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Shear wave imaging has emerged as a potential non-invasive technique for the quantitative assess-
ment of the arterial shear modulus. Nonetheless, the arterial elasticity estimation in the transverse
direction has been overlooked compared with the longitudinal direction, and the estimated transmu-
ral stiffness has rarely been evaluated. Accurate depiction of the transverse stiffness across the thin
arterial wall warrants comprehensive characterization in both normal and pathological conditions.
This study estimated the transmural arterial shear modulus in both the longitudinal (g,,,) and
transverse directions (fiz,,,,) using group (cr) and phase velocities (c,;) in finite element models
and hollow cylindrical tissue-mimicking phantoms with various shape factors. The results were
validated against mechanical testing. Zero-order antisymmetric Lamb wave and circumferential
Lamb type wave models were considered in the longitudinal and transverse directions of the
thin-walled hollow cylinder, respectively. The results derived from the model with the thin plate
assumption confirmed that ¢y underestimated 1y, and fiz,,,,. Unlike the c;;-based 1, estimates
that were in excellent agreement with measured values, the c¢p;-based pi7,.,,, estimates were found to
be comparable to ¢,,-based p;,,,, at the inner wall but increased radially outward. Transmural f7,.,,
estimation using ¢,;, was demonstrated to be feasible for thin-walled hollow cylinders but necessitated

careful account of the wall geometry, in particular the shape factor. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4983290]

Arterial stiffness has been recognized as an important
independent predictor of various cardiovascular diseases,
such as hypertension, stroke, and heart failure.! Decreased
arterial compliance degrades the capacity of the artery.>”
Excessive stiffness may also damage the peripheral target
organs owing to the overload pressure pulsatility.*> A vari-
ety of risk factors and biological processes that exacerbate
cardiovascular diseases also influence arterial stiffness.®’
Pronounced local changes in arterial wall stiffness are found
in pathological conditions, such as atherosclerosis and aortic
aneurysm,8 rendering it imperative to assess transmural arte-
rial stiffness.

The noninvasive measurement of global or regional arte-
rial stiffness is performed using several methods,” predomi-
nantly pulse wave velocity (PWV).'? The pulse wave is
generated by the systolic pressure during the blood ejection
through the aorta. The Young’s modulus of the arterial wall
is linked to PWV via the Moens-Korteweg equation.”
Imaging regional PWV in the carotid artery and the aorta has
been achieved with magnetic resonance imaging (MRI)''~"3
and ultrasound.'*'® However, the intrinsic pulse wave
occurs during the ejection phase of the cardiac cycle.
Because of its low temporal frequency, PWYV is not ideal for
the assessment of the arterial stiffness variation over the
entire cardiac cycle.

Unlike PWV-based imaging methods, shear wave imag-
ing (SWI)'” generates, captures, and analyzes shear waves,
whose propagation speed (cr) has a simple direct
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relationship with the shear modulus (u) of homogeneous,
isotropic, linear elastic bulk soft tissues with density of p as
follows:

w=p, ()

where c7 is the group velocity of the generated bulk shear
wave. SWI has been made commercially available for char-
acterizing in vivo bulk soft tissues, including the breast'® and
the liver,19’20 but has not yet been made available for
arteries.

Compared with PWV-based stiffness estimates available
only at specific cardiac phases, the SWI-based arterial shear
modulus could theoretically be obtained at an arbitrary time
point within the cardiac cycle. Unlike the generated shear
wave propagating in bulk soft tissues, the induced elastic
wave in the artery, i.e., a hollow cylindrical structure, falls in
the guided wave mode. The wave reflections at the interfaces
tend to confine the wave energy within the layered structure,
which acts as a guide for the wave. Multiple propagation
paths form specific interference patterns that are related to
the elasticity, density, and thickness of the layered material
and the wavelength of the guided wave. Therefore, disper-
sion, which refers to the phenomenon that each frequency
component of the guided wave travels at a different velocity,
occurs even in a purely elastic thin medium. For guided
waves propagating in the longitudinal direction of a hollow
cylinder, a thin plate assumption has been proven valid.?' A
zero-order antisymmetric Lamb wave model has been pro-
posed?? as follows:

Published by AIP Publishing.
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412 Beosh(k h/2)sinh(Bh/2) — (k2 — 2k2) sinh (k. h/2)
x cosh(ph/2) = k? cosh(k.h/2)cosh(Bh/2), )

where & is the thickness of the arterial wall, ki, = @/ Cph 18
the Lamb wave number, o is the angular frequency, ¢, is
the frequency-dependent Lamb wave phase velocity, f§
= ki — k2, and k; = w+/p/p. Because both ks and 8 are
functions of u, the latter can be derived by fitting the mea-
sured ¢y, to the theoretical model.

