et al. 2006; Khan
et al. 2007). Measurements of the angular dependence of
high-frequency backscatter therefore offer a promising
approach to nondestructive evaluation of fiber orienta-
tion in a thin, multilayered tissue such as an aortic valve
cusp.

Previous investigations of ultrasonic backscatter
from heart valves, conducted at 2–7 MHz, were con-
cerned with assessment of natural and bioprosthetic
valve health. Lattanzi et al. (1990) used integrated back-
scatter index to differentiate normal, fibrotic and calcific
mitral valves in vivo. Rigolin et al. (2001) used the same
backscatter metric, which they termed integrated back-
scatter amplitude, in vitro to distinguish explanted por-
cine bioprosthetic aortic valves from unused biopros-
thetic valves. Both studies associated symptoms of leaflet
deterioration with an increase in backscatter intensity
from the tissue, but neither study considered the possible
anisotropy of backscattering.

In this paper, the anisotropy of apparent integrated
backscatter (Hoffmeister et al. 1995) from porcine aortic
valve cusps is measured ex vivo at 20–47 MHz. This
study is the first to characterize the angular dependence
of backscattering from aortic valve cusps. Biaxial anisot-
ropy is examined through rotations about two orthogonal
axes corresponding to the circumferential and radial di-
rections in the cusps. The results are analyzed using a
model of sinusoidal angular dependence of backscatter
that assumes quasi-cylindrical scatterers (Mottley and
Miller 1988). The parameters estimated using the sinu-
soidal model demonstrate that the cusps exhibit, on av-
erage, a strong angular dependence of backscatter in the
circumferential direction and that the measurement tech-
nique is capable of detecting anisotropy of backscatter in
individual specimens.

MATERIALS AND METHODS

Specimen preparation
Four freshly harvested porcine hearts were obtained

from a local abattoir. The left and noncoronary cusps of
each aortic valve were excised. Cusps were submerged in
room temperature (18 to 23 °C) coronary perfusion so-
lution for a minimum of 100 min, a time sufficient to
achieve osmotic equilibrium (Talman and Boughner
2001), before imaging in the same fluid. Specimens were
secured to a rubber mat with the ventricularis facing
upward by stretching elastic bands across their periphery.
Care was taken to ensure the specimens were not visibly
compressed by the elastic bands.

Data acquisition
Ultrasound imaging was performed using a Vevo
770 high-frequency micro-imaging system (VisualSon-
ics Inc., Toronto, ON, Canada) equipped with a mechan-
ically scanned, single-element transducer (model RMV-
704) with an f-number of 2.0 and a nominal center
frequency of 40 MHz. The transducer possessed an
axial–lateral spatial resolution of approximately 40 � 80
�m2, a 2-mm depth-of-field, and a 6-mm focal distance.
Images were acquired with the tissue centered at the
focus such that the bulk of the specimen was contained
within the depth-of-field.

The radiofrequency (RF) echo signals needed for
integrated backscatter analysis, as well as line and frame
trigger signals, were accessible from BNC terminals on
the scanner. The RF signals were sampled at 1 GHz and
digitized into 8-bit data using an oscilloscope (Waverun-
ner LT345, Lecroy Corp., Chestnut Ridge, NY, USA)
and software written in LabVIEW 6.1 (National Instru-
ments Corp., Austin, TX, USA). For each backscatter
measurement, the software acquired RF signals corre-
sponding to all 377 scan lines in the 8 � 8-mm2 B-mode
field-of-view.

For each cusp, backscatter measurements were ac-
quired along two vertical planes of rotation to character-
ize biaxial anisotropy in the tissue. The first rotational
plane was aligned with the circumferential axis of the
cusp, and the second plane was approximately normal to
the first, i.e., along the radial axis of the cusp. A trans-
ducer angular positioning device, illustrated in Fig. 2,
was built to rotate the transducer about its focus in a
single plane. The rotational servomotor of the position-
ing device was driven by a PID servo driver (Motion
Controller Module MVP2001B02, MicroMo, Clearwa-
ter, FL, USA) that rotated the transducer with a calcu-

Fig. 2. Computer-assisted design drawing of the transducer
angular positioning device used to control the angle of insoni-

fication for integrated backscatter measurements.
lated precision of 0.0011°. The B-mode image sector,
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which subtended an azimuth angle of approximately
7.5°, was always perpendicular to the plane of rotation as
shown in Fig. 3, such that each scan line intersected the
specimen at approximately the same angle and the tissue
was positioned at the same depth throughout the field-
of-view. Measurements were acquired from near the
center of the cusp at angles of insonification (�i in Fig. 3)
ranging from 50–130° in 10° increments, where �i � 90°
corresponds to insonification in a vertical plane perpen-
dicular to the specimen surface.

