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Abstract

Shearwave Dispersion Ultrasound Vibrometry (SDUV) is used to quantify both tissue shear
elasticity and shear viscosity by evaluating dispersion of shear wave propagation speed over a
certain bandwidth (50-500 Hz). The motivation for developing elasticity imaging techniques is
based on the possibility of diagnosing disease process. However, it is important to study the
mechanical properties of healthy tissues; such data can enhance clinical knowledge and improve
understanding of the mechanical properties of tissue. The purpose of this study is to evaluate the
feasibility of SDUV for /n vitro measurements of renal cortex shear elasticity and shear viscosity
on healthy swine kidney. A total of eight excised kidneys from female pigs were used in these /n
vitro experiments, and a battery of different tests were performed to gain insight on the material
properties of the renal cortex. From these eight kidneys, the overall renal cortex elasticity and
viscosity was 1.81 + 0.17 kPa and 1.48 + 0.49 Pa:s, respectively. In an analysis of the material
properties over time after excision, there was not a statistically significant difference in shear
elasticity over a 24 hour period, but a statistically significant difference in shear viscosity was
found. Homogeneity of the renal cortex was examined and it was found that shear elasticity and
shear viscosity were statistically different within a kidney, suggesting global tissue
inhomogeneity. More than 30% increases in shear elasticity and shear viscosity were observed
after immersion in 10% formaldehyde. Lastly, it was found that the renal cortex is rather
anisotropic. Two values for shear elasticity and shear viscosity were measured depending on shear
wave propagation direction. These various tests elucidated different aspects of the material
properties and the structure of the ex vivorenal cortex.

l. INTRODUCTION

Renal fibrosis is a pathological process that alters the kidney structure and therefore its
biomechanical properties. Renal fibrosis is a consequence of chronic kidney disease (CKD).
Progressive CKD leads to renal failure, which is a condition that requires dialysis and
kidney replacement [1]. Early detection of renal fibrosis could provide critical prognostic
information required to guide therapy or alternatively to avoid invasive procedures.
However, a major obstacle is the inability to detect fibrosis early and monitor it regularly
with sufficient sensitivity and specificity.

Tissue pathology state such as fibrosis is linked to tissue mechanical properties [2]. Hence,
several methods that noninvasively estimate tissue mechanical properties have been
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developed. For instance, kidney mechanical properties have been studied using several
elasticity techniques. Elastography, a method that utilizes compression and ultrasound-based
strain imaging to obtain maps of relative stiffness [3], has been used in several ex vivo
studies in kidneys [4-6] and some /7 vivo human studies of kidney transplant patients [7, 8].
Areas of lower strain correlated with fibrotic or scarred tissue, implying that this tissue is
stiffer than normal tissue.

A method that uses focused ultrasound to produce an acoustic radiation force to push tissue
and measures the resulting deformation called acoustic radiation force impulse (ARFI)
imaging has been used to image renal tumors [9, 10]. The elastic contrast between the tumor
and the normal tissue was almost 11.5 times greater than the contrast observed using
conventional ultrasound B-mode images. While elastography and ARFI are useful
approaches, they do not provide a quantitative measure of tissue stiffness, but only a relative

mapping.

Recent results with transient elastography (TE), a method that uses an external actuator to
provide a single cycle of low-frequency (typically around 50 Hz) vibration and ultrasound
methods to track the resulting motion [11, 12], showed that stiffness in renal allografts
correlated significantly with the degree of fibrosis [13].

A dynamic method called magnetic resonance elastography (MRE) uses an external
mechanical actuator to create shear waves in soft tissues, and the 3D shear wave motion is
measured using special motion-sensitized pulse sequences [14-16], has been applied to
quantitatively evaluate the stiffness of renal cortex and medulla in ex vivo porcine kidneys
and /n vivorat and swine models [15, 17-21]. In the study in rats, comparisons were made
between normal animals and animals that developed nephrocalcinosis due to exposure to
ethylene glycol. The shear stiffness in the renal cortex was 3.87 + 0.83 kPa in the control
group and increased to 5.02 + 1.06 kPa and 6.49 + 1.33 kPa after 2 and 4 week exposures
[17]. In studies in swine, the renal artery was occluded in progressive steps, and the cortical
and medullary shear stiffness decreased as a result of decreased perfusion [18-21]. While
MRE can obtain 3D elasticity data, it is not widely available and scans take considerable
time.

The kidney, like many other soft tissues, can be modeled as a viscoelastic material, that is,
the kidney has both elastic and viscous characteristics [22-26]. Shear waves can also be used
to investigate the viscoelastic properties of tissue, the shear elasticity and shear viscosity.
Shear waves of a certain frequency can be induced and the speed can be measured, where
the speed is related to the material properties. When shear wave speeds are measured at
several frequencies in a viscoelastic medium, the shear wave speed will vary with frequency,
a property called dispersion. Dispersion can be used to quantitatively characterize the
viscoelasticity of the medium [27]. Supersonic Shear Imaging (SSI) [28, 29] and Shearwave
Dispersion Ultrasound Vibrometry (SDUV) [27, 30] take advantage of the dispersive nature
of soft tissue and can quantitatively solve for both tissue elasticity and viscosity.

