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Abstract

Objectives—Ultrasound backscatter microscopy (UBM), or ultrasound biomicroscopy, is a
noninvasive, label-free, and ionizing radiation—free technique allowing high-resolution 3-
dimensional structural imaging. The goal of this study was to evaluate UBM for resolving
anatomic features associated with squamous cell carcinoma of the oral cavity.

Methods—The study was conducted in a hamster buccal pouch model. A carcinogen was
topically applied to cheeks of 14 golden Syrian hamsters. Six additional hamsters served as
healthy controls. A high-frequency (41 MHz, 6-mm focal depth, lateral and axial resolutions of 65
and 37 um, respectively) UBM system was used for scanning the oral cavity after 14 weeks of
carcinogen application. Histologic analyses were conducted on scanned regions.

Results—The histologic structure of buccal tissue and microvasculature networks could be
visualized from the UBM images. Epithelial and mucosal hypertrophy and neoplastic changes
were identified in animals subjected to the carcinogen. In animals with invasive squamous cell
carcinoma, lesion development and destruction of the structural integrity of tissue layers were
noted.

Conclusions—In this pilot study, UBM generated sufficient contrast for morphologic features
associated with oral carcinoma compared to healthy tissue. This modality may present a practical
technique for detection of oral neoplasms that is potentially translatable to humans.

Keywords
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Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer
worldwide.12 Approximately 37,000 men and women had a new diagnosis of HNSCC in
2011 in the United States.3 The 5-year survival rate is only 50% to 60%. Most patients with
HNSCC typically present with advanced disease in the clinic despite the fact that oral or
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pharyngeal tumors are easily identifiable within the mouth and throat by direct visualization
or simple awake endoscopy.*° Given the advanced stage of oral carcinomas at detection,
current treatment approaches such as radiotherapy and surgical resection can result in
substantial morbidity and impairment of speech, swallowing, taste, and facial appearance.®
As such, there is an urgent clinical need for techniques that allow for early diagnosis,
optimal staging, and restaging and for monitoring responses following therapy for HNSCC.

Ultrasound (US) imaging is one such technique currently used for the diagnosis, assessment,
and surgical management of HNSCC.’10 The corresponding US probes, typically with 5—
15-MHz transducers, provide sufficient imaging penetration depth but are constrained by
limited spatial resolution, which may hamper their effectiveness in detecting neoplastic
features characteristic of HNSCC such as early invasive growth and disruptions of
subepithelial layers and the basement membrane in suspected lesions.

Other imaging modalities such as optical coherence tomography have been developed to
overcome the resolution limitations associated with clinical US imaging. Studies in animal
models and patients have yielded images of suspicious oral lesions with axial and lateral
resolutions of less than 10 um, allowing for the visualization of individual tissue layers of
the oral mucosa. The spatial resolution afforded by optical coherence tomography allows for
the detection of precancerous changes such as epithelial dysplasia in addition to the
disruption of healthy tissue layers associated with more advanced neoplastic stages.
However, optical coherence tomography is limited to a superficial interrogation of tissue
surfaces with a maximum penetration depth ranging from 1 to 3 mm, with commercial
systems providing a penetration depth of 1.5 mm and an imaging focal depth of 1.0
mm.11-14

High-frequency (>20-MHz) ultrasound backscatter microscopy (UBM) systems may show
promise for oral cancer detection by producing high-resolution images at a reasonable
penetration depth that may better delineate tissue structures. Specifically, with operating
frequencies of 40 to 60 MHz, a spatial resolution of less than 0.1 mm and up to 6 mm of
depth penetration with reasonable contrast to noise ratios can be obtained from these
systems.15-18 Commercial systems with these characteristics (eg, Vevo series; VisualSonics,
Toronto, Ontario, Canada) have also now become readily available.18 The sizes of the
imaging probes of these commercial systems, however, has made their use in oral
applications impractical.

