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Abstract

Acoustic microscopy was used to monitor an ex vivo produced oral mucosal equivalent
(EVPOME) developed on acellular cadaveric dermis (AlloDerm®). As seeded cells adhered and
grew, they filled in and smoothed out the surface irregularities, followed by the production of a
keratinized protective outermost layer. If non-invasive in vitro ultrasonic monitoring of these
cellular changes could be developed, then tissue cultivation could be adjusted in-process to
account for biological variations in the development of these stratified cell layers. Cultured
keratinocytes (from freshly obtained oral mucosa) were harvested and seeded onto AlloDerm®
coated with human type 1V collagen and cultured 11 days. EVPOMEs were imaged on the 11th
day post-seeding using a scanning acoustic microscope (SAM) which consists of a single-element
transducer: 61 MHz center frequency, 32 MHz bandwidth, 1.52 f#. The specimen surface was
determined by thresholding the magnitude of the signal at the first axial incidence of a value safely
above noise: 20-40 dB above the signal for the water and 2-dimensional ultrasonic images were
created using confocal image reconstruction. A known area from each micrograph was divided
into 12-40 even segments and examined for surface irregularities. These irregularities were
quantified and one-way ANOVA and linear regression analysis were performed to correlate the
surface profiles for both the AlloDerm® and EVPOME specimens imaged by SAM. Histology
micrographs of the AlloDerm® and EVPOME specimens were also prepared and examined for
surface irregularities. Unseeded AlloDerm® averaged 7-9 surface changes per 400um. The
number of changes in surface irregularities decreased to 2—3 per 400um on the mature EVPOMEs.
The numbers of surface irregularities between the unseeded AlloDerm® versus developing
EVPOME are similar for both histology and SAM 2D B-scan images. For the EVPOME 2D B-
scan micrographs produced by SAM, the decrease in surface irregularities is indicative of the
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stratified epithelium formed by seeded oral keratinocytes; verified in the histology images between
the AlloDerm® and EVPOME. A near 1:1 linear correlation shows the similarities between the
two imaging modalities. SAM demonstrates its ability to discern the cell development and
differentiation occurring on the EVPOME devices. Unlike histology, SAM measurements are non-
invasive and can be used to monitor tissue graft development without damaging any cells/tissues.
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INTRODUCTION AND LITERATURE

Background

Apoptosis (programmed cell death) and necrosis (cell death as a result of injury, disease, or
other pathologic state) play critical roles in physiologic processes. Ultrasound in the
frequency range of 20-100 MHz has been shown to detect changes in cells and tissues
undergoing apoptosis [Czarnota et. al. 1997, Kolios et. al. 2002, Taggart et. al. 2007].
However, the changes in backscatter ultrasound intensity are not fully understood and in the
case of epithelial cells undergoing differentiation, apoptosis, and finally keratinization, not
yet examined. Keratinized cells of the oral mucosa are morphologically and physiologically
similar to skin and derived from the same ectodermal tissues during embryologic
development [Alur et. al. 2001, De Mare et. al. 1990, Hoogstraate et. al. 1998]. The
mechanical properties of both these tissues have yet to be tested and compared, neither has
there been any comparisons with other similar ectoderm-derived soft tissues such as the
ureter and vaginal mucosal tissues.

Our overall objectives are testing engineered tissues in vitro - specifically an ex vivo
produced oral mucosal equivalent (EVPOME), and for assessing tissue performance after
their grafting, in situ. EVPOME has been successfully developed and applied to patients in
clinical studies [Izumi et. al. 2004]. This can be performed using non-invasive and non-
destructive testing procedures. When studying EVPOME, we first analyze the tissue’s
structure as compared to that of natural mucosa; this is followed by testing to compare
nonlinear mechanical function. The comparisons of EVPOME’s similarities to natural
mucosal tissues are performed using methods which do not affect the physical compositions
of any tissues; this more accurately represents how these tissues appear in vitro or in vivo.