Ten RF frames were acquired at each insonification
angle and averaged to reduce electronic noise. Complete
data acquisition for a single specimen lasted approxi-
mately 100 min. Specimens were inspected throughout
the procedure to ensure that no visible degradation of the
tissue occurred.

Integrated backscatter processing
Processing of RF data was performed offline using

MATLAB 7.1 (The MathWorks Inc., Natick, MA,
USA). Because the transducer’s nominal lateral beam-
width was 80 �m, every fourth scan line, separated by
approximately 85 �m, was included in analysis. There-
fore, a maximum of 95 independent RF signals, subject
to the minimum-gate-length constraint described in the
following paragraph, were analyzed at each insonifica-
tion angle.

Hamming-window range gates were defined for
each RF signal by selecting a two-dimensional region-
of-interest in the corresponding B-mode image. The re-
gion was defined to include as much of the scattered

Fig. 3. Geometry of rotation of the ultrasound imaging plane
during integrated backscatter measurements. The angle of in-

sonification is denoted by �i.
signal from the interior of the specimen as possible while
excluding the specular reflections from the surfaces.
Therefore, the length of the range gate varied with the
thickness of the specimen. Range gates were centered
near the focus and always kept within the depth-of-field.
Gates shorter than four pulse lengths, approximately 180
ns, in duration were excluded from the analysis as rec-
ommended by Lizzi et al. (1983). Gates greater than 1.33
�s in duration, the time for the pulse to traverse the
depth-of-field, were truncated equally at both ends to
exclude echoes from outside the depth-of-field.

Apparent integrated backscatter (AIB) was com-
puted by normalizing the power spectrum of the win-
dowed tissue signal by the power spectrum of a Ham-
ming-windowed echo from a reference reflector and then
integrating over the measured �6 dB bandwidth of the
system. The reference reflector was a polished quartz flat
(part 43424, Edmund Industrial Optics Inc., Barrington,
NJ, USA) placed normal to the beam at the focus. To
avoid saturating the oscilloscope, the transmit power and
receive gain were decreased by 30 and 20 dB, respec-
tively, for acquisition of the reference signal. Separate
measurements using a tissue-mimicking phantom con-
firmed that the overall frequency response of the ultra-
sound system was consistent at the two gain settings
(unpublished data). Therefore, at each insonification an-
gle, the average tissue power spectrum was computed as

�V� f ��2 �
1

N �
n�1

N 1

Ln
�Vn� f ��2, (1)

where Vn(f) is the Fourier transform of the RF signal
corresponding to the nth scan line, Ln is the length of the
range gate applied to the nth scan line and N � 95 is the
number of independent scan lines. Apparent integrated
backscatter (AIB) was then calculated as

AIB � 10 log10 ��f0�
�f
2

f0�
�f
2 �V� f ��2

1

Lref
�Vref� f ��2

df�� G, (2)

where f0 is the center frequency and �f is the �6 dB
bandwidth of the system, Vref(f) is the Fourier transform
of the reference signal, Lref is the length of the window
applied to the reference signal and G � 50 dB is the
difference in gain settings during acquisition of the tissue
and reference signals. The resulting quantity is properly
referred to as the apparent integrated backscatter be-
cause no corrections were made for attenuation or dif-
fraction (Hoffmeister et al. 1995).

Angular dependence of AIB was characterized us-
ing the method of Mottley and Miller (1988). AIB was
plotted as a function of insonification angle, and the

function
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AIB��i� � A � B cos � 2�

180°��i � 	��, (3)

where �i and 	 are both specified in degrees, was fit to
the data using the nonlinear least-squares curve-fitting
function in the MATLAB Optimization Toolbox. For
each specimen and each direction of rotation, the curve-
fitting procedure yielded values for the mean AIB, A, the
amplitude of angular variation in AIB, B, and the insoni-
fication angle that produced the maximum AIB, 	. The
coefficient of determination, R2, was computed for each
fitted curve as a measure of goodness of fit.