Recently, our group built a compact and portable high-frequency (41-MHz) UBM system
that uses a single-element transducer.1® The size and shape of the probe (specifications in
“Materials and Methods”) render it suitable for interrogation of oral tissue in vivo in human
patients at up to 6 to 7 mm in depth with high axial resolution (<40 pum).29:21 |n this study,
we made use of this system to evaluate whether UBM is sensitive to morphologic changes,
such as epithelial and mucosal hypertrophy, lesion development, and destruction of the
structural integrity of oral tissue layers, occurring during oral carcinoma initiation and
progression. We used our UBM system on a hamster buccal pouch model that mimics
human pathologic characteristics.22-24 We provide correlative analyses between the disease
status as assessed by tissue histologic analysis and UBM-based imaging findings.

Materials and Methods

Ultrasound Backscatter Microscopy System and Image Reconstruction

The system consists of a customized, concentrically focused 41-MHz US transducer
(Ultrasonic Transducer Resource Center, University of Southern California; 6-mm focal
depth, 70% bandwidth, 3.75-mm aperture size) shown in Figure 1a fixed on a motorized x-
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y-z stage. The transducer was mounted vertically (z direction) above the region of interest
and scanned along the horizontal (x-y) plane. The pulse-echo response of our transducer,
shown in Figure 1b, provides a summary of its characteristics. The system has measured
lateral and axial resolutions of 65 and 37 um, respectively.?

Ultrasound backscatter microscopic images were formed by subtracting the direct current
offset from the US radiofrequency data. A bandpass filter with a frequency range of 24 to 75
MHz was used to reduce the high-frequency noise. The Hilbert transform was applied to the
filtered radiofrequency signals to detect the envelopes, followed by logarithmic
compression. The processed data for each line of sight were displayed as a grayscale B-
mode US image showing the reconstruction of a cross section of tissue. The decibel scale
was used for representation. Two-dimensional (2D) images were stacked to create a 3-
dimensional (3D) volume. A schematic of the UBM system is shown in Figure 1c.

Hamster Model for Oral Lesions

Imaging of oral carcinoma was performed in a hamster buccal pouch model with golden
Syrian hamsters (Charles River Laboratories, Wilmington, MA). Topical 9,10-dimethyl 1,2-
benzanthracene (DMBA) solution (Sigma Aldrich Corporation, St Louis, MO) applied on
the buccal pouch over the course of 14 weeks was used to induce lesions of various
developmental disease states for investigation.24:25 A total of 20 animals were used in the
study, with 14 receiving DMBA painting and the remaining 6 receiving no DMBA painting
to serve as true healthy controls. Of the animals studied, 3 representative case studies are
presented in this article. All experiments in this study were approved by the Institutional
Animal Care and Use Committee at the University of California Davis.

Animal Imaging Protocol

For imaging sessions, animals were anesthetized using a combination of 200-mg/kg
ketamine and 13-mg/kg xylazine (Lloyd Laboratories, Shenandoah, IA) via an
intraperitoneal injection. Once anesthetized, the animals were restrained using a customized
head brace fabricated by our group. The cheek pouch was turned outward, and a plastic dish
with an open window filled with phosphate-buffered saline for acoustic coupling was placed
over the region to be imaged (Figure 1a). The lesions of interest were selected on the basis
of visual identification by an otolaryngologist (S.P.T., A.D., or D.G.F.) as suggestive of a
neoplasm or healthy tissue. In vivo imaging was conducted with a total scan time for an
individual animal (an area of 6.2 x 4.9 mm) of 3 minutes. The limiting factor for image
acquisition was the scanning speed (10 mm/s), which was determined by the pulse repetition
rate of the transducer (500 Hz) and the lateral step size (20 um). On completion of the scan,
animals were euthanized with an overdose of ketamine delivered intraperitoneally, and the
lesions were surgically excised for histologic analysis.

