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Abstract

Previous studies have shown that high-frequency (HF) ultrasound is sensitive to cell properties such as stiffness and
adhesion factors which are a function of protein expression. The goal of this project is to see if HF ultrasound is
sensitive enough to detect and differentiate between the five molecular subtypes of breast cancer which are based on
protein expression. Since genetic changes precede histological changes in the development of breast cancer, the
ability to detect genetic changes (i.e., molecular subtypes) in breast tissue in real time and at the microscopic level
will allow surgeons to remove all of the malignant and premalignant tissue during lumpectomies. HF ultrasound
personalizes the treatment plan and will be used as a diagnostic technique for precise, image-guided breast cancer
surgery. Four breast cancer cell lines with different molecular subtypes and a non-malignant breast cell line will be
grown as monolayer cultures. At monolayer confluence, cell and nuclei morphologies of the cell cultures will be
determined by phase-contrast microscopy. After microscopy, the monolayers will be ultrasonically tested using a
HF ultrasonic test system with a single-element (50 MHz, 6.35-mm) ultrasonic immersion transducer. The resulting
ultrasonic waveforms will be analyzed using computational models that simulate the ultrasonic scattering from cells
and nuclei as a function of morphology, internal properties, and external properties. The protein expressions
associated with the different subtypes will be researched to determine what effects each subtype will have on cell
and tissue properties. This method will add a new dimension to pathology and permit more efficient surgical
treatment of breast cancer.
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1. Introduction

In addition to the traditional classifications based on histopathology, breast cancer can be classified by gene
expression into five molecular subtypes. These subtypes have been found to be much more predictive of patient
prognosis and response to treatment than the traditional classifications. The more aggressive subtypes include the
basal-like and Her2+ breast cancers, whereas the least aggressive, most treatable subtype is luminal A breast cancer.
Molecular subtypes often show mixed correlation to histopathology, but have a direct connection to the evolution of
breast cancer and premalignant lesions."* As summarized by Simpson et al.,? “The distinct molecular genetic
features found in different grades of invasive carcinomas are also mirrored in pre-invasive lesions of comparable
morphology.”

The removal of all tumor cells in breast conservation surgery is essential for preventing recurrence of breast
cancer. Patients with positive margins have a four times greater risk of local recurrence than those with negative
margins.> An accurate, non-invasive method is therefore needed to provide instant pathology results to the surgeon
in the operating room to enable the precise excision of the tumor and surrounding microscopic cancer while saving



as much unaffected tissue as possible. Genetic analyses of margins from oral carcinoma surgery reveal that
premalignant changes can be present in histologically normal tissue and can be predictive of oral carcinoma
recurrence.*® Similarly, it has been shown that local recurrence of breast cancer is strongly correlated to molecular
subtype.® A technology that could molecularly profile breast tissue rapidly and at high resolution (< 1 mm) in
margins would therefore be a decidedly useful tool for surgeons and oncologists who wish to reduce local recurrence
of the disease in patients, as well as reduce the number of repetitive surgeries required to obtain negative margins.

The objective of this study was to determine if high-frequency (HF) ultrasound (20-100 MHz) can differentiate the
molecular subtypes of breast cancer. Previous studies have shown that HF ultrasound can distinguish malignant
from normal human epithelial breast cells in cultures, as well as between normal tissue, benign pathologies, ductal
carcinomas, and lobular carcinomas in surgical margins.”® Recently, mutations associated with triple-negative and
Her2+ breast cancers have been discovered that are associated with the actin cytoskeleton, integrin signaling,
cancer-associated fibroblasts, and extracellular matrix (ECM).**® These mutations may alter the biomechanical and
thus ultrasonic properties of tumor cells. Specifically, biomechanical changes in the cell cytoplasm are hypothesized
to arise from triple-negative and Her2+ cancer mutations that code for proteins that regulate the actin
cytoskeleton.>™  Such proteins have been measured to have different expression levels between breast cancer
subtypes and include thymosin B4 and B10 (involved in cytoskeletal binding), keratin type | cytoskeletal 19
(involved in metastatic progression of breast cancer), coactosin-like 1 (regulates actin cytoskeleton), and filamin A,
alpha isoform 2 (anchors transmembrane proteins to actin cytoskeleton).” To test this hypothesis, ultrasonic
backscatter spectra from cell cultures were numerically calculated to determine the effect of changes in the
biomechanical properties of the cell cytoplasm. Ultrasonic measurements were additionally collected from
monolayer cell cultures to determine the feasibility of acquiring corresponding experimental spectra.

