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Abstract— Scattering from the extracellular matrix (ECM) is
currently being investigated, using a decellularization technique,
which involves removing cells from tissue while preserving the
ECM. This work aims to investigate the use of the mean scatterer
spacing, using cepstral analysis techniques, for the
differentiation between cellularized and decellularized mouse
kidneys. After decellularization, the mean scatterer spacing
decreased, with an average spacing for all the kidneys of 5.97 +
1.89 pm before decellularization, and 5.38 = 1.72 pm after
decellularization. A significant difference was found between the
calculated spacings from the kidneys, before and after
decellularization. Future work include the incorporation of
other parameters to further improve the sensitivity of this
technique.

I. INTRODUCTION

Three-dimensional scaffolds are commonly used in the
field of tissue engineering. While new synthetic structures are
being developed, there is still a great interest in exploring the
extracellular matrix (ECM) of native tissues. A recently
developed technique, known as “decellularization”, allows for
the removal of cells from intact tissue while preserving the
ECM structure [1].

The extracellular matrix consists of proteins and other
biomolecules synthesized by cells that, combined, make up
each tissue [2]. The functionality of the tissue is defined by the
composition and the architecture of the ECM, which is unique
for each tissue. However, the composition and structure of
each specific ECM protein is conserved among species [3],
[4], making the ECM identifiable within and between species
and largely without immune rejection. ECM scaffolds can
serve as a powerful source to promote the formation of site-
appropriate tissue at the site of implantation after injury, as
long as they are properly processed to remove cellular antigens
that would induce immune rejection. This has to be done
without damaging the ECM [5].

The ECM obtained from decellularized tissue is used in
regenerative medicine and tissue engineering strategies, with
recent applications including the use of three-dimensional
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ECM scaffolds prepared by organ decellularization [6]-[10].
The goal of the decellularization technique is to remove all the
cellular and nuclear materials efficiently while minimizing any
unfavorable effect on the composition, biological activity, and
mechanical integrity of the remaining ECM. The efficiency of
cell removal from a tissue is dependent on the origin of the
tissue and the methods used, which are presented in [11]. Each
of these treatments affect the composition, tissue
ultrastructure, and mechanical behavior of the remaining ECM
scaffold, which in turn, affect the host response to the material

[1].

High frequency ultrasound can be wused for the
characterization of tissue structures non-invasively,
longitudinally, and without the need for tissue staining [12].
The ability to study the ultrasound backscatter from
extracellular matrices offers new opportunities for
characterizing the structure, such as estimating the mean
scatterer spacing from the ECM. Cepstral analysis has been
used to estimate the mean scatterer spacing [13], [14], for the
characterization of chronic liver disease [15] and for liver-
tissue characterization [16]. In this work, we investigate the
use of cepstral analysis to estimate the mean scatterer spacing
from ultrasound signals of mouse kidneys, before and after
decellularization.

II. MATERIALS AND METHODS

A. Cepstral Analysis

Quantitative cepstral techniques provide a method to
reduce system effects in the spectrum of the received
backscattered signal. The log operation in the cepstral
technique converts the multiplicative relationship between the
scatterer function and the system response in the Fourier
domain to an additive one.

The power cepstrum of a signal, Cp(n), is defined as the
inverse Fourier transform of the logarithm of the power
spectrum of the signal:
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Cp(n) = IFT {Log(IX(W)]")} (M

where X(w) =FT{x(n)}, FT is the Fourier Transform, /F'T
is the Inverse Fourier Transform, and x(n) is the signal for
which the cepstrum is applied [14].

B. Organs Preparation

Removing cells will alter the native three-dimensional
architecture of the ECM. The most commonly utilized
methods for decellularization of tissues involve a combination
of physical and chemical treatments. The physical treatments
can include agitation, mechanical massage or pressure, or
freezing and thawing [17]. These methods disrupt the cell
membrane, release cell contents, and facilitate subsequent
rinsing and removal of the cell contents from the ECM.

In this work, a total of four kidneys were decellularized by
washing the tissue in sodium dodecyl sulfate (SDS) for 24
hours, followed by washing with Triton-X for 24 hours and
finally washing and storing in PBS. In this process, the ECM
of the tissue is isolated from its native cells, leaving an ECM
scaffold of the tissue.

C. Data Acquisition and Analysis

Kidneys were imaged after being maintained in PBS with
a commercial high-frequency imaging system; the Vevo2100
(VisualSonics Inc, Toronto, ON) using nominal 40 MHz
transducer. Then, after decellularization, the remaining
extracellular matrix structures were re-imaged using the same
machine settings.

From each kidney, ~130 imaging planes were acquired
before and after decellularization. For each frame, a region of
interest (ROI) was outlined on the reconstructed B-mode
image. The ROI was chosen centered at the focus of the
transducer and as large as possible as shown in Fig. 1.