Histologic Analysis and Interpretation

Tissue at and above the dermal layer was surgically excised. Ink markings were drawn on
the tissue to preserve the orientation for histologic analysis and for spatial correlation with
UBM images. For healthy controls, excised tissue was biopsied en bloc. Suspected oral
lesions were biopsied with accompanying epithelial and mucosal tissue layers. All excised
tissue was preserved in 10% formalin, embedded in paraffin, and sectioned for hematoxylin-
eosin staining. Histologic specimens were interpreted by light microscopy by an anatomic
pathologist (R.F.G.-E.), who was blinded to the results of the imaging experiments. Each
specimen was assigned 1 of 5 possible grades: normal, hyperplasia, dysplasia, carcinoma in
situ, and invasive carcinoma.
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Interpretation of UBM Images

Results

Three-dimensional reconstruction of entire imaging volumes were read by an experienced
radiologist (W.L.M.). Anatomic features associated with normal and disease states, such as
intactness/destruction of buccal tissue layers, thickening/hypertrophy of the squamous
epithelial, mucosal, and submucosal tissue layers, the presence of a lesion, disorganization
of glandular tissue, necrosis, and tumor stalks, were identified.

In all 6 control animals, healthy tissue structures and microstructures such as vasculature
were observed on UBM and confirmed by histologic analysis. Two of these animals served
as case examples (cases 1 and 2). Of the 14 hamsters painted with DMBA, 1 failed to
develop any oral lesions, and 1 had an adverse reaction to anesthesia before imaging. Of the
12 remaining animals, 3 developed invasive carcinoma based on the histologic analysis. In
all of these animals, UBM confirmed the presence of an invasive lesion based on the
visualization of disruption and disorganization of normal epithelial, mucosal, and underlying
connective tissue layers. Case 3 is a representative example of invasive carcinoma. The
remaining 9 animals developed lesions characterized as noncancerous hyperplasia and
noncancerous papillomas based on histopathologic analysis. The UBM images confirmed
these findings, as all animals retained intact tissue layers and lacked the disruption in the
tissue architecture characteristic of oral tumors (not shown). None of the painted animals
developed precancerous dysplasia.

Case 1: Characterization of Healthy Epithelial Tissue Layers

The UBM system provided detailed high-resolution images of the underlying tissue structure
of the scanned regions in the healthy hamsters. A representative image of a healthy hamster
cheek is shown in Figure 2a, which demonstrates the contrast in the tissue provided by
UBM. As verified by histologic analysis of the same tissue (Figure 2b), UBM allowed for
the differentiation of the mucosa, connective, and muscle tissue layers as independently
verified by the radiologist. Fat-containing regions produced a hypoechoic signal typical of
UBM, as highlighted by green arrows in Figure 2, a and b. Backscatter from the dense
connective tissue and dermis layers was higher,28 producing the layers with a hyperechoic
signal, as indicated by red arrows in Figure 2, a and b. A hypoechoic region inside the
highlighted blue box in Figure 2a was also identified as a possible blood vessel by the
radiologist (W.L.M.). The hypoechogenicity of blood vessels was attributed to the plastic
(acoustic) window of the animal holder in our setup, which most likely reduced blood flow
to the imaged area and caused local hemostasis. This UBM finding was spatially
corroborated with a blood vessel traveling transversely along the plane of the histologic
section, as shown in Figure 2b.

Case 2: Characterization of Tissue Microstructure

The contrast and resolution afforded by our UBM system is further emphasized by its ability
to demonstrate intricate tissue structures such as microvasculature. This type of
characterization was possible because our animal holder possibly induced local hemostasis,
which resulted in a loss of signal from blood vessels. Superficial blood vessels from a
normal buccal cheek shown in Figure 3a were physically measured before imaging and had
diameters ranging from 0.25 to 0.4 mm, which matched the geometry of vessels found on
UBM cross sections later identified by the radiologist (W.L.M.). To depict the course of the
vessels, a set of cross-sectional images were segmented (using intensity-based thresholding)
and processed to produce the 3D rendering shown in Figure 3b. In all cross sections, the
blood vessel lumen appeared hypoechoic, as indicated by red arrows in Figure 3, c—e. We
applied an isotropic trilinear filter on the UBM images to improve visualization. No other
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averaging or filtering was used. Figure 3c depicts a lateral cross section of the blood vessel
lumen, as highlighted in Figure 3b.