Statistical analysis
The mean values of A, B and R2 obtained from

rotation about the eight specimens in the circumferential

Fig. 4. (a) Radiofrequency echo signal obtained from the
porcine aortic valve cusp, which was acquired using 5
portion of the signal corresponds to the location of the u
reference reflector (black, solid curve), mean power spec
and the result of normalizing the mean tissue spectrum b
solid curves depict the power spectra of each sca
and radial directions were compared using paired two-
tailed t-tests. The mean values of 	 obtained for each
direction of rotation were compared with 90°, the ex-
pected value for rotation about the long axes of aligned
cylindrical scatterers, using one-sample, two-tailed t-
tests.

RESULTS

Representative RF signals from the reference reflec-
tor and a porcine aortic valve cusp are shown in Figs. 4a
and b, respectively. Figure 4c shows the power spectrum
of the reference signal, the average tissue power spec-
trum computed by applying eqn (1) to the ensemble of
RF scan lines acquired from the specimen depicted in
Fig. 4b and the result of normalizing that average tissue

nce reflector. (b) Representative RF echo signal from a
reater system gain than the reference signal. The bold
cted range gate. (c) Power spectrum of echoes from the
f echoes from an aortic valve cusp (grey, dashed curve)
ference spectrum (black dashed curve). The thin, black,
refere
0 dB g
ser-sele
trum o
y the re
n line acquired from the tissue specimen.
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spectrum by the reference spectrum. The reference spec-
trum indicates that the center frequency of the system
was 33.6 MHz and the �6 dB bandwidth was 26.9 MHz.

Plots of AIB as a function of insonification angle
are shown in Fig. 5 for the specimens that demonstrated
the greatest and least angular dependence of backscatter
in the radial direction. The curve-fitting results obtained
for all eight specimens are summarized in Table 1 The
mean amplitude of angular variation in AIB, B, was

Fig. 5. (a) Apparent integrated backscatter as a function of
angle of insonification for the aortic valve cusp that exhibited
the greatest angular variation of backscatter in the radial direc-
tion. Data obtained during rotation in the circumferential di-
rection (black crosses) and radial direction (grey circles) are
plotted separately. The dashed curves represent sinusoidal
functions fit to the data using eqn (3). (b) Angular dependence
of apparent integrated backscatter for the cusp that exhibited
the least variation in the radial direction. Each data point in
both panels represents the mean AIB from many scan lines and
the error bars indicate �1 standard deviation from the mean.
significantly greater in the circumferential direction than
the radial direction, and the sinusoidal function of eqn (3)
fit the circumferential data more consistently, as indi-
cated by the significantly higher mean R2 obtained for the
circumferential data. The mean value of 	 did not sig-
nificantly differ from 90° in either the circumferential or
the radial data.

Figure 6 shows the results of averaging the AIB
data obtained from the eight cusps, plotting the averaged
values as functions of insonification angle, and applying
the curve-fitting procedure to the averaged data. Equa-
tion (3) describes the average angular variation in AIB
well (i.e., R2 is close to 1.0) in both directions: the
curve-fitting procedure yielded values of B � 12.0 dB, 	
� 90.5° and R2 � 0.971 in the circumferential direction
and B � 3.2 dB, 	 � 92.5° and R2 � 0.987 in the radial
direction. The amplitudes of angular variation in back-
scatter were greater in both directions of rotation than the
average standard deviation of AIB over all cusps and all
insonification angles, which was 2.2 dB and is indicative
of the biological variability of the measurement.

DISCUSSION

From the perspective of the proposed application of
integrated backscatter to nondestructive evaluation of
tissue-engineered valves, the most encouraging result of
this study is that anisotropy of high-frequency AIB can
be detected in individual specimens, even when measure-
ments are performed over a limited range of insonifica-
tion angles. This assertion is best supported by the cir-
cumferential data, in which the lowest values of ampli-
tude and R2 for the fitted sinusoid were 7.35 dB and
0.893, respectively. However, the specimen-to-specimen
variation in the ability of the sinusoidal function of eqn
(3) to describe the radial angular dependence of back-
scatter was much greater: the fitted amplitude values
range from 8.33 dB in Fig. 5a to 0 dB in Fig. 5b, and the
radial R2 values ranged from 0.959 to 0.209. The micro-
structural basis for this variability in the radial behavior
of AIB from natural cusps should be clarified before the
technique is applied to assess tissue-engineered valves.