To fully characterize the kidney, measurements of the elastic and viscous components of the
tissue need to be measured. TE and MRE only measure the elastic part and not the viscous
part of the tissue response. If viscosity is not taken into account, measurements of shear
stiffness can be biased higher than their actual values [15, 31]. SSI can provide maps of
stiffness and viscosity, but specialized hardware is necessary to implement this method.
SDUV is capable of providing quantitative measurements of tissue viscosity, in addition to
elasticity, and uses an intermittent pulse sequence that make SDUV compatible with current
ultrasound scanners.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 05.
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Mechanical testing is usually regarded as the gold standard method to evaluate mechanical
properties of a material. Kidney mechanical properties have been studied with a variety of
mechanical tests such as compression, tensile and shear tests [22, 25, 32]. In these studies,
the general behavior of kidney has been characterized as non-linear and viscous. The elastic
modulus (£) for kidney samples was reported as 4.8 MPa [22] and 14.7-40 kPa [25, 32] for
complete kidney. A series of rheological tests on pig kidney samples have been performed
by Nasseri, et al., to characterize kidney non-linear viscoelastic behavior [33]. It was found
that the limit of linear viscoelasticity is of the order of 0.2 % strain, where the storage and
loss modulus were 2.5 kPa and 1.5 kPa, respectively. Mechanical testing on kidney involves
considerable technical difficulties as demonstrated by the wide range of values found on the
literature. One of the major difficulties with testing kidney and other soft tissue is mounting
the test specimens, because inadequate or inappropriate mounting results in failure or
slippage in the grips of the test equipment. Additionally, soft tissues undergo considerable
extension or compression at loads below the resolving capability of the measuring device.
Tissue mechanical testing is useful for the purposes of comparative testing, but the inherent
variability in biological tissue and the technical problems discussed above limits the
usefulness of these measurements. As a result, tissue mimicking phantoms have been used to
evaluate the accuracy of elasticity methods by classical mechanical test [34-38], including
SDUV [31].

The motivation of this study is to facilitate future /n vivo SDUV studies in kidney because
visual inspection of the cross section of kidney shows that kidney tissue is inhomogeneous
and anisotropic. In this paper, the assumption of linear tissue response to a harmonic
excitation is studied as well as repeatability of the method, tissue homogeneity and tissue
anisotropy in healthy swine kidneys. Moreover, long-term variability of kidney viscoelastic
properties is studied as well as differences caused by exposure to formaldehyde. SDUV
feasibility is demonstrated using two transducers as well as one transducer.

Although the motivation for developing elasticity imaging techniques relies on the
possibility of diagnosing disease process, it is important to study the mechanical properties
of healthy kidney. Additionally, such data can enhance clinical knowledge and improve
understanding of the mechanical properties of tissues.

Il. Methods
A. Principle of SDUV

Shearwave Dispersion Ultrasound Vibrometry (SDUV) applies a focused ultrasound beam
to generate harmonic shear waves or impulse shear waves with many frequency components
that propagate outward from the vibration center [39, 40]. Chen, et al., originally reported
using modulated ultrasound to create harmonic shear waves to characterize the viscoelastic
properties of gelatin phantoms using shear wave dispersion [39, 40]. A limitation of this
method was that the modulation frequency had to be changed multiple times to evaluate the
dispersion over a significant frequency bandwidth. This method was advanced to make
faster measurements by transmitting repeated tonebursts of ultrasound [40]. The advantage
of using these repeated tonebursts is that the shear waves have motion amplitudes with high
signal-to-noise ratio at harmonics of the repetition frequency [40, 41]. This advance allows
evaluation of the shear wave dispersion in a single measurement.

The shear wave speed is estimated from its phase measured at least at two locations
separated by A ralong its traveling path (Figure 1):

cs (ws) =wsAr[Ags (1)
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where Ags= ¢;— ¢2is the phase change over the traveled distance Ar. Ultrasound pulses
are repeatedly transmitted to the same detection location with a pulse repetition frequency
(PRF) of several kilohertz. A fixed time point in the echo corresponding to a selected tissue
region along the ultrasound beam is used across all echoes to obtain the vibration versus
time record as the shear wave passes that tissue region. A Kalman filter is then applied to the
vibration-time record to lock-in and extract only the signal at the shear wave frequency and
its harmonics [42]. Although estimates of both amplitude and phase of tissue vibration are
provided by the Kalman filter, only phase is used by SDUV. Then the detect ultrasound
beam is focused at other locations along the shear wave propagation path to repeat
measurement of shear wave phase. Generally, a regression is made on the phase versus
distance over multiple locations to improve wave speed estimation.