Figure 3, d and e, depicts axial cross sections of the same tissue at depths of 0.44 mm
(Figure 3, d and c, blue dotted line) and 0.98 mm (Figure 3, e and c, green dotted line) from
the tissue surface, respectively. The latter axial cross section located at a depth of 0.98 mm
was close to the focal plane of the transducer (the working distance was 4.7 mm in this case)
and produced the best image quality. From the UBM images, microvasculature branching
from the vessels indicated by red arrows was measured to range from 50 to 70 ym in
diameter (Figure 3e). This measurement was anticipated to be smaller than the physical
vessel diameters due to speckle.

Case 3: Characterization of an Oral Lesion

Ultrasound backscatter microscopy provided a method for visualizing entire tissue volumes.
Figure 4ais an in vivo image of a potential oral carcinoma seen from an everted hamster
buccal pouch. The green dotted box marks the region interrogated by UBM, whereas the
blue dotted line bisecting the lesion indicates the location where the histologic specimen was
taken. Figure 4, b and ¢, shows 3D representations of the lesion constructed from the UBM
images. The angle for displaying the 3D volume in Figure 4b was manipulated to better
visualize diagnostic features of the lesion. A hypoechoic region spanning from the lesion
into the underlying connective tissue layer, as indicated by a red arrow, was identified as an
invasive tumor stalk by the radiologist (W.L.M.). Figure 4c depicts the same tissue volume
shown in Figure 4b with two lateral cross sections highlighted in gold and gray. The two
cross sections are spaced 300 um apart, with the gold section highlighting the 2D UBM
image shown in Figure 4d and the gray section highlighting the 2D UBM image shown in
Figure 4e. The two UBM cross sections reveal two different pathologic states. In Figure 4d,
the delineation among tissue layers is indistinguishable, as emphasized in the region
enclosed by the yellow dotted box. Such disruption of the tissue architecture is characteristic
of invasive carcinomas.1427 On the other hand, Figure 4e depicts a lateral cross section of
the same lesion spaced 300 um away from the image in Figure 4d toward the lesion
periphery. The yellow dotted box in Figure 4e emphasizes the difference in the tissue layer
appearance from the disorganized structure in Figure 4d. The image in Figure 4e shows
clear, definable tissue layer boundaries similar to the normal tissue structures shown in
Figure 2a. The only indication of possible disease in Figure 4e is the thickening of the
superficial epithelial layer, marked by the red asterisk. This feature can be indicative of
benign or precancerous growth. A spatially correlated histologic specimen taken from the
midline of the lesion in Figure 4f shows squamous cell carcinoma as interpreted by the
pathologist (R.F.G.-E.), confirming the radiologic finding of invasive carcinoma in Figure
4d.

Discussion

The results of this study show that UBM has the ability to discern tissue layers based on
image contrast in vivo in a nondestructive manner (Figure 2a). This contrast is the result of
acoustic backscatter, which is directly proportional to the change in density found in the
boundaries between tissue layers. As a result, less dense fat tissue layers appear hypoechoic
(black), whereas denser tissue layers such as muscle and connective tissue appear
hyperechoic (white) on images.2® The spatial resolution of UBM allowed for improved
discrimination of the tissue layers over currently used 5-15-MHz US probes. This
correlation between the UBM signal intensity and tissue provides the ability to match the
regions observed on UBM images with tissue layers seen in histologic specimens of normal
tissue. The contrast provided by UBM also facilitated the visualization of tissue vasculature
as validated by correlation with histologic specimens (Figure 2, a and b). These blood
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vessels appear hypoechoic on images, a phenomenon attributed to the plastic (acoustic)
window of the animal holder in our setup, which most likely reduced blood flow to the
imaged area and caused hemostasis. For high-frequency transducers of the nature we used
here, echoes from blood may possess strengths similar to those from the surrounding tissue.
In these cases, UBM may be used in conjunction with exogenous contrast agents and
Doppler functionality to provide improved contrast for microvasculature and hence
angiogenesis and perfusion.28-34