Most studies have quantified the arterial shear modulus
in the longitudinal direction (,uL(,,,g).zz_24 However, the artery
is mechanically anisotropic because of its complex and
layered wall structure;zs_27 therefore, assessing arterial shear
modulus in multiple directions is indispensable. To estimate
the transverse arterial shear modulus (fi7,,,,) using SWI, the
circumferentially propagating guided wave, which has been
extensively studied in non-destructive testing (NDT),**>!
shall be investigated. This type of wave with displacement
along the radial direction is referred to as a circumferential
Lamb type wave (CLT-wave). The angular wave number
kang, which is a unique physical phenomenon of circumferen-
tially propagating waves, is defined for modeling CLT-
waves as follows:

kang = & [ (cpp X 1), 3)

where " and ¢}, are the angular frequency and linear phase
velocity at a radial position (7), respectively. The wave fronts
along the same radial line exhibit the same angular velocity
in CLT-waves. Therefore, the propagation of CLT-waves
can be represented as the rotation of the radial line. The lin-
ear phase velocity thereby increases radially outward.
Numerical examples®”*® have shown that CLT-waves
depend on the shape factor p, which is defined as

pP= rin/routa (4)

where r;, and r,,, are the inner and outer radii, respectively.
When p approaches unity, the thin circular annulus can be
approximated as a thin-layered structure. For the aorta and
carotid artery, the shape factor p is typically larger than 0.8.
In such cases, Eq. (2) may act as a valid model for the CLT-
wave. However, for the estimation of the transverse arterial
shear modulus (gy,,,), only cr-based estimates based on the
bulk medium assumption have been studied.”>>"~*% One
recent study®® demonstrated the feasibility of using the
¢pn-based technique with Lamb wave assumption for arterial
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stiffness estimation in finite element models (FEMs) and
phantoms. However, these studies reported arterial stiffness
either at a specific radial position, e.g., mid-wall,**** or aver-
aged across the wall,>>*®* without considering the transmu-
ral variation of linear velocity. How the arterial curvature in
the transverse direction guides the wave propagation and the
transmural stiffness estimation remains unknown.

Therefore, we investigated the feasibility of estimating
transmural g, using c,;, based on the assumption of a thin-
plate structure. Using simulations and controlled artery-
mimicking phantoms with various geometric parameters, we
compared the biplanar SWI-estimated stiffnesses using cr
and cpy,.

In this study, guided wave propagation in homogeneous,
isotropic, and linear elastic hollow cylinders [Fig. 1(a)] was
investigated using COMSOL Multiphysics 5.0 (Comsol Inc.
Burlington, MA, USA). Five three-dimensional (3D) FEMs
of cylinders whose radii ranged from 5 to 13 mm (Table I)
were simulated and interfaced with water. The radii were
chosen to correspond with average dimensions of the human
aorta.>® The Young’s modulus, Poisson’s ratio, and density
of the simulated cylinders were 100kPa, 0.4995, and
1000 kg/m?, respectively. A Gaussian impulse stimulus [Fig.
1(b)] with an amplitude of 1 um and a duration of 100 us
was applied radially within a cylindrical region of 7 x 12
x2mm?® throughout the entire thickness of the upper wall
[Fig. 1(a)]. The guided wave propagations at five radial posi-
tions from the inner to the outer boundaries at an increment
of 0.05mm in two orthogonal directions were exported
[Figs. 1(c) and 1(d)].

Five homogeneous and isotropic artery-mimicking phan-
toms were made of polyvinyl alcohol (PVA) powders
(Sigma-Aldrich® M,, 89000-98 000, 99+% hydrolyzed),
which is a suitable soft tissue mimicking material for medical
ultrasound imaging.*** The geometric parameters of the
artery-mimicking phantoms matched those in the simulations
(Table I). The solution was composed of 88% de-ionized
water, fully dissolved 10% PV A, 1% SiO,, and 1% potassium
sorbate by weight. The room temperature PVA solution was
poured into 3D printed molds. Each PVA phantom went
through five freeze/thaw (F/T) cycles (12h at —23°C and
12 h at room temperature) and its Young’s modulus was mea-
sured from the stress-strain curve obtained from standard
mechanical testing (see supplementary material).>

A Vantage 256 system (Verasonics Inc., Kirkland, WA)
with an L11-4v probe (128 elements, Verasonics Inc.,

1 I |
160
© @

FIG. 1. Finite element model of case 2 (Table I): (a) a homogeneous, isotropic, and linear elastic hollow cylinder interfaced with water is excited by (b) a prescribed
Gaussian impulse for guided wave generation. The location and direction of the excitation are indicated by the red arrow. (c) and (d) are the resulting guided waves
in the longitudinal and transverse directions at 700 us after the excitation, respectively. The displacement is normalized to [—1, 1] for visualization.
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TABLE 1. Finite element models (FEMs) and artery-mimicking phantom
properties.