on the Oral Mucosal Epidermis and Keratinization

The oral mucosal epidermis is composed of a keratinized stratified squamous epithelium.
The outermost layer is always composed of non-living, highly keratinized (cornified) cells
that function to reduce water loss [Warner et. al. 1988]. After keratinocytes leave the
germinal layer, they undergo a specialized form of cell death known as anoikis. Anoikis is
initiated when cells detach from their surrounding environment and lose communication
with it [Tortora et. al. 1993]. In keratinocytes, this programmed cell death includes the
production of keratin filaments within the cell body while other sub-cellular products and
organelles undergo attrition [Broekaert et. al. 1988, Holland et. al. 1997, Tu et. al. 1993].
Figure 1 provides an illustration of the oral mucosa, showing the principal cell layers above
the basal lamina: stratum basale, stratum spinosum, stratum granulosum, and stratum
corneum - and the accumulation of keratin. Figure 2a shows a histology micrograph of
healthy oral mucosa, showing the features and functions of the aforementioned cell layers.
Cells on the basal layer are more cuboidal in shape and mitotic. As these cells migrate
toward the surface layer, they undergo differentiation, losing their water content, becoming
more squamous in appearance, and accumulating keratin. When they reach the surface of the
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mucosal tissue, these keratinocytes have undergone anoikis and are more fully integrated
into a uniform keratinized layer.

Background on EVPOME

The development and use of EVPOME has demonstrated its clinical efficacy in intra-oral
surgical grafts [Hotta et. al. 2007, Izumi et. al. 2003, Izumi et. al. 2004]. In addition, oral
mucosa tissues have been clinically reported to be suitable for transplantation to treat
vaginal agenesis [Lin et.al. 2003]. The oral mucosa’s histology resembles that of skin: as
new cells are formed on the basal lamina, the more matured cells migrate upward,
undergoing apoptosis and keratinization as they migrate [Izumi et. al. 2004]; this same
process occurs in the EVPOME tissues. Figure 2b provides a histology micrograph of
EVPOME, comparing it with the aforementioned histology image of natural oral mucosa
tissue. In both cases, there is a basal layer of mitotic and differentiating cells, followed by
post-mitotic, differentiated cell layers, then an uppermost keratinized layer. What is still
unknown is EVPOME'’s effectiveness as a substitute tissue replacement for other soft tissues
such as dermal, vaginal, or urethral; EVPOME’s elastic properties have not been studied nor
compared to other natural soft tissues of the human body. Although the oral mucosa’s
histology resembles that of human epidermis and both tissue types are derived from
ectodermal tissues, similarities in their physical properties have yet to be compared.

We had earlier compared EVPOME’s morphology to a commercially available acellular
cadaver epidermis (AlloDerm®) and natural oral mucosa [Izumi et. al. 2003, Winterroth et.
al. 2009b]. AlloDerm® comes from cadaveric tissue: technicians remove a thin layer of skin
and use antibiotics and other substances to remove the cells and donor DNA that may cause
rejection. We examined and compared the surface characteristics of both unseeded
AlloDerm® and mature EVPOME (11 days post-seeding) using scanning acoustic
microscopy (SAM) - also called ultrasound biomicroscopy. Comparing radiofrequency (RF)
backscatter at different stages of growth and development of the oral mucosal tissues has led
to a better understanding of their physical properties [Srivastava 2007]. Our eventual goal is
applying SAM to examine the principal cellular constituents within mature EVPOME and
correlate how they individually or collectively contribute to the physical characteristics of
the tissue specimen.

Although there are different biological tests to determine if cells undergo apoptosis or
necrosis [Norleén et. al. 2004, Vermes et. al. 1995], there is no method to noninvasively test
cell death in tissues or organs. Further, there are no studies which microscopically record the
maturation and development of any cells and tissues, either in vitro or in vivo.

Background on SAM

Acoustic microscopy has been used for decades, mostly to non-invasively assess the
structures and properties of engineered materials [Quate 1976]. It is just in the last several
years that such technology has been applied to examine biological materials such as cells
and tissues also. SAM has been proven an effective tool to study both the morphology and
non-linear elastic characteristics of natural and engineered oral mucosal tissues [Cohn et.al.
19973, Cohn et.al. 1997b]. The advantages of using SAM over conventional optical and
electron microscopy include being able to image the cells and tissues without doing any
preparations which could potentially kill or alter the tissues; this provides a more accurate
representation of the tissues’ natural properties. It will also provide evidence as to the degree
of differentiation which the cells are undergoing without chemically affecting its properties
[Dill-Muller et. al. 2007, Kolios et. al. 2003, Saijo et. al. 2004]. The reflectivity off of the
tissue surfaces will provide the degree of surface roughness: as the EVPOME’s cells
undergo division, space-filling, and keratinization on the surface, there is an increase in the
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brightness seen in the SAM 2D B-Scans of the EVPOME. The transducer’s parameters are:
15 um scanning step size in both the transverse and horizontal directions; a lateral resolution
(Ryap) of 37um; an axial resolution (R,y) of 24um; a depth of field (DOF) of 223um; the f-
number is 1.5. Z-axis was sampled at 300 mega samples/second. Axial resolution is the
resolution in the direction of propagation and is determined by the length of the ultrasound
pulse propagating in the tissue; lateral resolution is the resolution orthogonal to the
propagation direction of the ultrasound wave. Table 1 provides further details of the SAM’s
operating mechanisms, including axial and lateral resolutions, DOF, and acoustic
impedance.