2. Methods

2.1. Numerical Studies

Multipole expansions consisting of vector spherical wave functions were used to simulate micro-level ultrasonic
scattering from malignant breast cells grown in monolayer cell cultures and with a range of cytoplasm properties.
The scattering geometry was configured to represent in situ HF ultrasonic pulse-echo measurements of cell cultures
grown in polystyrene culture wells (Fig. 1). Cells were modeled as a spherical nucleus surrounded by a spherical
cytoplasm shell and embedded in ECM. Figure 2(a) shows a simulated nonconfluent cell monolayer modeled with a
close-packed hexagonal packing. Multipole expansions and boundary condition solutions—continuity of stresses
and displacements—were used to calculate the ultrasonic waves backscattered from the cell monolayer. Shear and
longitudinal wave propagation were simulated as well as mode conversion at the plasma and nuclear membranes.
Figure 2(b) is a color plot of the amplitudes of the ultrasonic displacements for the cell monolayer shown in Fig.
2(a). Details of the numerical method are in References 7, 12, and 13. Bulk moduli for the cytoplasm were
estimated from ultrasonic wave speed measurements of breast tissue including fatty, glandular, and tumor tissue.
Shear moduli for the cytoplasm were estimated from ultrasonic measurements of brain tissue at 1-10 MHz."* Note
that the shear modulus for tissue increases exponentially with ultrasonic frequency, from 20 kPa at 100 Hz to 300
MPa at 1-10 MHz, where it plateaus to a constant value for higher frequencies.** Cell and nuclear diameters were
calculated from the mean cellular area (MCA) and mean nuclear area (MNA) of cells from invasive ductal
carcinoma without lymph node metastasis.™

Simulations were performed in the 20-100 MHz range to calculate HF ultrasonic backscatter spectra for the cell
monolayer. Frequency dependent attenuation and the response function for a 50-MHz broadband transducer (60-
MHz BWHM) were additionally incorporated into the spectra to simulate more realistic measurement conditions in
actual breast tissue. In actual experiments, the cell backscatter signals would be convoluted with the specular
reflection from the polystyrene well bottom. The application of a signal processing method such as wavelet analysis
would therefore be necessary for separating the ultrasonic backscatter from the monolayer and tissue well.”
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Figure 1. Diagram of simulation and experimental approach. A longitudinal plane wave is incident on a two-
dimensional monolayer of nucleated spherical cells. Scattering interactions between the extracellular matrix (ECM),
cytoplasm, and nucleus are calculated using multipole expansions and boundary condition solutions.

Figure 2. (a) Simulation of a nonconfluent monolayer culture of breast epithelial cells showing cell cytoplasm
(white) and nuclei (black). (b) Simulated ultrasonic field amplitudes for the simulated monolayer in (a).

2.2. Cell Culture Studies

Cell lines were selected from a list of 52 widely used breast cancer cell lines for which molecular subtype and other
genetic information were provided.'® Four malignant breast epithelial cell lines and one normal breast epithelial cell
line were selected (Table 1). To minimize morphological variations in the cultured cells and enhance molecular and
genetic differences, the malignant cell lines were selected from a similar source (primary tumor, ductal
carcinomas)."” The malignant cell lines were grown in a base medium of RPMI-1640 with a final concentration of
10 % fetal bovine serum and 1% penicillin/streptomycin. The normal cell line was grown in a medium consisting of
a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium with 0.04 mM Ca++; 20 ng/ml
epidermal growth factor; 100 ng/ml cholera toxin; 0.01 mg/ml insulin and 500 ng/ml hydrocortisone, 95%; and 5%
Chelex-treated horse serum. Cells were cultured at 37.0°C in an atmosphere of 95% air and 5% carbon dioxide.

Initial HF ultrasonic measurements were collected from an HCC70 monolayer culture. The HF ultrasonic system
consisted of an ultrasonic immersion transducer (Olympus NDT, V358-SU, 50 MHz, 0.635-cm dia. element), an
aluminum test fixture to support the tissue culture well and to position the transducer above the monolayer, a HF
square-wave pulser-receiver (UTEX, UT340), a digital oscilloscope (Agilent, DSOX3104A, 1 GHz, 4 analog
channels), and a laptop personal computer using LabVIEW for data acquisition. Measurements were acquired using
instrument settings and procedures as previously described.’
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Table 1. Characteristics of selected cell lines. DC = ductal carcinoma.

