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Abstract— The arrangement of cardiac fibers determines
mechanical and electrical properties of the heart and can be
altered due to pathology. Hence, the non-invasive assessment of
fiber characteristics is of interest from both a pathophysiologic
and a diagnostic point of view. Recently, we proposed and
validated, by computer simulations, a theoretical framework to
have more insight on 3D ultrasound Backscatter Tensor Imaging.
The theory showed that spatial coherence (SC) maps of echo
signals, across the probe aperture, not only carry information on
fiber direction, but also on fiber size and pitch. The aim of this
study was to experimentally validate these findings and conduct
preliminary in vivo tests. Experiments were conducted on a
purposely designed and built phantom consisting of several sets
of parallel nylon wires, having different diameter (S) and pitch
(P). Finally, preliminary tests were conducted on the biceps of
healthy volunteers. Experiments confirmed the simulation
results: averaged over all acquisitions, the main-to-secondary
lobe distance linearly correlated with P (R?=94%), while the
value of the SC at lag 1 (an estimate of the main lobe width)
linearly correlated with S (R?=48.6%). In vivo results
demonstrated the feasibility of extracting microstructural
information of the tissue by the analysis of SC maps.

Keywords— Fiber orientation, Cardiac imaging, Plane waves,
Spatial coherence.

. INTRODUCTION

Major cardiovascular diseases, the leading cause of death in
the Western developed countries [1], [2], are often associated
with a reduced ability of the left ventricle to pump blood to the
body. Often, it is linked to a disorder of the myoarchitecture
[3]-[5], i.e. the complex 3D network of muscle fibers [6]-[9],
which governs the mechanical and electrical properties of the
heart, determining its function [10]-[12]. Hence, the
assessment of fiber characteristics is of primary interest from
both a pathophysiologic and a diagnostic point of view.
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Cardiologists have been aware, for at least a century, of the
evidence that fiber orientation varies across the myocardial
walls [13], [14] and, nowadays, most of the medical imaging
modalities have their own technique for the estimation of
cardiac fiber orientation: magnetic resonance imaging [15],
[16], x-ray [17], [18], optical tomography [19], [20],
microscopy [21], [22], and ultrasound [23]-[25]. The latter, in
particular, has the particularity of being non-invasive and
having good temporal resolution. However, even if the 3D
ultrasound Backscatter Tensor Imaging (3D-BT]), the state-of-
the-art, showed promising results of the orientation of the
cardiac fiber during the cardiac cycle [25], it is unclear which
histologic structure it detects. Therefore, to address this issue,
we recently proposed and validated, by computer simulations,
a different theoretical framework [26]. It showed that spatial
coherence (SC) maps of echo signals, across the probe
aperture, not only carry information on fiber direction, but also
on fiber size (S) and pitch (P). Specifically, the main-to-
secondary lobe distance of SC was shown to relate to P, while
the width of its main lobe to S. On the other hand, however, the
minimum detectable P is equal to twice the pitch among the
elements of the probe, thus setting a lower limit to the
detectable distance between fibers. Therefore, the aim of this
study was to experimentally validate these findings and
conduct preliminary in vivo tests.

Il. METHOD

A. Theoretical background basics

In [26], we related the autocorrelation of the backscattered
signals to the spatial coherence (SC) of a tissue under exam,
when transmitting a single plane wave with a 2D matrix of
transducers. The theory showed that, for an unfocused
transducer, the spatial coherence of the backpropagated field
on the probe plane (Rg,(x,y,0)) equals the autocorrelation
( R{:} ) of the spatial scattering amplitude distribution
(n(x,y,zr)) of the area illuminated by the transmitted beam

(El(x!y'ZF)):
Rg,(x,y,0) = R{E;(x,y,2¢) - n(x,y,2r)} 1



where z; is the depth of the plane where the fibers are located.
Moreover, for a plane wave transmitted by a square aperture of
side A,

E oy ze) =11(%)-11 () 0
where T1(+) is the rectangular function, defined as:
N (L ifl<1/2
10 ={y 1= 172 @)

B. Experiments

1) Homemade phantom

A homemade phantom was purposely designed and built, it
included several sets of 80-mm long mounted on a plexiglass
frame as shown in the schematic sketch of Fig. 1. Each set
consisted of several parallel wires, having different diameter
(S=128, 200, 400 um) and pitch (P=800, 1200, 1600 pum) and
it was approximately 14 mm wide. The frame was mounted on
a homemade rotating plate that allowed full 360°-rotation in
steps of 2.5°. Also, the frame could be moved so that the
rotation axis was matched to the middle point of each set of
wires. Doing so, different orientations of the wires with respect
to the probe could be tested.

2) Experimental setup

The operations of four Vantage 256 scanners (Verasonics,
Kirkland, USA) were synchronized to realize a 1024-channel
system [27]. Each channel was individually connected to an
element of a 2D matrix array (Vermon S.A., Tours, France). It
consists of 32 (x-axis) by 35 (y-axis) elements (3.0 MHz, 300
pum pitch, 70% bandwidth), but on the y-direction every ninth
row is not connected. Hence, the total number of addressable
elements is 1024. All elements of the probe were excited
simultaneously with a 1-cycle square burst, at a central
frequency of 3 MHz and with a peak amplitude of 30V, to
transmit a not steered plane wave. Radiofrequency echo signals
were acquired and post-processed.