Previously, we used SAM to compare any changes in the RF data to the EVPOME and
natural human oral mucosal cells in general undergoing differentiation, apoptosis, and
keratinization [Winterroth et. al. 2009b, Zuber et. al. 1999]. The spectral analysis results
from SAM can be compared to histological images of the EVPOME tissues at different
stages of growth and development. By correlating changes in the RF data to the EVPOME
(and mucosal cells in general) undergoing differentiation, apoptosis, and keratinization, we
can better understand the physiological processes of these cells as they evolve and
proliferate along the prepared AlloDerm® surface.

For this study, we examined, compared, and quantified surface irregularities in the apical
morphologies of AlloDerm® and mature EVPOME using SAM and standard brightfield
microscopy. By first comparing the morphologies of the oral mucosal tissues — both natural
and engineered, we can establish a better understanding of the physical characteristics when
it comes to testing for similarities in the tissues’ physical properties. We can then quantify
the cellular constituents among each of the tissue types and correlate how each contributes
to the physical behavior of their respective tissues. Correlating the changes in integrated
backscatter to the differentiation of cells as they migrate and undergo apoptosis could lead to
better methods to examine the stages of cellular differentiation.

MATERIALS AND METHODS
Tissue Preparation —-EVPOME

The protocol for harvesting human oral mucosal tissue was approved by a University of
Michigan Internal Review Board. All individuals signed informed consent before the tissue
samples were procured. A keratinized oral mucosa sample was taken from an out-patient at
the University of Michigan Oral and Maxillofacial Surgery Clinic. The methods for
preparation have been described in greater detail previously [Izumi et. al. 2003, Izumi et. al.
2004]. Briefly, oral mucosa keratinocytes were enzymatically dissociated from the tissue
sample, and a primary cell culture was established and propagated in a chemically-defined,
serum- and xenogeneic products-free culture medium, with a calcium concentration of 0.06
mM. The AlloDerm® was soaked in 5 ug/cm? human type IV collagen overnight prior to
seeding cells to assist the adherence of cells, then approximately 1.5 x 10° cells/cm? of oral
keratinocytes were seeded onto the type IV collagen pre-soaked AlloDerm®. The
composites of the keratinocytes and the AlloDerm® were then cultured, in the submerged
condition, for 4 days with a calcium concentration of 1.2mM to form a continuous epithelial
monolayer. After 4 days, the equivalents were raised to an air-liquid interface to encourage
epithelial stratification and cultured for up to 10 days, resulting in a fully-differentiated,
well-stratified epithelial layer on the AlloDerm®. At Day 11 post-seeding, EVPOME
samples were collected for SAM imaging.
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SAM Apparatus and Imaging