A rheological model is required to estimate shear elasticity and shear viscosity. The most
common rheological models are the VVoigt and the Maxwell model. The Voigt model has
been shown to be appropriate for describing viscoelastic properties of tissue in the low
frequency range (50-500 Hz) [43-46]. For a viscoelastic, homogenous, isotropic material,
the Voigt model relates the shear wave propagation speed, ¢, and the frequency of shear
wave, wg by [43]

12
cs (wy) = \/ 2 (3+wid) [om+p(d+ed) @)

where p, 11 and u are the density, shear elasticity and shear viscosity of the medium,
respectively. The shear wave speed is estimated with (1), dispersion measurements are then
made by using a toneburst repetition frequency of 50 Hz and the resulting harmonics of 100
Hz, 150 Hz, 200 Hz, etc. arise and the shear wave speeds over this bandwidth are fit by (2)
to solve for the shear elasticity and shear viscosity.

B. SDUV with two transducers

SDUV was first implemented using two transducers: one push transducer to generate shear
waves and one detection transducer to monitor shear wave propagation. Figure 1(a)
illustrates the setup to do SDUV with two transducers. Shear waves are generated with
ultrasound radiation force at the “Push Transducer” focal point. The ‘Push Transducer’ has a
diameter of 44 mm, a center frequency of 3 MHz and a focal length of 70 mm. This
transducer was driven by a signal generator and 40 dB power amplifier. Shear waves
generated at the transducer focal point propagate through renal tissue and vibration was
detected by a single element transducer with a diameter of 12.5 mm, a center frequency of 5
MHz and a 50 mm focus length (‘Detection Transducer’). The ‘Push Transducer’ and
‘Detection Transducer’ were aligned confocally with a pulse-echo technique using a small
sphere as a point of target. The force was localized 5 mm deep into the kidney surface. The
pulse repetition frequency of pushes was 50 Hz. The propagation of the shear wave was
tracked by the single element transducer in pulse-echo mode over a range of 5 mm along the
x-axis. The ultrasound echoes were digitized at 100 MHz and processed by the previously
described method [42] to estimate the shear wave phase.

C. SDUV with a single transducer

The SDUV setup illustrated in Figure 1(a) limits the clinical application of SDUV because it
requires two transducers. To overcome this limitation, SDUV has been implemented on a
Verasonics V-1 system. Figure 1(b) illustrates the setup used to do SDUV with a curved
linear array transducer (C4-2, Philips Healthcare, Andover, MA). The Verasonics V-1
system (Verasonics, Redmond, WA) is a programmable ultrasound research platform that
has 128 independent transmit channels and 64 receive channels. The system is integrated

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 05.
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around a software-based beamforming algorithm that performs a pixel-oriented processing
algorithm. This algorithm facilitates conventional and high frame rate imaging. The high
frame rate imaging, using plane wave transmissions, is attractive for shear wave imaging
because the full shear wave propagation can be captured in a two-dimensional plane [47].
This type of imaging is performed in Supersonic Shear Imaging [28], and has been shown to
be useful in characterizing the multiple types of tissues in a single acquisition such as
muscle layers overlying the liver [46]. The transmitter can produce long tonebursts with
sustained high power necessary for generating radiation force.

A 3 MHz, 331 pus push beam was transmitted and focused in the renal cortex to generate
shear waves in the medium. The push beam was repeated every 20 ms to get a pulse
repetition frequency of 50 Hz. The mechanical response was measured with the same
transducer with plane wave compounding imaging technique [47]. A set of 3 plane waves
with different emission angles were transmitted at 6 kHz pulse repetition frequency (PRF).
By coherently compounding each set of 3 plane waves, a compound image PRF of 2 kHz
was produced. The push occurs at x = 0 mm, and causes shear displacements outward in the
+x-, and —x directions. Local tissue displacement is estimated using 1-D autocorrelation
between two compounded images [48].

lll. Experiments

A total of eight excised kidneys from female pigs were used in these /n vitro experiments.
The kidneys were removed immediately after sacrifice and placed in saline solution at room
temperature. A series of different tests were performed to evaluate the use of SDUV for
measurements of the viscoelasticity of the excised kidney (Table I).

A. Linearity study

The radiation force density applied to a tissue can be described as:

F=2al/c (@3)

where Fis the acoustic radiation force, cis the speed of sound in the medium, a is the
absorption coefficient of the medium and /is the /n situtemporal average intensity at a
given spatial resolution [49]. Given that the pressure is proportional to the voltage applied to
the transducer and the ultrasound intensity is proportional to pressure squared, and the
displacement is proportional to the force, then the tissue displacement is proportional to the
square of the voltage applied to the “Push Transducer”. The assumption of linear tissue
response to a harmonic excitation was studied by measuring shear wave dispersion at four
different excitation voltage amplitudes (3.0 V, 2.6 V, 2.1 V and 1.5 V) on one excised
kidney (Kidney #1, refer to Table I). Shear elasticity and shear viscosity were measured in a
5 x 5 mm? patch 5 times.

B. SDUV repeatability

The repeatability of SDUV with both setups (SDUV with two transducers and SDUV with a
curved linear array transducer) was evaluated. Figure 2(a) illustrates a B-mode image along
zx-plane using the setup with two transducers. In this case, the SDUV repeatability was
evaluated by repeating the SDUV measurement five times in a 5 x 5 mm? patch in the renal
cortex (ROI1 in Figure 2(a)) of seven kidneys (Kidneys #1-7, refer to Table I). Figure 2(b)
illustrates a B-mode image along zx-plane using the setup with the curved linear array
transducer. Similarly, the SDUV repeatability was evaluated by doing the SDUV
measurement four times in a 5 x 5 mm? patch in the renal cortex (ROI1 in Figure 2(b)) of
one kidney (Kidney #8, refer to Table I).