In the cases presented here, the maximum observed tumor thickness was only approximately
3 mm, which can be attributed to the fact that the hamster buccal cheek oral mucosa is
typically 2 mm.2” Nonetheless, UBM still leverages a penetration depth of 6 to 7 mm while
maintaining a spatial resolution of tens of micrometers. This additional penetration depth
may prove valuable in human HNSCC, in which tumors can range in depth from 1 to up to
28 mm. In fact, tumor depths greater than 4 mm have been correlated with greater cancer
category upstaging.3> With deeper tumors associated with higher mortality and morbidity in
HNSCC, the penetration depth of UBM may provide additional tools for high-resolution
imaging of tumor progression and pathologic characteristics.

The high-resolution UBM images in this study provided a wealth of information through a
3D view of interrogated tissue. For instance, the combination of penetration depth,
resolution, and contrast allowed us to trace the path of vasculature in tissue (Figure 3b).
These 3D representations allow us to reorient the interrogated tissue, which lends to the
improved visualization of tissue structures such as microvasculature (Figure 3e). In oral
carcinoma, microvascular density has been shown to correlate with disease aggressiveness
and metastatic potential.38

The attributes of resolution, contrast, penetration depth, and 3D image reconstruction of
UBM can be used for investigation of possible malignancies. Three-dimensional views of
entire lesion volumes (Figure 4b) can be manipulated and “dissected” in software to
visualize possible invasion of the tumor stalks. This ability may provide a useful guide for
surgery.3” At the same time, individual lateral and axial cross sections from the same 3D
volume can provide images of the lesion comparable to histologic sections, as evident by the
correlation of tissue features in the UBM image presented in Figure 4d and matching
histologic specimen in Figure 4f. Visualizing multiple different cross sections of a lesion
provides a means of addressing sampling errors inherent in histopathologic analysis of tissue
biopsies. For example, despite being separated by only 300 um, the two UBM cross sections
illustrated in Figure 4, d and e, reveal two very different pathologic states: the former as
invasive squamous cell carcinoma and the latter as either benign or precancerous growth.
Histologic sections of the tumor periphery 300 um away from the lesion center may not
have yielded the diagnosis of squamous cell carcinoma. In turn, UBM may have potential
applications in both providing intrasurgical staging of lesions and guiding biopsy locations
for histopathologic analysis.

In terms of UBM as a structural imaging modality, the only indication of precancerous
growth we observed was epithelial layer thickening. Unfortunately, epithelial thickening is a
nonspecific indicator, which can also be attributed to benign tissue growth.1427 Further
studies with a larger sample size will need to be conducted to determine the sensitivity and
specificity of our UBM system for characterization of precancerous oral lesions. Another
potential area of investigation is multimodal coregistered imaging using functional imaging
modalities such as fluorescence lifetime imaging and photoacoustic imaging with UBM?20:38
to differentiate precancerous and benign pathologic states. This type of imaging is an active
area of research that our group is pursuing.19:39.40
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Nonetheless, this study shows that UBM is a promising modality with potential diagnostic
and clinical applications in HNSCC management. With intraoperative US (5-15 MHz)
already used by radiologists and surgeons to help identify tumor margins and guide surgical
resection of HNSCC,’~10 the increased resolution afforded by UBM can augment the
existing technical skills and technology used by clinicians for characterization and treatment
of oral carcinoma.