Histology

Details of the scanning and ultrasound system are similar to those described elsewhere
[Cohn et. al. 1997a, Cohn et. al. 1997b, Hollman et. al. 2002]. AlloDerm®, EVPOME, and
natural mucosal tissue samples were immersed in deionized water and imaged with a single
element fixed focus transducer, producing ultrasonic B-scans. The transducer has an
approximate frequency of 61 MHz, the element is 3 mm in diameter and focused to a depth
of 4.1 mm, giving an f-number of approximately 1.4. The transducer was fastened to an
optical mount and the angular position was adjusted until the ultrasonic beam was normal to
the deflecting plate. We scanned the surfaces of the AlloDerm® and EVPOME (at different
days post-seeding) showing the acoustic signal between the interface of the sample and
water on the sample’s apical side. DC stepper motors accurately positioned the transducer
above the specimen. B-scan images were obtained by stepping the transducer element
laterally across the desired region. At each position, the transducer fired and an RF A-line
was recorded. After repeated firings at one position, the transducer moved to the next
position, where the image was constructed from A-lines acquired at all lateral positions.
Because of low f-number, single element transducers have a short depth of field, a
composite B-scan image was generated from multiple scans at different heights. The general
SAM set up with the mounted tissue is illustrated in Figure 3. Differences in the acoustic
patterns as they reflect off of the tissue and immersion tank boundaries (surface and base)
include the phase shift in the sound waves when reflecting off the tissue as opposed to the
base surface of the holder, the reflections off the surface and bottom of the tissue, and the
sound speed through water and tissue [11, 24, 33]. The spacing was determined by the step
sizes along each of the axes: 15 um scanning step size in both the transverse and horizontal
directions (Y-axis and X-axis, respectively); a lateral resolution (R of 37um; an axial
resolution (R,y) of 24um; a depth of field of 223um. Z-axis was sampled at 300 mega
samples/second. R,y is the resolution in the direction of propagation and is determined by
the length of the ultrasound pulse propagating in the tissue; R4 is the resolution orthogonal
to the propagation direction of the ultrasound wave. The tissue surface was determined by
thresholding the magnitude of the signal at the first axial incidence of a value safely above
noise; approximately 30 dB above the signal of the water (Figure 4); this was kept consistent
for all of the samples we scanned. Approximately 4-5 scans were performed for each of the
AlloDerm® and EVPOME engineered tissue devices.

AlloDerm® and EVPOME (at different stages of growth following seeding of cells) were
fixed with 10% formalin, embedded in paraffin, cut in 5 um sections, and stained with
hematoxylin and eosin. The specimens were then examined under a Nikon Ti-U inverted
brightfield microscope (Nikon Optical, Tokyo, Japan).

Statistical Analyses

Both one-way ANOVA and student t-tests were performed on the stages of growth,
differentiation, and eventual apoptosis of the cells.

In order to quantify the surface irregularities on both specimens imaged using both SAM
and histological preparations, we fit the planar surface for all specimens and determined the
number of variations in the tissues above and below the surface. A known area from each
micrograph examined (300-1000um x 100um) was divided into 12-40 even segments: 4
rows, 4-10 columns; the total area for each divided segment would be 2610um?. Each
segment was then examined for the number of irregularities between the foreground (tissue
and device) and background (empty slide). The number of times the foreground (device) and
background (empty slide) appears in each segment was then quantified for each row. The
numbers for all rows were then added up, giving the total counts for the entire area. An
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illustration of this segmentation method is seen in Figure 5. The surface irregularities were
quantified and a linear regression analysis was performed to correlate the surface profiles for
both the AlloDerm® and EVPOME categories imaged by both SAM and optical
microscopy. To have an adequate number of images for quantifying surface irregularities,
we categorized the total number of images examined into the following divisions along with
the number of images micrographs examined:

SAM 2D B-Scans EVPOME: 8  SAM 2D B-Scans AlloDerm®: 8
Histology EVPOME: 7 Histology AlloDerm®: 7

Surface Morphologies in 2D B-Scans and Histology Micrographs

In the SAM 2D B-scan for the AlloDerm® device, the transducer is positioned at the top of
the image, pointing downward. The top bright echo indicates the boundary between the
coupling medium (water) and the apical surface of the AlloDerm®. Below this, the tissue
device appears as uniform speckle; there is no second boundary between the tissue interface
and the lower tissues. True surfaces from the specular reflections are rendered at the
threshold value, not at the peak. The large bright spots indicate backscatter and are
approximately 30um in diameter. Based on this reflectivity (namely, the degree of the
ultrasonic signal that it reflected back to the transducer; the greater the reflected signal from
any given material will produce a brighter image in the B-Scan), there is a much brighter,
more uniform surface layer in the SAM EVPOME images; in contrast, the AlloDerm®
images do not display this bright surface layer (Figure 6).

The undulated surface of the AlloDerm® results in higher presence of grayscale within the
surface (Figure 6a) as compared to the EVPOME image (Figure 6b). Based on this
reflectivity, it is clear that there is a clear difference in the SAM images showing surface
properties between the AlloDerm® and the EVPOME. Histology micrographs of these same
tissues - AlloDerm® and EVPOME - validate this finding (Figure 7a and 7b).