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 05.
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C. Organ homogeneity

Visual inspection of the cross section of the kidney reveals that the kidney tissue is globally
inhomogeneous. To study this feature, the organ variability of renal cortex shear elasticity
and shear viscosity was studied by doing SDUV measurements at five different locations
(Figure 2(a), ROI1, ROI2, ROI3, ROI4 and ROI5) in different 5 x 5 mm? patches in four
kidneys (Kidneys #1-4, refer to Table I). Furthermore, a 5 x 5 mm? patch was studied every
1 mm on z-axis (ROI2 in Figure 2(a)) in one kidney (Kidneys #2, refer to Table I).

D. Anisotropy study

It is acknowledged that kidney tissue may not be isotropic, in other words, its properties are
not the same for all orientations of the coordinate axes. To study this feature, SDUV
measurements were made in 5 x 5 mm? patches on zx- and zy-planes every 45° with respect
to the z-axis (Figure 3(a)). Additionally, shear waves were generated in two different
directions. Figure 3(b) depicts these orientations. In the tangential excitation (y-axis Figure
3(b)), the shear wave propagates in a direction perpendicular to blood vessels, and in the
radial excitation (z-axis Figure 3(b)), the shear wave propagates in a direction parallel to
blood vessel orientation. These SDUV measurements were made in one excised Kidney
(Kidney #8, refer to Table I.).

E. Time influence

To evaluate the long-term variability of ex vivokidney viscoelastic properties, shear
elasticity and shear viscosity were measured at one location in a 5 x 5 mm? patch five times.
Measurements were made from 3 hours after sacrifice over 24 hours every 3 hours in two
kidneys (Kidney #5 and #6, refer to Table I). During the course of the experiment, the
kidneys were placed in saline solution at room temperature.

F. Formalin study

Tissue stiffness can be increased by inducing collagen cross-link with aldehydes [50-54].
Differences in the material properties in the renal cortex when exposed to a chemical agent
that changed the tissue structure and stiffness were explored. To test the level of contrast of
SDUV for different tissue state, SDUV measurements were made in an excised kidney
(Kidney #7, refer to Table 1) before and after immersion in 10% formaldehyde for 3 hours.
Renal cortex shear elasticity and shear viscosity measurements were performed at 17
different locations in 5 x 5 mm? patches.

G. Statistical analysis

Results are reported as mean + standard deviation. The number of samples, repetitions and
size of regions on interest (ROI) were made on the basis of the data and the degree of their
scatter and reproducibility. Univariate analysis of variance (ANOVA) was used to test for
statistically significant differences among variables for the different experiments. Because
the kidney is modeled as a viscoelastic material, differences in shear wave speed between
various excitation frequencies in one excised kidney (Kidney #1, refer to Table I) were
studied. To investigate renal cortex homogeneity, shear elasticity and shear viscosity among
one region and five different regions in one kidney (Kidney #2, refer to Table I) were
compared. To study the time influence effect in both shear elasticity and shear viscosity, 11
and u» at different time frames for two individual kidneys (Kidney #5 and #6, refer to Table
I) were compared. Additionally, shear elasticity of kidneys at specific time frames were
compared. A paired t-test was used to investigate the level of contrast of SDUV for different
tissue state in the formalin study. To study the anisotropy of the kidney, shear elasticity and
shear viscosity of different angles and different shear wave propagation directions were
compared. Statistical significance for all tests was accepted for p< 0.05.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 05.
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Signal-to-noise ratio (SNR) was calculated to characterize how the real measurements were
disturbed by noise. SNR was calculated as the ratio of mean to standard deviation of
measurements.

V. Results

A. Linearity study

The displacement amplitude estimates over 20 ms for four different excitation voltage
amplitudes (3.0 V, 2.6 V, 2.1V and 1.5 V) in one excised kidney (Kidney #1, refer to Table
1) were calculated by cross-spectrum methods [55] and are shown in Figure 4(a). Tissue
peak displacement as a function of voltage squared is shown in Figure 4(b). The solid line is
a linear fit to the experimental data. The coefficient of determination, /%, of the linear
regression was 0.99.

The mean shear wave propagation speed in a5 x 5 mm? region as a function of frequency
measured at four different excitation amplitudes is shown in Figure 5. The symbols
represent four different excitation voltage amplitudes (3.0 V, 2.6 V, 2.1 V and 1.5 V) on one
excised kidney (Kidney #1, refer to Table ).