Cell Line Subtype Phenotype ER PR ERBB2/ Source
HER2
Triple Primary
HCC38 Basal B negative - - tumor, DC
Triple Primary
HCC70 Basal A negative - - - tumor, DC
) ERBB?2 Primary
HCC202 Luminal amplified - - + tumor, DC
HCC1500 Luminal Hormone + + + - primary
tumor, DC
MCF-12F Normal
or
MCF-10A
3. Results

3.1. Numerical Results

Frequency spectra calculated for cells having a cytoplasmic shear modulus in the range of 100-300 MPa (Fig. 3)
displayed significant changes in spectral shape, including changes in peak locations, amplitudes, and number. The
shear modulus range corresponds to an ultrasonic shear wavespeed range of 312-540 m/s. Simulations for a more
narrow range of shear moduli (210-250 MPa) showed significantly less change between spectra. The most
significant changes in the spectra occur in the 60-100 MHz region [Fig. 3(a)]. Although these changes are
significantly reduced when tissue attenuation and the transducer function are included [Fig. 3(b)], a change in the
peak frequency of the spectrum is still clearly observed, as well as a change in the shape of the spectrum.
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Figure 3. Ultrasonic backscatter spectra of simulated monolayer cell cultures of breast cells with shear moduli in the
cytoplasm ranging from 100-300 MPa. (a) Spectra for no tissue attenuation and a flat transducer response. (b)
Spectra for frequency dependent tissue attenuation and a broadband 50-MHz transducer.

Frequency spectra for cells having a cytoplasmic bulk modulus in the range of 2.10-2.50 GPa (Fig. 4) displayed
changes in peak amplitudes and positions as well. However, in contrast to changes in shear modulus [Fig. 3(a)], an
increase in bulk modulus decreased the peak amplitude in the 60-100 MHz region [Fig. 4(a)]. For the attenuation
and transducer corrected spectra, the trends are similar to those for changes in shear modulus [Fig. 3(b)], with
increasing peak amplitude and decreasing peak frequency with increasing bulk modulus [Fig. 4(b)]. However, the
shapes of the peaks for the shear and bulk modulus changes are different for shear moduli above 200 MPa and bulk
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moduli above 2.3 GPa. The simulated bulk modulus range spans from the softest breast tissue (fat tissue at 2.10
GPa) with a longitudinal wavespeed of 1430 m/s, to the stiffest breast tissue (tumor tissue at 2.50 GPa) with a
longitudinal wavespeed of 1560 m/s.
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Figure 4. Ultrasonic backscatter spectra of simulated monolayer cell cultures of breast cells with bulk moduli in the
cytoplasm ranging from 2.10-2.50 GPa. (a) Spectra for no tissue attenuation and a flat transducer response. (b)
Spectra for frequency dependent tissue attenuation and a broadband 50-MHz transducer.

Breast epithelial cell size increases for pathologies such as atypical ductal hyperplasia and invasive ductal
carcinoma.”™ Because previous work had shown that changes in cell size can also affect the structure of HF
ultrasonic spectra, ' simulations were performed for monolayers of breast cells having diameters ranging from 14-22
um. Since the nuclei in hyperplastic and malignant cells also typically increase in size, the simulations accounted
for this by increasing the nucleus size in proportion to the cell size. The results (Fig. 5) show that increasing the cell
and nucleus size decreases the frequency of the primary spectral peak. These results have been verified by previous
experimental data.” However, the spectral changes resulting from cell size variation are significantly different from
those resulting from changes in either the shear or bulk moduli. Consequently, size changes result in greater spectral
shape changes, particularly in frequencies greater than 50 MHz.
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Figure 5. Ultrasonic backscatter spectra of simulated monolayer cell cultures of breast cells with cell radius ranging
from 7.0-11.0 um. Nuclear radius is half the cell radius. (a) Spectra for no tissue attenuation and a flat transducer
response. (b) Spectra for frequency dependent tissue attenuation and a broadband 50-MHz transducer.
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3.2. Initial Test Results With Cell Cultures