The consistently high circumferential angular vari-
ation in AIB, combined with the fact that collagen fibers
in the fibrosa tend to align in the circumferential direc-
tion, suggests that collagen is the primary source of
scattering from aortic valve cusps. The AIB measure-
ments were only acquired near the center of the cusps,
but the preferred circumferential alignment of collagen is
believed to prevail throughout the fibrosa (Sacks et al.
1998). The stiffness and abundance of the collagen fiber
bundles, as well as the evidence implicating collagen as
the primary scattering source from other cardiac tissues
(Mimbs et al. 1980; O’Donnell et al. 1981; Lythall et al.

1993; Chandraratna et al. 1997), provides additional sup-
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port to this hypothesis. On the other hand, Hall et al.
(2000) demonstrated that, in canine aortic arterial tissue
at 30–45 MHz, ultrasonic backscatter is dominated by
the elastin content of the tissue, despite the abundance of
collagen. However, the weaker anisotropy of backscatter
in the radial direction of the cusps, along which elastin
fibers in the ventricularis tend to align (Vesely and Nose-
worthy 1992), suggests that scattering from elastin is less
prominent than scattering from collagen in aortic valve
cusps.

The range gates applied during the AIB analysis
encompassed echoes from all three tissue layers, so it
was reasonable to expect angular dependence of back-
scattering to be evident in both the circumferential and
radial directions. This approach was used because the
objective of this study was simply to determine the
magnitude of angular variation in AIB that can be ex-
pected from aortic valve cusps at high frequencies. The
proposed application to tissue-engineered valves will

Fig. 6. Ensemble mean AIB from eight porcine aortic valve
cusps as a function of angle of insonification. Data obtained
during rotation in the circumferential direction (black crosses)
and radial direction (grey circles) are plotted separately. The
dashed curves represent sinusoidal functions fit to the data
using eqn. (3). Error bars indicate �1 standard deviation from

Table 1. Parameters of sinusoidal functions fit to a

Axis A (dB)

Circumferential –64.8 � 2.7* 1
Radial –56.8 � 2.5

A � Mean AIB; B � amplitude of angular variation; 	 � angle o
Data are mean � standard deviation for eight specimens.
* p � 0.002 vs. radial.
† p � 0.3 vs. 90°.
‡ p � 0.048 vs. radial.
the mean.
require the capability to characterize anisotropy of back-
scatter from the fibrosa and ventricularis individually so
AIB measurements can be used to confirm that an engi-
neered valve adequately mimics the structure of a natural
valve. It should be possible to define range gates to select
individual layers of a cusp by segmenting B-mode im-
ages, as demonstrated by Qiu et al. (2006). The 180-ns
minimum gate length, which corresponds to a minimum
layer thickness of about 140 �m, poses one possible
constraint on this type of measurement, because the layer
thicknesses in a natural cusp vary with position and, in
porcine specimens at least, can be �140 �m at some
locations (Khan et al. 2007). However, it may be suffi-
cient to confirm proper fiber alignment at a few locations
rather than attempting to map fiber orientation through-
out the specimen volume, such that AIB measurements
could be performed selectively where the tissue layers
are thickest.

The calculation of AIB does not include compen-
sation for attenuation or diffraction. Attenuation can
exhibit an angular dependence in the presence of aligned
microstructure (Baldwin et al. 2006), which can influ-
ence the angular dependence of AIB. In this study, the
amount of intervening tissue, and therefore attenuation,
was minimal because thin tissue specimens were imaged
in vitro. When using a high-frequency, highly-focused
transducer, such as the f-number 2.0 aperture in this
study, diffraction can also cause substantial depth-depen-
dent changes in backscatter intensity (Machado and Fos-
ter 1999). However, the same instrument was used for all
measurements and the regions-of-interest for AIB anal-
ysis were confined to the focal zone of the transducer, so
any diffraction effects should be similar in each speci-
men. Therefore, neither attenuation nor diffraction
should have influenced the conclusions drawn from the
AIB data.