B. SDUV repeatability

Figure 6(a) shows repeatability of SDUV with the setup using two transducers. The shear
wave propagation speed as a function of frequency was measured along the x-axis within the
5 x 5 mm?2 ROI1 five times (Kidney #1, refer to Table ). The wave speed values (symbols)
are an average of five acquisitions. The shear wave speed is significantly different at each
frequency (p < 0.001). The solid line is the fit from (2) that gives a shear elasticity xq = 1.7
kPa and shear viscosity u» = 1.8 Pa:s. The minimum SNR is 25 and 10 for the shear
elasticity and shear viscosity, respectively. The shear wave speed dispersion fit had a Mean
Square Error (MSE) of 0.004 m2/s2, Figure 6(b) illustrates repeatability of SDUV with the
curved linear array transducer. The shear wave propagation speed as a function of frequency
was measured along x-axis on 5 x 5 mm? patch four times (Kidney #8, refer to Table 1). The
wave speed values (symbols) are an average of four acquisitions. The shear wave speed is
significantly different at each frequency (p < 0.001). The solid line is the fit from (2) that
gives a shear elasticity x4 = 1.9 kPa and shear viscosity po = 1.1 Pa-s. The minimum SNR is
52 and 53 for both shear elasticity and shear viscosity, respectively. The shear wave speed
dispersion fit had a MSE of 0.005 m2/s2. Renal cortex shear elasticity and shear viscosity in
a5 x 5 mm? patch five times of seven kidneys (Kidney #1-7, refer to Table I) and four times
of one kidney (Kidney #8, refer to Table I) are shown in Figure 7. There is no statistically
significant difference in shear elasticity among the 8 kidneys (p = 0.06). On the other hand,
there is a statistically significant difference in shear viscosity among the 8 kidneys (p <
0.01). The minimum SNR is 6 and 8 for shear elasticity and shear viscosity, respectively.

C. Organ homogeneity

Figure 8(a) shows variability of renal cortex in one kidney (Kidney #2, refer to Table 1), the
average shear wave propagation speed of five ROIs as a function of frequency measured
along the x-axis in a 5 x 5 mm? area. The shear wave speed is statistically significant
different at each frequency regardless of the region (0 < 0.001). The solid line is the fit from
(2) that gives i1 = 1.8 kPa and e = 1.9 Pa-s. The shear wave speed dispersion fit had a
MSE of 0.003 m2/s2. Shear elasticity and shear viscosity estimated by (2) from five different
regions and five repetitions is shown in Figure 8(b) and Figure 8(c), respectively. There is a
statistically significant difference in shear elasticity and shear viscosity among the five
regions (0 < 0.001). The minimum SNR is 5 for shear elasticity and 6 for viscosity.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 05.
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Shear elasticity and shear viscosity of four kidneys (Kidney #1-4, refer to Table 1.) among
four ROIs is summarized in Table Il. The minimum SNR is 5 for both the shear elasticity
and shear viscosity, respectively.

Figure 9 shows the variability of renal cortex shear elasticity and shear viscosity ina5 x 5
mm?2 ROl every 1 x 5 mm? of one kidney (Kidney #2, refer to Table I). Shear elasticity and
shear viscosity estimated by (2) from five different regions and five repetitions is shown in
Figure 9(a) and Figure 9(b), respectively. There is no statistically significant difference in
shear elasticity among the five regions (p = 0.3120). Similarly, there is no statistically
significant difference in shear viscosity among the five regions (p = 0.7188). The minimum
SNR is 6 and 4 for shear elasticity and shear viscosity, respectively.

D. Anisotropy study

Shear elasticity and shear viscosity estimated by (2) from eight different angles (from 0° to
315° every 45°, refer to Figure 3(a)) and four repetitions is shown in Figures 10(a) and
10(b), respectively. There is a statistically significant difference in shear elasticity among
the eight angles (0 < 0.001). Similarly, there is statistically significant difference in viscosity
among the 8 angles (p < 0.001). The minimum SNR is 34 and 19 for shear elasticity and
shear viscosity, respectively.

Shear wave propagation speed (mean + standard deviation) as a function of frequency
measured four times in a 5 x 5 mm? patch for both tangential and radial excitation (Refer to
Fig. 3(b)) of one kidney (Kidney #8, refer to Table 1) is shown in Figure 11(a). Renal cortex
shear elasticity and shear viscosity values measured in one kidney (Kidney #8, refer to Table
I) with shear waves propagating along the tangential direction and radial direction (refer to
Figure 3(b)) are shown in Figures 17(b) and 17(c), respectively. Both shear elasticity and
shear viscosity were different when comparing tangential versus radial direction.

E. Time influence

Renal cortex shear elasticity and shear viscosity versus time after sacrifice for two kidneys
(Kidneys #5-6, refer to Table 1) is shown in Figures 12(a) and 12(b), respectively. The
different symbols represent mean + standard deviation of four 5 x 5 mm? regions in each of
the two kidneys. Dashed lines represent the trends of kidney #5 and trend of kidney #6 over
time.

There is a statistically significant difference in shear elasticity in kidney #6 among the 9
time periods (o= 0.01). On the other hand, there is no statistically significant difference in
shear elasticity on kidney #5 among the 8 time periods (o = 0.072). Moreover, after 3, 21
and 24 hours of sacrifice, there is no significant difference in shear elasticity between
kidneys #5, #6 (o= 0.405, p=0.855, p=0.243).