Figure 6 displays representative results from ultrasonic testing of initial monolayer cultures of the HCC70 and
HCC202 cell lines. The cells were seeded at concentrations of 5 x 10° cells/ml (HCC70) and 2 x 10° cells/ml
(HCC202) in 6-well culture plates. Control wells with growth media only were also tested. The pulse-echo signals
from the control wells contained solely the reflection from the polystyrene well bottom. The pulse-echo signals
from wells seeded with the malignant cell lines were also dominated by the well bottom reflection, but also
contained weak reflections in front (earlier in time) of the well reflection. These weak reflections can be ascribed to
the malignant breast cancer cell monolayers due to their position in the signal immediately preceding the well
reflection and their presence only in the seeded well plates. The spectra of monolayer reflections from the same cell
line but from different wells were reproducible, showing the same peak position and width [Fig. 6(a) and (b)].
However, the spectra between cell lines were significantly different, with obvious differences in peak position and
shape [Fig. 6(c)].
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Figure 6. (a) Ultrasonic pulse-echo spectra from two different wells of HCC70 cell cultures. (b) Ultrasonic pulse-
echo spectra from two different wells of HCC202 cell cultures. (c) Comparison of HCC70 and HCC202 spectra,
exhibiting differences in peak position and peak width due to different intracellular biomechanical properties.

4. Discussion

The simulation results indicate that both cytoplasmic shear and bulk modulus have a significant effect on HF
ultrasonic backscatter spectra. The most significant differences between the shear and bulk moduli spectra occur at
frequencies above 60 MHz [Figs. 3(a) and 4(a)]. Tissue attenuation and transducer response, however, suppress
these differences but still produce spectra with subtle changes in peak shape [Figs. 3(b) and 4(b)]. Changes in cell
and nucleus size are also strong at frequencies above 60 MHz [Fig. 5(a)], but high-frequency suppression results in
greater spectral shape changes than are observed for changes in shear and bulk moduli.

In order to determine differences in cytoplasmic material properties in malignant breast cells, and therefore
differences in cytoplasmic proteins and cytoskeletal structure, numerical results such as those presented could be
expanded and used to simultaneously determine cytoplasmic bulk and shear modulus. It may be additionally
possible to determine cell and nucleus size. The presented numerical spectra indicate that each of the parameters
modeled—cytoplasmic shear modulus, cytoplasmic bulk modulus, cell size and nucleus size—has a unique effect on
the spectral structure. With sufficient model and experimental spectra, a method such as principal component
analysis could be used to analyze the spectra of breast cancer cells and determine their properties. In turn, these
properties should correlate to molecular subtype or specific mutations that affect cytoskeletal proteins.

Since the greatest changes in the simulated spectra occur in the 60-100 MHz region, methods that would enhance
the signal from these frequencies would optimize the ability to determine cytoplasmic moduli and cell/nucleus size.
Such methods include the use of higher frequency transducers or data analysis techniques that remove tissue
attenuation and transducer response effects from experimental spectra. Neglecting tissue attenuation, a broadband
ultrasonic transducer with a center frequency of 80 MHz would theoretically produce spectra similar to those in
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Figs. 3(a), 4(a), and 5(a). Additionally, once the response of the transducer and the attenuation of the tissue have
been characterized, it should be possible to subtract these effects from the experimental spectra and enhance the 60-
100 MHz band.

The initial experimental results as shown in Fig. 6 showed waveform signals that can be positively attributed to
different cell lines. Spectra from the waveforms, Fig. 6, displayed different peak characteristics including maximum
peak position and peak width. Additionally, the time-domain waveforms displayed different peak densities between
the two cell lines, including multiple peaks for the HCC70 cell line. Since HCC70 is from a triple-negative
molecular subtype and HCC202 is from a luminal molecular subtype, the initial results support the hypothesis of this
project that HF ultrasound is sensitive enough to detect and differentiate between molecular subtypes of breast
cancer.

5. Conclusions

Initial numerical simulations indicate that two principal biomechanical properties of breast cells, the shear and bulk
moduli of the cytoplasm, significantly affect HF ultrasonic backscatter spectra. Although cell and nucleus size also
significantly affect the backscatter spectra, the spectral changes due to size changes differ from those of changes in
the moduli. A feature classification approach such as principal component analysis may therefore be valuable for
separating cytoplasm properties from cell morphology. From a biomolecular perspective, mutations in the more
aggressive subtypes of breast cancer have been discovered that are associated with the proteins responsible for the
maintenance of the actin cytoskeleton. Since the cytoplasm properties are strongly influenced by the actin
cytoskeleton, the potential exists for establishing a mechanistic link between HF ultrasound and specific genetic
mutations in the molecular subtypes of breast cancer. Initial experiments have shown that waveform signals can be
obtained from monolayer cultures of malignant breast cells. Spectra from these initial waveforms are able to
differentiate between cell lines having different molecular subtypes, thereby supporting the hypothesis of this
research.
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