FEM Artery-mimicking phantom

Inner radius Outer radius Inner radius Outer radius Shear modulus

Case Rj;, (mm) R, (mm) R, (mm) R, (mm) 1 (kPa)*
1 5 7 4.7 6.7 17.17
2 7 9 6.7 8.4 16.67
3 9 11 8.5 10.3 16.95
4 11 13 10.6 12.4 18.56
5 13 15 13.8 15.8 20.21

*Shear modulus p was obtained by mechanical testing (see supplementary
material).

Kirkland, WA) was used to remotely induce guided waves
by a single ultrasonic focused beam (5 MHz; F-number = I;
100 ps) in the upper wall of each artery-mimicking phantom
(Fig. 2). Coherent plane wave compounding®® with three
tilted angles (—4°, 0°, and 4°) at the center frequency of
8.9 MHz was employed to achieve a frame rate higher than
4000 Hz without severely sacrificing image resolution and
sonographic signal-to-noise ratio (SNR). The in-phase and
quadrature (IQ) data were acquired and stored for offline
analysis. The ultrasound probe was mounted on a rotation
stage URS 100 (Newport Inc., Irvine, California) to perform
biplanar vascular SWI measurements. The measurement was
repeated six times at the same location within each phantom
in each direction.

The stored IQ data were compounded, and each succes-
sive pair of compounded frames was cross-correlated to
yield an acoustic radiation force (ARF)-induced tissue veloc-
ity (i.e., guided wave amplitude) map [Figs. 2(a) and 2(e)].
For CLT-waves, each corresponding tissue velocity map was
warped from an annulus shape to a rectangular slab (see
supplementary material). A spatiotemporal map at each wall
depth in either the longitudinal [Fig. 2(b)] or the warped
transverse direction [Fig. 2(f)] was obtained to estimate
the guided wave propagation speed (cr and c,;) within the
region of interest (ROI) (4 ms x 13.5mm) in all cases. The
size of the ROI was found to be temporal-length dependent
and was optimized by balancing the trade-off between reso-
lution and accuracy. To estimate ¢y, the maximum guided
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wave amplitude in the first frame was tracked using 1 D cross
correlation*! with a kernel size of approximately 3 mm
throughout each spatiotemporal map. The slope of the line-
arly fitted line represented cr.

For ¢, estimation, the spatiotemporal map was first trans-
formed into the wavenumber-frequency domain (i.e., k-space)
by discrete 2D fast Fourier transform [Figs. 2(c) and Z(g)].zz‘23
To remove the background noise, the signals lower than 10%
of the maximum intensity of the entire k-space data were
nulled.** Then, a high-pass filter with a cutoff frequency of
50 Hz was applied in both the temporal and spatial domains to
remove the high intensity noise at low frequencies. The maxi-
mum intensity at a specific frequency f was subsequently iden-
tified, corresponding to a wave number k; . The phase velocity
at f' was calculated as

o =2nf /K. 5)

To accurately estimate the shear modulus, Eq. (2) was fit to
the high frequency component (>500Hz) of the dispersion
curve [Figs. 2(d) and 2(h)].

The simulated phase velocity analysis confirmed that
wave dispersion occurred in both the longitudinal and trans-
verse directions of a purely elastic thin-walled hollow cylin-
der (Fig. 3). The simulation results [Fig. 3 (top row)] show
that the estimated f,,, was nearly constant using either
¢r(13.53%0.65 kPa) or ¢,,(35.20£0.35 kPa). Compared with
the actual value (u = 33.3kPa), the group velocity signifi-
cantly underestimated p,,,, while ¢, provided a much
more reliable estimation with absolute and relative errors
being 1.90+0.57kPa and 5.7*+1.7%, respectively; these
results are consistent with a recent study.”* Therefore, the
cpn-based g, estimates served as a reference for the estima-
tion of u,,, in the thin-walled hollow cylinders. The
cpn-based pi,,,,, estimates were found to be comparable to
cpn-based 1, estimates at the inner wall but increased radi-
ally outward.