There is a statistically significant difference in shear viscosity in kidneys #5 and #6 among
the 8 and 9 time periods, respectively (p < 0.001).

F. Formalin study

Renal cortex shear wave propagation speed (mean + standard deviation) as a function of
frequency measured in 17 different locations in 5 x 5 mm? patches before and after formalin
immersion of one kidney (Kidney #7, refer to Table I) is shown in Figure 13(a). Renal
cortex shear elasticity and shear viscosity values made in one kidney (Kidney #7, refer to
Table 1) before and after formalin immersion are shown in Figure 13(b) and Figure 13(c),
respectively. Both shear elasticity and shear viscosity were significantly different when
comparing normal versus formalin (p < 0.001) using a paired t-test.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 05.
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V. Discussion

This study reports quantitative measurements of shear elasticity and viscosity in excised
swine kidneys measured by SDUV over a number of different experimental variations.
Figure 5 shows a rather constant shear wave speed versus frequency despite excitation
amplitude variation. Moreover, the significant linear relationship between the tissue
displacement and voltage squared in Figure 4(a), agree with our assumption of
proportionality between these variables.

The shear wave speeds shown in Figure 6(a) and Figure 6(b) are statistically significantly
different at each frequency, which supports our assumption of viscoelasticity, which results
in shear wave speed dispersion. Therefore, to estimate the viscoelastic properties of the
kidney, a rheological model should be used. In this study, the dispersion data fit well with
the use of the Voigt model over the studied frequency domain. Although Figure 6(a) shows
higher variation of shear wave speed for high frequencies (350-500 Hz) compared to Figure
6(b), the SNR using the two transducer setup was higher than 10 for both shear elasticity and
shear viscosity. However, the error of the wave speed estimates is expected to increase at
high frequencies because the displacement amplitude decreases [56]. Additionally, SNR was
higher than 50 for both shear elasticity and shear viscosity measurements when using the
curved array transducer, however, these measurements were made without any overlying
tissue, so it is expected that when applied /n vivo, radiation force and thereby shear wave
motion will decrease leading to smaller values of SNR.

Equation (2) assumes a homogeneous material. Given that the kidney is inhomogeneous by
visual inspection, this assumption may not be accurate. However, in this study, shear
elasticity and shear viscosity were estimated in fairly small regions of interest, 5 x 5 mm?
regions. Furthermore, a detailed analysis of the 5 x 5 mm?2 ROIs (refer to Figure 9) showed
no statistically significant difference in shear elasticity and shear viscosity within the ROI,
supporting the assumption of local homogeneity. The global inhomogeneity of kidney was
studied by measuring SDUV in a single kidney in different ROIs. Not surprisingly, both
shear elasticity and shear viscosity (refer to Figure 8) were statistically significantly
different in five different regions on one kidney (Kidney #2, refer to Table 1.), which
suggests global inhomogeneity. Although the architecture of renal cortex blood vessels has
been studied using microcomputed tomography (micro CT) in pig kidneys by Bentley, et al.,
the cortical microvasculature number and size vary among different region in the renal
cortex, which suggest that the renal cortex is inhomogeneous [57]. Similarly, our results
suggest local homogeneity in 5 x 5 mm?2 ROIs when using SDUV.

Another assumption of Equation (2) is tissue isotropy. One of the functions of the kidneys is
to transport water, and structures like blood vessels, tubules and collecting ducts are oriented
in certain manner. This feature brings the advantage of characterizing kidney anisotropic
properties by measuring its water diffusion properties with magnetic resonance diffusion
weighted imaging (MR-DWI). Ries, et al., have studied human kidney diffusion isotropy,
and there is fairly general anisotropic behavior in renal cortex [58]. Moreover, diffusion
coefficients were highest in a superior-inferior direction compared to left-right direction
respect to anatomical position. Tissue anisotropy has been studied with elasticity imaging
mostly in skeletal and cardiac muscle [40, 44, 59], for instance, shear elasticity and shear
viscosity of muscle is different across fibers and along fibers. Similarly, SDUV
measurements of kidney mechanical properties by inducing shear waves with two directions
indicate renal cortex anisotropy. Two values for shear elasticity and shear viscosity were
found depending on shear wave propagation direction as shown in Figure 11. Interestingly,
both shear elasticity and shear viscosity were similar when the shear wave propagated along
the x- and y-axes (Figure 10) but different along the z-axis (Figure 11).
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The renal cortex shear elasticity was relatively consistent among seven kidneys (refer to
Figure 7(a)), however, shear viscosity was rather different (refer to Figure 7(b)). This
variability in shear viscosity may be attributed to the different time where the experiments
were done after the animal sacrifice (refer to Table 1.). To test this hypothesis, the long-term
time variability experiments showed a statistically significant difference on shear viscosity
over 24 hours, which supports the previous hypothesis that viscosity may be sensitive to
tissue changes over time after excision. Interestingly, there was a statistically significant
difference in shear elasticity over 9 periods of time for one kidney, which could be attributed
to the global inhomogeneities of renal cortex previously discussed.