In conclusion, to the best of our knowledge, in this study we performed the first evaluation
of UBM for interrogation of HNSCC of the oral cavity using a hamster buccal pouch model.
This modality visualized normal healthy anatomy in the oral cavity and was able to virtually
dissect a given tissue volume to visualize oral carcinoma-associated pathologic
characteristics such as destruction of the structural integrity of oral tissue layers and lesions.
We conclude that UBM potentially can offer a rapid, label-free, and ionizing radiation—free
noninvasive technique for interrogation of oral neoplasms that is translatable to humans.
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Figure 1.

a, Focused concentric UBM transducer used in the experiment with the clamp used to hold
the outwardly turned hamster buccal pouch. A plastic dish with an open window to access
tissue was filled with saline for acoustic coupling. b, Time domain pulse-echo response and
normalized frequency spectrum for the transducer used in the imaging studies. The center
frequency of the transducer measured 41 MHz. ¢, Schematic representation of the UBM
system. A desktop computer (PC) was used to control both the motorized stage and
acquisition of UBM images. A/D indicates analog-to-digital converter.
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Figure 2.

a, Ultrasound backscatter microscopic image showing a cross section of healthy hamster
buccal tissue. The contrast in the UBM image was sufficient for the radiologist to identify
the following tissue layers or features: 1, mucosa; 2, skeletal muscle; 3, dense connective
tissue; 4, connective tissue with fat (hypoechoic on UBM); 5, skeletal muscle; 6, fat between
the muscle and the dermis (hypoechoic on UBM); 7, dermis; and 8, blood vessel. The color
bar indicates values on the decibel scale. b, Corresponding hematoxylin-eosin—stained
specimen of healthy hamster oral mucosa. The blue dotted box indicates the blood vessel.
The smaller size of the histologic sample can be attributed to shrinkage that occurs during
the extraction and fixation process.
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Figure 3.

a, Superficial vasculature in the hamster oral mucosa. b, Three-dimensional rendering of the
superficial vasculature generated from the UBM image. The course of blood vessels is
traced in red. c, B-mode grayscale UBM image section from 3D data showing the two blood
vessels (red arrows). The blue and green dotted lines indicate the locations of the axial cross
sections shown in d and e, respectively. The two axial cross-sections through the data show
two deeper blood vessels, as indicated by red arrows. The intensity and scale bars provided
apply to c—e. The distance of the tissue surface from the transducer was 4.7 mm. d,
Superficial blood vessels (depth in tissue, 0.44 mm). e, Deeper blood vessels (depth in
tissue, 0.98 mm). Diameters of the microvasculature indicated in red measured 50 to 70 ym
from the UBM image. Contrast for microvasculature was a possible byproduct of our animal
holder, which may have induced local hemostasis that resulted in a loss of signal from blood
vessels.
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Figure4.

a, Suspected oral lesion. The green dotted box indicates the region of interest for imaging,
and the blue dotted line indicates the location of the histologic specimen shown in f. b,
Three-dimensional reconstruction of the suspected oral lesion, with the red arrow
highlighting a hypoechoic region representative of the tumor stalk. ¢, Three-dimensional
representation of the lesion indicating the relative positions of the cross sections shown in d
(yellow) and e (white) relative to each other in the tumor volume. d, Single UBM cross
section of the tumor closer to the tumor center showing invasion of the lesion through tissue
layers. Note the disruption of tissue layer organization (yellow dotted box). e, Another UBM
cross section from the periphery of the same oral lesion. Preservation of the underlying
tissue layer organization (yellow dotted box) and thickening of the epithelial layers (red
asterisk) suggest an early stage or a benign lesion. f, Hematoxylin-eosin stained biopsy
specimen (original magnification x20) of the oral lesion with squamous cell carcinoma,
taken at the center of the tumor, as indicated by the blue dotted line in a.
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