The wire phantom was placed at a distance of 20 mm from
the probe surface. Different acquisitions were conducted, by
matching the rotation axis of each set of wires, red-crosses in
Fig. 1, to the propagation axis of the plane wave. Then, 4
orientation angles were considered (0°, 30°, 60°, 90°), where
0° means that the wires were parallel to the x-axis.

Finally, preliminary tests were conducted on the biceps of
healthy volunteers. Data sets were collected for different
positions of the probe with respect to the long axis of the

Set 1: Set 2: Set 3:
P=1600 um P=1200 um P=800 um
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Fig. 1 Schematic top-view of the homemade phantom. Horizontal and
vertical scale are differrent. The red crosses correspond to the middle point of
each set. A similar setup was built for wires with different diameters (S=128,
200, 400 pm).

biceps.

C. Post-processing

As detailed in [26], the wireffiber orientation was estimated
as the angle corresponding to the maximum of the Radon
transform of the 2D spatial coherence function, which was
computed as:

1

R(Ax,Ay) = .
B0 8 = 18w - (N, = 1)

(4)

ZZ Z?:Tl SRF(xi! yi!t) 'SRF(xi — Ax, Vi _Ay! t)

Xi Vi \/Z:irl Srr (x5, Vi, )? - Spe(x; — Ax, y; — Ay, t)?

Where Sgp(x;,v;,t) is the radiofrequency echo signal
received on the i-th element with coordinates x;,y;, while T,
and T, are the two ends of the averaging temporal window. It is
worth highlighting that, according to the proposed theory,
Sgr(x;, v, t) is the signal as it is received, without applying
any dynamic focusing delay.

I1l. RESULTS & DISCUSSION

Examples of the 2D spatial coherence maps, computed
according to (4), are shown in the left panels of Fig. 2. It these
acquisitions, obtained on phantom, the orientation of the wires
was 30°, the diameter was S=200 um, while the pitch was
P=800 (top) and 1200 um (bottom). As expected from the
theory, the maps present a main lobe having its main direction
along Ay’, the orientation of which resulted 30° and 29° for
P=800 and 1200 um, respectively. Also, the maps qualitatively
show that the main-to-secondary lobe distance increases for
higher P values. This is better highlighted in the right panel of
Fig. 2, it shows the SC profiles obtained along Ax’, i.e. along
the direction orthogonal to Ay’. Specifically, it highlights how
the position of the secondary lobe peaks matches quite well the
theoretical expected position (dotted lines). Moreover, it also
highlights that the width of the main lobes at Ax’=1 closely fits
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Fig. 2 Left panels: examples of SC maps obtained for S=200 um and P=800
(top) and 1200 pum (bottom). Right panel: SC profiles obtained along Ax’
axis obtained for different S=200 um and different P values. The colored
dotted lines highlight the expected positions of side-lobes peak, while the
black dot poitns to the expected width of the main lobe.
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Fig. 3 Left: distribution of the correlation value computed at lag Ax’=1 for
different fiber sizes S. Right: distribution of the main-to-secondary lobe
distance for different fiber pitches P. The black dashed lines represent the
linear fitting of the two distributions.

to the expected value (black dot).

Similar results were obtained also for S=128 and 400 pum
and for the 4 different orientations (0°, 30°, 60°, 90°) of the
wires as summarized in Fig. 3. Averaged over all acquisitions,
the value of the SC at lag 1 (Fig. 3 left), considered as an
estimate of the main lobe width, linearly correlated with S
(R?=48.6%). Furthermore, Fig. 3 right shows that the main-to-
secondary lobe distance linearly correlated with P (R>=94%)).
Specifically, in agreement with the theoretical background, on
average, the main-to-secondary lobe distance is equal to P.

Finally, Fig. 4 shows examples of SC maps obtained in vivo
on the bicep of a healthy volunteer at two different positions.
Qualitatively, the maps are similar to those obtained on
phantom, i.e. they present a main lobe and parallel secondary
lobes. According to the findings shown in Fig. 3, we could
estimate that the average size of the structures detected in Fig.
4 top was 215 pm, while the average pitch was 1350 um; while
for the structures detected in Fig. 4 bottom the size was 240
pm, while the average pitch was 1125 pm.

IV. CONCLUSION

In this paper we validated, by experimental tests, the
theoretical framework presented in [26]. For this purpose, we
designed a homemade phantom, which consisted of parallel
nylon wires. Different sets of wires were built with wires
having different diameters and pitches to mimic cardiac fibers.
Experiments confirmed the simulation results: the SC
characteristics depend on fiber orientation, P and S. As
foreseen by the theory, the main-to-secondary lobe distance
linearly correlated with P, while a direct relationship between
the value of the SC at lag 1 and S was shown. Preliminary in
vivo tests were also conducted on the biceps of a healthy
volunteer that allowed us to estimate, from the related SC
maps, average size and pitch of the structures under exams.

In conclusion, the proposed analysis of SC maps allows
assessing orientation, size and pitch of fibrous structures,
thereby providing additional microstructural information of the
tissue under exam.
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