The reactions of formaldehyde (FA) with proteins have been extensively studied. The most
important of these is probably the formation of methylene bridges which cross-link
polypeptides at reactive side groups [50]. It is well known that aldehydes increase tissue
stiffness. For instance, R. Van, et al., have studied how aldehydes affect the mechanical
behavior of bovine pericardium [52]. Tensile tests were performed on fresh tissue, and after
0.5, 1, 2, 6, 24 h and 7 days of glutaraldehyde (GA) 0.5% treatment. The exposure to GA
results in a significant increase in the stiffness of the tissue at low levels of stress. Moreover,
the introduction of cross-links by GA causes resistance to the rearrangement of collagen in
the direction of the applied load. A similar study by Sung, éef al., in porcine pericardia, where
free amino group content and tensile tests were performed after FA and GA exposure for 3
days, reported significant reductions in free amino groups content as compared to fresh ones
[54]. This suggests that FA and GA were effective cross-linking agents. Tensile stresses of
the FA and GA tissues were relatively grater than fresh ones, indicating that cross-linking of
the amino groups within the biological tissue change the biological strength of tissues.
Elasticity imaging techniques have been used to study aldehyde exposure effects in excised
kidneys. Emelianov, ef al., reported an increase in elasticity due to different tissue state was
observed when GA was injected into an excised kidney [60]. Similarly, the level of contrast
of SDUV for different tissue state was studied. Shear wave speed dispersion on kidney
before and after immersion in 10% formalin clearly illustrate differences in both tissue states
(Figure 13). Moreover, both shear elasticity and viscosity were statistically significantly
different on kidney before and after immersion in 10% formalin, which agree with the
literature.

The shear elasticity measurements presented in this study are rather similar to previous
estimates in the literature. For instance, an MRE study on excised pig kKidneys provided an
estimate of approximately zq = 2 kPa [15]. /n vivo MRE and SDUV studies of kidney
mechanical properties consequent to perfusion report a shear elasticity and viscosity of 3-4
kPa and of 3 Pa.s, respectively [21, 61, 62]. The /in vitro shear modulus is less than that at
total occlusion since the renal tissue is comprised of residual perfusion at 100% occlusion,
while the /n vitrokidney is devoid of residual perfusion.

Finally, although this study demonstrates the feasibility of SDUV using a curved array
transducer to study excised kidney, there may be some limitations when studying /in vivo
kidneys. For instance, endogenous motion from the kidney from pulsating blood vessels and
gross patient motion may degrade results, however, in most cases these can be filtered out
because it has low-frequency content (< 10 Hz) and SDUV measurements are made very
quickly 0.1-0.2 seconds. Another limitation may be depth of kidney, the native kidney depth
ranges from 45-75 mm [63], although shear waves using tangential excitation using a curved
linear array can be excited and measured, optimization would have to be performed in terms
of ultrasound frequency and signal processing techniques to obtain high quality echo data
for motion tracking of the waves. Some of these aspects have been addressed in ongoing
animal studies such as motion effects reported recently by Amador, et a/[62].
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VI. Conclusion

Shearwave Dispersion Ultrasound Vibrometry provides a fast, low cost, noninvasive tool to
measure not only tissue shear elasticity but also tissue shear viscosity. This study showed the
feasibility of SDUV to estimate both shear elasticity and shear viscosity of renal cortex /in
vitro with good precision using experimental configurations with two transducers and a
curved linear array transducer. A number of experimental variables were varied to evaluate
measurement linearity, and repeatability. Viscoelastic renal material properties versus tissue
inhomogeneity, tissue anisotropicity, time variability after organ excision, and structural
changes after immersion in a cross-linking agent were evaluated. The measurement results
of these tests provided insights that will be important for extending SDUV measurements of
kidney to an /n vivo setting. Future work includes /n vivo measurements of renal viscoelastic
properties under different physiological conditions and disease states.
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Figurel.

(@) Mlustration of the experimental setup to do SDUV with two transducers. (b)
Implementation of SDUV with a curved array transducer. SDUV applies a localized force
generated by a ‘Push Transducer’ or by a electronically focused push (‘Push Beam’) coupled
to the tissue, transmitting repeated ultrasound tone bursts of ultrasound. To detect shear
wave propagation, a separate transducer acts as the detector (‘Detection Transducer’) and is
moved to detect the shear wave motion at several spatial locations or same transducer is
used to detect tissue response (‘Detection Beams’).
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(b)
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Figure 2.

() Two transducer setup. B-mode image along zx-plane. The beam was focused at 3
locations (white arrows). The motion was tracked along 5 regions of 5 x 5 mm along x-axis
(white squares). (b) Curved array transducer setup. B-mode image along zx-plane. Shear
waves propagating perpendicular to blood vessels (tangential direction) were generated by a
push beam focused at x = 0 (ROI 1 and 2). Shear waves propagating parallel to blood
vessels (radial direction) were generated by a push beam focused at the edge of the kidney
(ROI 3).
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Figure 3.