Quantifying Surface Irregularities and Statistical Correlations

The correlations for the number of irregularities versus the unseeded AlloDerm® and
development of the mature EVPOME (at 11 days post-seeding) are similar for both 2D
SAM B-scan images and histology micrographs (Figure 8a and 8b, respectively). The
unseeded AlloDerm® averaged 7-9 surface changes per 400um; the number of changes
decreases to 2-3 per 400um for the EVPOME specimens.

The linear regression analyses comparing the AlloDerm® and EVPOME samples verifies
this decrease between approximately 2.69 to 3.87 fold between the undulation counts for
AlloDerm® and EVPOME when examining both SAM and histology (Figure 9a and 9b,
respectively). The standard error of the mean (namely, the standard deviation divided over
the mean number of surface irregularities) was incorporated into the linear regression;
correlating the number of irregularities in the 2D B-scan SAM to those found in the
histology images shows a mean correlation coefficient of 1.09. This establishes a near 1:1
correlation between the mean counts between both microscopy tools.

DISCUSSION

The 2D and 3D SAM scanned images of the mature EVPOME shows increased ultrasonic
reflection on the surface; this is indicative of the keratinocytes’ proliferation and space-
filling properties, plus the keratin uniformity. Such uniformity results from the supe rficial
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keratinized layer of stratified epithelium formed by seeded oral mucosa keratinocytes; the
histology micrograph of the EVPOME’s surface verify this uniformity (Figure 7b). The
EVPOME’s keratinized surface is set at the threshold of the acoustic signal; the images
taken of this surface show a near seamless image of blue along the surface of the tissue —
this is strongly evident of the space-filling characteristics of keratin and keratinocytes. The
keratinocytes” adaptability to grow, proliferate, and differentiate on the AlloDerm® scaffold
strongly supports EVPOME’s potential as an ideal graft material [Izumi et. al. 2003, Izumi
et. al. 2007].

Testing for ANOVA within the group of engineered tissues shows differences between the
scans within the experiment as a whole. The SAM images comparing the surfaces between
the AlloDerm® and EVPOME show an average 2.69 to 3.87 fold decrease in the number of
irregularities as the keratinocytes on the EVPOMES’ surfaces undergo maturation,
proliferation, and keratinization. As the oral keratinocytes adhere and mature on the
AlloDerm® surface, they proliferate and subsequently fill in the rough surface of the
specimen. Further maturation of these cells eventually leads to their apoptosis and
keratinization which occurs on the apex of the filled-in surface; this is evident by the bright
reflectivity seen in the SAM B-Scans and the smooth layer visible in the histology
micrographs (Figures 6 and 7, respectively). SAM demonstrates its ability to discern the
differences in the surfaces between the two specimens. This further verifies acoustic
microscopy as an effective imaging modality for cells and tissues and their subsequent
evolution and differentiation.

A strong linear correlation is noticed when quantifying and comparing surface irregularities
between the AlloDerm® and EVPOME micrographs from both SAM and histology (Figure
9). The high resolution in the 2D images produced and the accuracy in images between
acoustic and optical microscopy demonstrate SAM as an excellent complement to imaging
cells and tissues. SAM has the added advantage over histology imaging as there is no need
to prepare the specimens in any manner prior to imaging.

We are currently using SAM to analyze both natural oral mucosa and EVPOME’s potential
as a surgical graft material; this includes applying ultrasonics to examine these same tissues’
elastic properties. The buccal has been studied for its structure and efficacy in drug delivery
[Alur et. al. 2001, Hoogstraate et. al. 1998], but its potential as a surrogate for soft tissue
reconstruction is rather limited. Although the morphology of the EVPOME - in its early
stages of development at least — shows great promise in its space-filling abilities, testing its
functional similarities to natural tissues has yet to be performed. Further, both EVPOME and
natural oral mucosal tissues must tested be in situ to get the best results for their long-term
adaptability and durability as an aforementioned replacement tissue.