Cepstral analysis was applied for each A-line from the
chosen ROI. The obtained signal was then processed using
Meyer wavelet for denoising, as shown in Fig. 2. The choice
of the wavelet was based on the simulation done in previous
work [18]. The improved performance after denoising is
shown in Figs. 3a and 3b. It can be seen that, before applying
wavelet denoising, the number of detected peaks is large; the
spacing cannot be deduced since the same peak can be detected
more than once. However, after applying the denoising
technique, the peaks become prominent and the spacing can be
easily detected. A threshold of 5% of the maximum peak value
was then applied to remove the unwanted ripples.

Finally, the peaks were detected and the spacings between
each two consecutive peaks were computed. The distance
between each two consecutive peaks is equivalent to the value
of the spacing, as reported in the literature [13]. After
calculating the spacings from all tumor frames, the mean
value was calculated for each kidney, before and after
decellularization.

Fig. 1. Reconstructed B-mode image of one frame of a kidney. The
square indicates the chosen ROI. The scale bar represents 1.5 mm.
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Fig. 2. Meyer Wavelet.

The Wilcoxon test of ranks was applied, where p < 0.05 is
considered significant. Finally, the receiver operator
characteristic (ROC) curve [19] was used to see if we could
differentiate between cellularized and decellularized organs,
using only one parameter: scatterer spacing. The area under
the ROC curve (AUC) was calculated as a performance
measure of this classifier in correctly classifying kidneys based
on the mean scatterer spacing.
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The values of the mean spacings between each two
III. RESULTS

consecutive peaks for all the kidneys, before and after

The power cepstra for an individual A-line from a kidney ~ decellularization are shown in Table I.

and a decellularized kidney are shown in Figs. 4a and 4b,

respectively TABLE . MEAN AND STANDARD DEVIATION OF THE SPACING
Cellularized Decellularized

N Mean SD N Mean SD

(samples) (um) | (um) | (samples) | (um) | (um)

Kidney 1 726 600 5.47 1.73 235700 5.09 1.58

Kidney 2 394 000 6.22 1.78 376 500 5.59 1.80

Kidney 3 669 500 6.30 | 2.02 368 100 5.13 1.66

Kidney 4 402 000 6.09 1.89 362 300 5.61 1.72

Average 2192 100 5.97 1.90 | 1342600 | 5.38 1.72
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When applying the Wilcoxon test of ranks, the p-value was
found to be less than 0.01.

The values of the AUC obtained are presented in Table II.

TABLE II. AUC VALUES FOR EACH KIDNEY
AUC
Kidney 1 0.57
Kidney 2 0.62
Kidney 3 0.68
Kidney 4 0.58

When combined together, a value of AUC for the average
spacing for all kidneys was found to be 0.60. Fig. 5 shows the
ROC curve for the combined kidneys.
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Fig. 5. ROC curve of all the kidneys.

IV. DISCUSSION

The goal of this work is to investigate the use of the mean
scatterer spacing for the differentiation between cellularized
and decellularized kidneys.

Kidneys have a well-known structure that appears to be
semi-periodic. They are organized into small histologic units
that are spaced apart by approximately the same distance.
This may give rise to peaks which can be detected in the
cepstrum since it is known that periodic components in the
time domain signal manifest themselves as peaks in the
cepstral domain; more precisely, at integer multiples of A,
with A being the location of the dominant peak [20].

The mean spacing of the kidneys before decellularization
is 597 £ 1.90 um, while it is 5.38 + 1.72 pm for the
decellularized kidneys. The Wilcoxon test of ranks resulted in
a p-value less than 0.05 which means that the scatterer
spacings in both kidney groups, cellularized and
decellularized, are significantly different. The ROC analysis
was an attempt to determine whether it is possible to use the
scatterer spacing to differentiate between these two groups.
The area under the ROC curve is a reflection of how good the
test is at distinguishing between two diagnostic groups. For

each kidney, the values of the AUC were between 0.51 and
0.69 as shown in Table 2. The same results were obtained for
all the kidneys combined, with an AUC of 0.60. In this range,
the AUC is interpreted as a poor test and hence no
discrimination between the two groups can be made. These
findings are not surprising since after the decellularization, it
is possible that the ECM did not undergo large structural
changes, therefore the variation of the scatterer spacing was
minimal. Instead of cells scattering the ultrasound pulse,
equivalently sized fluid spheres (or the relevant fluid shapes)
caused the scattering, which would result in relatively small
changes in scattering. Moreover, the use of the scatterer
spacing alone to classify cellularized and decellularized
kidneys is not sufficient. Several quantitative ultrasound
parameters, such as the midband fit, spectral slope and spectral
intercept [21]-[24], can be combined individually with the
mean scatterer spacing to find the best pairwise combination
to improve the classification. Finally, denoising using
wavelets will be investigated in order to optimize the choice of
the wavelet while preserving the signal of interest.

V. CONCLUSION

The potential of using mean scatterer spacing to
differentiate  between  kidneys, before and after
decellularization was investigated. There is a clear difference
between the values of the mean spacing before and after
decellularization. However, the ROC analysis led to a
relatively poor classification performance. Future work
include choosing the appropriate wavelet for denoising and
combining the scatterer spacing with other quantitative
ultrasound parameters to improve the classification.
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