(a) SDUV measurements were made every 45° respect to z-axis. (b) Shear waves were
generated in two different directions. The blood vessels are running vertically in the kidney
section shown. In the tangential direction (y-axis), the shear wave propagates in a direction
perpendicular to blood vessels, and in the radial direction (z-axis) the shear wave propagates
in a direction parallel to blood vessel orientation.
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(a) Displacement amplitude estimates over 20 ms. Symbols represent four different
excitation voltage amplitudes (3.0 V, 2.6 V, 2.1 V and 1.5 V) in one excised kidney (Kidney
#1, refer to Table I). (b) Tissue peak displacement versus voltage squared. The solid line is a
linear fit to the experimental data.
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Figureb5.

Shear wave propagation speed (Mean £ SD) of a5 x 5 mm region as a function of
frequency. The symbols represent four different excitation voltage amplitudes (3.0 V, 2.6 V,
2.1V and 1.5 V) on one excised kidney (Kidney #1, refer to Table I).
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Figure6.

(a) Repeatability of SDUV with two transducers. (b) Repeatability of SDUV with array
transducer. The symbols represent shear wave propagation speed (Mean £ SD) as a function
of frequency measured along x-axis on 5 x 5 mm ROI1 five times (Kidney #1, refer to Table
1) for (a) and four times (Kidney #8, refer to Table I) for (b). The solid line is the fit from

).
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Box and whisker diagram for (a) shear elasticity and (b) shear viscosity of a5 x 5 mm
region in 8 kidneys. The box and whisker diagrams were made with five measurements
(Kidney #1-7, refer to Table 1.) and four measurements (Kidney #8, refer to Table 1.) of one
ROI. The bottom and top of each box represent the lower and upper quartiles, respectively.
The horizontal line within the box is the median. The ends of the whiskers represent the
minimum and maximum of each group.
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() The symbols represent shear wave propagation speed (Mean + SD) of five ROIs as a
function of frequency measured along x-axis in a 5 x 5 mm area (Kidney #2, refer to Table
). The solid line is the fit from (2). Box and whisker diagram for (b) shear elasticity and (c)
shear viscosity among five different regions of interest (ROI) in one kidney (Kidney #2,
refer to Table 1.). The box and whisker diagrams were made with five measurements on
each individual region. The bottom and top of each box represent the lower and upper
quartiles, respectively. The horizontal line within the box is the median. The ends of the
whiskers represent the minimum and maximum of each group.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 05.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amador et al. Page 23

. (@) 3 (b)

g 3 T e g 25
< 25! I E - & i
:'? . El - > 2 | s i
o 21 = - D E
g Q15 = _
815 @ T .
2 > 1 - i
g 3
% 05 & 05

O———= 3 3 5 0——— 7 5

z, mm z, mm

Figure9.

Box and whisker diagram for (a) shear elasticity and (b) shear viscosity among z-axis on
ROI2 on one kidney (Kidney #2, refer to Table 1.). The box and whisker diagrams were
made with five measurements on each individual region. The bottom and top of each box
represent the lower and upper quartiles, respectively. The horizontal line within the box is
the median. The ends of the whiskers represent the minimum and maximum of each group.
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Figure 10.

Box and whisker diagram for (a) shear elasticity and (b) shear viscosity among eight
different angles on one kidney (Kidney #8, refer to Table 1.). The box and whisker diagrams
were made with four measurements at each individual angle. The bottom and top of each
box represent the lower and upper quartiles, respectively. The horizontal line within the box
is the median. The ends of the whiskers represent the minimum and maximum of each

group.
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Figure11.

(a) Renal cortex shear wave propagation speed (mean + standard deviation) as a function of
frequency measured four times in a 5 x 5 mm region for both tangential and radial excitation
(Refer to Fig. 3(b)) of one kidney (Kidney #8, refer to Table I). Renal cortex (a) shear
elasticity and (b) shear viscosity measurements made in one kidney (Kidney #8, refer to
Table I) with shear waves propagating along the tangential direction and radial direction
(refer to Figure 3(b)). Both shear elasticity and shear viscosity were different when
comparing tangential versus radial direction.
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(a) Renal cortex shear elasticity and (b) shear viscosity versus time after sacrifice for two
kidneys (Kidney #5-6, refer to Table I). The different symbols represent mean + standard
deviation of four 5 x 5 mm? regions in each of the two kidneys. Dashed lines represent the

trends of kidney #5 and #6.
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Figure13.

(a) Renal cortex shear wave propagation speed (mean + standard deviation) as a function of
frequency measured in 17 different locations in 5 x 5 mm regions before and after formalin
immersion of one kidney (Kidney #7, refer to Table I). Renal cortex (b) shear elasticity and
(b) shear viscosity values made in one kidney (Kidney #7, refer to Table 1) before and after
formalin immersion. Both shear elasticity and shear viscosity were significantly different
when comparing normal versus formalin (p < 0.001).
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Table Il

Shear elasticity and shear viscosity (Mean * SD) of four ROIs in four kidneys.

Kidney 1 2 3 4

Shear elasticity, kPa 1.80+0.38 1.79+0.14 209+0.27 1.89+0.06
Shear viscosity, Pa-s  1.87+0.26 112+022 2.08+0.24 136+0.22
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