Ultrasonic B-scans (and their corresponding histology images) are not detecting seeded cells
filling in the irregularities of the specimen until cells have sufficiently stratified and
differentiated [Winterroth 2009a, Winterroth 2009b]. The more maturely differentiated
tissues, present at day 11 showing brighter echogenicity and less surface variance are
possibly due to cellular changes resulting from an increase in stratification — verified by the
histology at these days. These initial results show that ultrasonic characterization may have
the potential to monitor EVPOME development during its growth and differentiation.
Because SAM requires no preparatory work on the specimens, we are currently producing a
protocol to image a set of EVPOMES under aseptic conditions to effectively monitor the
kerotinocytes’ growth and differentiation (from day 1 post — seeding up until they are fully
mature) based on changes in their acoustic patterns and their 2D B-Scan images.
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Keratin Filaments

Keratohyalin Granules

Nuclei

Illustrative schematic of the oral mucosa showing the principal cells and structures which

constitute the oral lining above the basal lamina. The cell layers near

the basal side appear

more cuboidal; as they migrate toward the apex, they become more squamous and undergo

apoptosis and keratinization.
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(a) (b)

Figure 2.
Histology of natural oral mucosa tissue (a) and EVPOME device (b). In both cases, there is

a basal layer of actively dividing and differentiating cells (arrows), followed by a uniformly
keratinized surface (asterisk). Scale bars represent 100pm.
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Figure 3.
Illustrative set-up of the SAM, showing principal features for the scan. The devices

(AlloDerm® and EVPOME) are mounted on the tissue holder using either pins or adhesive.
The devices are then immersed in degassed, deionized water with the scanning transducer
placed directly over them. The focal length is then adjusted for each sample being scanned
the surfaces of the AlloDerm® and EVPOME at different days post-seeding showing
difference in the acoustic reflections off of the surface of the apical surfaces for each of the
devices. Note: the sizes of the devices, tank, transducer, and other objects are not to scale.
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Figure 4.
Plot diagram of the SAM, showing the detection of the device surface (red line) after setting
the threshold detection safely above the signal of the water.
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Figure 5.

Ilustrative set-up used to quantify the surface irregularities for both the AlloDerm® and
EVPOME images. A known area (80,000 um?) of each micrograph was divided into 16
even segments - 4 rows, 4 columns; each segment being 5000um? in area. The number of
times the foreground (device, shown in red) and background (empty slide, shown in white)
appear in each segment were then quantified for each row. The numbers for all rows were
then added up, giving the total counts for the entire area. Illustration is not to scale.
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Figure 6.

SAM 2D B-Scan images of a typical unseeded AlloDerm® (a) and mature EVPOME (b).
The high presence of grayscale on the AlloDerm® surface shows greater scatter off of the
surface compared to the EVPOME indicative of the surface irregularities (arrows). The large
bright spots indicate backscatter (circled). Note the bright band on the surface of the
EVPOME, a characteristic of the higher reflectivity off of the surface resulting from the
keratinized surface (asterisk). Scale Bars = 100pum.
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Figure 7.

Histology micrographs comparing a typical unseeded AlloDerm® (a) and mature EVPOME
(b). Note the higher number of surface irregularities on the former (arrows); by contrast, the
EVPOME has a smoother surface due to the presence of the cells and the keratin layer
(asterisk). Scale Bars = 100um.
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SAM 2D B-Scan comparisons (a) and histology micrograph comparisons (b) between the
average numbers of surface irregularities observed between mature EVPOME (11 days post-
seeding) and unseeded AlloDerm®.
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Figure 9.
Linear correlation showing the mature EVPOME (a) and AlloDerm® (b) surface irregularity

counts observed between the SAM 2D B-Scans versus the histology micrographs.
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Table 1

Compendium of the operating details for use in ultrasonic microscopy, including basic equations of the SAM
operating principles: axial and lateral resolutions, DOF, and acoustic impedance.

Equation Term

Application

Axial Resolution

c
Ry=——7—
1. % 2xBW
2. Rig=A x f-number Lateral Resolution

3. DOF=4(f-number)? 1 Depth of Field (DOF)

4.Z=pc Acoustic Impedance

5. R =|(Z22-21)/(Zz2+Z1)| Reflection Coefficient

Resolution depends on the dimensions of the pressure pulse, which is related to the
transducer bandwidth (BW) and system electronics, where c is the sound speed in the
tissue and BW is 32MHz.

Resolution at the focal point, where A is the wavelength(25um). Lateral resolution is the
resolution orthogonal to the propagation direction of the ultrasound wave.

Due to a small f-number(which provides a tight beamwidth), the DOF is also limited.

Impedance (Z) determines the amplitude of the reflected and transmitted waves at the
fluid- interface. Complex scattering properties of tissues are due to acoustic impedance
interfaces in microstructure of tissues. p is the material density.

Ratio of the impedance mismatch between the two materials — fluid and tissue specimen.
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