The artery-mimicking phantom results [Fig. 3(bottom
row)] were in excellent agreement with those from the simu-
lations. The c¢r—based approach underestimated gy ,,,,
whereas the estimated fy; ,,, based on ¢, agreed well with the
mechanical testing measurements throughout the wall, with
an absolute error of 0.53*=0.36kPa and a relative error of
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3.10%3.39%. The estimated ur,,,, based on c,;, was accurate
at the inner wall (absolute error: 1.54*0.75kPa; relative
error: 94.38%) and also showed a significant outward radial
increase. In both simulations and phantom experiments, shear
moduli were greatly underestimated using ¢ but were accu-
rately estimated based on ¢, as validated by mechanical
testing.2+*?

Previous studies of the circumferential wave propaga-
tion within a hollow cylindrical structure were mainly based
on the bulk medium assumption,zs_ﬂ’”‘33 which was found
valid when the thickness was comparable to the wavelength
of the generated shear wave (~5 mm).*> Negligence of both
the dispersion in the thin-plate structure and the transmural
variation of linear velocity may have led to the discrepancy
between the estimated and actual values.>> In contrast, our
study took into account the aforementioned physical phe-
nomena for yr,,,, estimation.

Both simulation and artery-mimicking phantom results
demonstrated that the complex propagation of guided waves
in hollow cylinders with high shape factor (>0.7) in the
warped transverse direction could be approximated as a
zero-order anti-symmetric Lamb wave in a thin-plate struc-
ture composed of a homogenous, isotropic, and linear elastic
material immersed in water. Previous studies*>* that inves-
tigated pr,,,, were based on the assumption of shear wave
propagation within an infinite medium; only the cr-based
approach was implemented, and the reported results showed
significant discrepancies between the measured and actual
values.”>** To address this issue, our study investigated the
use of ¢, for the estimation of uy,,,, by vascular SWI and
systematically explored the influence of the geometry of the
thin-walled hollow cylinder on stiffness estimation in both
simulations and artery-mimicking phantoms. The outward
radial increase of the estimated ji7,,,, Was consistent with the
reported radial increase of the linear phase velocity in NDT
studies.”®° The transmural variation of Uprans Was less pro-
nounced with larger shape factors. Therefore, the estimated

Urans depended on the radial position and required taking
into account the geometry with the thin-plate assumption.
With the artery-mimicking phantoms, poorer estimation
of Uryans than y,,, was found, possibly owing to the uncer-
tainty of identifying the inner boundaries. To accurately
track the guided wave propagation in the transverse direc-
tion, the transmural tracking line had to reside in the cross-
section of the artery-mimicking phantom. If the assumed
inner circular propagation path did not exactly coincide with
the actual inner boundary of the artery-mimicking phantom,
an overestimation of r;, might have resulted. The low quality
of the B-mode image acquired by ultrafast imaging techni-
ques may also have led to poor boundary delineation and
thus the overestimation of r;, and py,,,,- A possible solution
would be including an additional conventional imaging
mode, e.g., single focus, in the SWI examinations to acquire
a high-quality B mode image. When the CLT-wave arrived
at 3 and 9 o’clock, the vibration direction became domi-
nantly lateral, which was not tracked and thus not displayed.
As shown in Fig. 2(f), the wave front became noisy and dis-
turbed at around 3.5 ms when the waves arrived at 3 and 9
o’clock, further degrading the performance of vascular SWI.
Several other challenges remain in cp;-based vascular
SWI. Although we showed that the zero-order anti-symmetric
Lamb wave model could approximate the CLT-wave propa-
gation near the inner surface, a closed-form expression inde-
pendent of the radial position is preferred. A solution using
mode eigenfunction expansion with heavy computational
load has been proposed’® but necessitates simplifications for
clinical implementation. The assumed circumferential path
does not necessarily hold in real scenarios because the cross-
section of the artery might be elliptical or even irregular in
pathological conditions. Therefore, a modified image warping
method for tracking the circumferential guided wave propa-
gation will be required. This study assumed the isotropic
artery material, but the artery is actually anisotropic. The
effect of the fiber and the multi-layer structure should be
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taken into account. In an anisotropic material, p;,,, and
Urrans May initially be distinct. The transmural variation of
Urrans Should also be corrected to accurately estimate the stiff-
ness of each layer. Last, factors such as medium-coupling
and time-varying luminal pressure were not considered in
this study but are being investigated in a separate study.

This study substantiated the necessity and feasibility of
Cpy, estimation for accurately quantifying the transmural stiff-
ness of a purely elastic, homogeneous, isotropic, and linear
hollow cylindrical structure in the transverse and longitudi-
nal directions and laid the foundation for ex vivo and in vivo
experimental examinations.

See supplementary material for image warping and
mechanical testing.
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