The use of a variable range–gate length is less than
ideal, but is a constraint imposed by the morphology of
the specimens. When backscatter is measured from thick
slabs of tissue, it is advisable to use a consistent window
with length substantially greater than the four-pulse-

variation of AIB from porcine aortic valve cusps

) 	 (°) R2

.6* 90.5 � 2.7† 0.94 � 0.04‡

.1 94.7 � 12.3† 0.66 � 0.30

um AIB, as defined in eqn. (3).
ngular

B (dB

2.1 � 2
3.5 � 3

f maxim
length minimum on all scan lines to reduce the variance
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of the AIB estimates and ensure that the contributions of
attenuation and diffraction are uniform in each scan line.
However, in the experiments reported here, it was nec-
essary to exclude the specular reflections from external
surfaces that are illustrated in Fig. 4b. One approach that
was considered and rejected would have involved spec-
ifying a relatively long, fixed gate length and ignoring all
scan lines where the tissue was thinner than the gate, but
this approach would have yielded a low, and highly
variable, number of usable scan lines for many insonifi-
cation angles. A variable gate length was thus a compro-
mise between these competing factors.

Although the 100-min duration of data acquisition
was relatively long, the properties of the specimens
should remain stable during this period. First, recall that
the specimens were soaked in coronary perfusion solu-
tion for an additional 100 min to ensure that they had
reached osmotic equilibrium before the beginning of data
acquisition. Second, Lovekamp et al. (2006) demon-
strated that the extracellular matrix of cusp specimens
was not altered by submersion in saline for up to five
hours, and coronary perfusion solution provides a more
physiologic environment for the specimens than simple
saline. The data support this assumption, because the �i

� 90° measurements taken 50 min apart during rotation
in the circumferential and radial directions were consis-
tent with one another and because the measured AIB was
symmetric about �i � 90° despite the fact that the ex-
treme measurements (i.e., �i � 50° and �i � 130°) were
also typically acquired 50 min apart.

Optical techniques, specifically confocal micros-
copy and optical coherence tomography (OCT), are the
most developed methods for nondestructive evaluation
of engineered tissues (Tan et al. 2004; Yang et al. 2006).
Both methods produce 3-D images. Confocal micros-
copy provides resolution comparable to conventional
histology, with penetration depths up to a few hundred
microns. The performance of OCT is comparable to
high-frequency ultrasound, with slightly finer resolution,
on the order of 10 �m, and penetration depths of about
2–3 mm, which would be sufficient for imaging heart
valve cusps. Fiber alignment can be detected with im-
pressive precision using polarization-sensitive OCT
(Ugryumova et al. 2006; Xie et al. 2006). As high-
frequency ultrasound techniques are developed further, it
will be necessary to compare them with optical methods
with respect to their utility and efficiency for nondestruc-
tive evaluation of engineered tissues.

If, in addition to the tissue-engineering application,
ultrasonic scattering is also to be used as a clinical
measure of natural or implanted valve condition, it is
clear from the results of this study that the anisotropy of
scattering must be considered. For example, Rigolin et

al. (2001) reported differences ranging from 1.7–3.5 dB
in integrated backscatter amplitude at 2.5–7.0 MHz be-
tween unused and explanted porcine bioprosthetic aortic
valve cusps in vitro. Our data, although acquired at
higher frequencies, suggest that such differences could
be caused by deviations of �10° in insonification angle.

CONCLUSIONS

This study demonstrates that high-frequency AIB
from ex vivo porcine aortic valve cusps exhibits substan-
tial anisotropy that can be detected in measurements
acquired over a limited range of insonification angles.
The relative amplitudes of angular variation of AIB in
the circumferential and radial directions imply that col-
lagen fibers in the fibrosa are the principal source of
high-frequency scattering from valve cusps, whereas
smaller contributions are made by collagen or elastin
fibers in the ventricularis. The ability to detect anisotropy
of backscatter in individual specimens indicates that the
technique can be applied to nondestructive evaluation of
fiber alignment in tissue-engineered prosthetic valves.
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