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Abstract: Normal and malignant mammary epithelial cells were studied
using laboratory measurements, wavelet analysis, and numerical simulations
of monolayer cell cultures to determine whether microscopic breast cancer
can be detected in vitro with high-frequency ultrasound. Pulse-echo wave-
forms were acquired by immersing a broadband, unfocused 50-MHz trans-
ducer in the growth media of cell culture well plates and collecting the first
reflection from the well bottoms. The simulations included a multilayer
pulse-reflection model and a model of two-dimensional arrays of spherical
cells and nuclei. The results show that normal and malignant cells produce
time-domain signals and spectral features that are significantly different.
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1. Introduction

Failure to obtain negative (cancer-free) margins during breast conservation surgery results in
additional surgery for 30%–50% of patients since positive margins strongly correlate with local
relapse of the disease. Several approaches are therefore being investigated for the intra-
operative detection of microscopic cancer in surgical margins. Since the majority of breast
cancers result from malignant changes to epithelial cells, the ability to acoustically differentiate
between normal and malignant breast epithelial cells is vital to the development of an intra-
operative ultrasonic method for detecting microscopic breast cancer.

Numerical models of ultrasonic scattering in simulated three-dimensional (3D) breast
tissues have indicated that high-frequency (hf) ultrasound from 15–75 MHz may be sensitive to
malignant changes in breast cells and tissue microstructures.1,2 The models used a multipole-
based approach to simulate up to 2137 spherical, nucleated cells. Both nuclear pleomorphism
of malignant cells in random cell simulations and the in-situ growth of lobular carcinoma in
lobular tissue simulations produced statistically significant changes in the ultrasonic backscat-
ter spectra that were distinct from those of benign processes such as hyperplasia.1 Models of
other tumor growth patterns, such as the diffuse infiltration of malignant cells into tissue,
showed that the spectral changes were specific to the type of growth pattern and histological
changes.2
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Experimental measurements have also shown that hf ultrasound is sensitive to cell and
tissue histology associated with cancer. Ultrasonic spectra in the 10–25 MHz range have been
used to differentiate between carcinomas and sarcomas in 1-cm diameter mouse mammary
tumors via measurements from live animals, euthanized animals, and centrifuged cell cultures.3

Both packed (centrifuged) cells and dilute cell suspensions have additionally been studied with
hf ultrasound to explore the basic scattering properties of normal and cancerous cells and to
detect apoptosis in malignant cells in vitro.4–7 The sensitivity of 40-MHz ultrasonic backscatter
to apoptosis in malignant cells has also been demonstrated in rat tissues ex vivo and in vivo.8

This work was recently extended to study apoptosis in mouse tumors following photodynamic
and radiation therapies.9,10 Scanning acoustic microscopy in the 15–50 MHz region has been
used as well to determine tumor size and margin status in 2–5 mm thick slices of ductal carci-
noma tissue.11

The purpose of this study was to determine the fundamental differences in ultrasonic
scattering between normal and malignant breast epithelial cells using in vitro cell culture meth-
ods. Normal and malignant breast epithelial cells were grown as cell monolayers, experimen-
tally tested with hf ultrasound, and numerically simulated with both a multilayer pulse-
reflection model and a cell-based scattering model. The measurements did not require
sophisticated methods to enhance signal detection, and produced ultrasonic waveforms with
reflections from the cell monolayers that showed significant correlations with cell layer growth.
The results additionally displayed major differences between the normal and malignant cultures
that exhibited both time- and frequency-domain characteristics consistent with the numerical
models.

2. Methods

Cell lines used for the monolayer cultures were MCF-10A and MDA-MB-468 for the normal
and malignant breast epithelial cells, respectively, and were purchased from American Type
Culture Collection (Rockville, MD). The MCF-10A cell line was derived from human fibrocys-
tic mammary tissue and exhibits characteristics of normal breast epithelium.12 The MDA-MB-
468 cell line originated from a metastatic adenocarcinoma of epithelial cell type isolated from a
pleural effusion.13 Both cells lines are ER and PR negative.

Cells were seeded in six-well cell culture plates (cell growth area=9.6 cm2/well) at a
density of 3.32�104 cells/cm2. Normal cells were cultured in DMEM:F-12 medium supple-
mented with horse serum (5% v/v), epidermal growth factor (20 ng/ml), cholera toxin (100 ng/ml),
hydrocortisone �0.5 µg/ml�, bovine insulin �10 µg/ml�, and penicillin-streptomycin (1% v/v).
Malignant cells were cultured in RPMI-1640 medium supplemented with fetal bovine serum (10%
v/v) and penicillin-streptomycin (1% v/v). Cultures were grown in a humidified incubator main-
tained at 37 °C and 5% atmospheric CO2 concentration.

Three wells for the normal cell line and three wells for the malignant cell line were
seeded each day at the same time over a 9-day period, providing a total of 54 wells. Six unseeded
wells with only growth media were used as controls (Day 0). All wells were tested with ultra-
sound on Day 9. Following ultrasonic testing, the cells were detached from the wells using 0.5%
trypsin-EDTA and counted using a hemacytometer to evaluate the cell growth. Cell and nucleus
diameters were obtained by measuring the circularity and perimeters of cells and nuclei grow-
ing in culture without fixation.

Ultrasonic pulse-echo data were acquired using a UTEX UT340 high-frequency
square-wave pulser receiver, an Olympus NDT V358-SU immersion transducer (50-MHz,
6.35-mm diameter), and a 500 MHz, 1 Gs/s digital storage oscilloscope. Waveforms were ob-
tained by immersing the transducer in the growth media of cell culture well plates and collect-
ing the first reflection from the well bottoms. Pulse voltage, width, and repetition rate were 100
V, 10 ns, and 5 kHz, respectively. Signals were collected with a receiver gain of 20 dB and
averaged in the data acquisition. Data were downloaded and stored on a notebook PC using
LabVIEW.

Two numerical approaches were used to model the ultrasonic signals from the cell

monolayers. The first method used a multilayer pulse-reflection model that simulated the cell
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monolayer as a flat, homogeneous layer lying between the growth media and polystyrene well
bottom. The ultrasonic pulse was modeled in the frequency domain using the frequency-
dependent reflection coefficients and transducer response function. The waveform function was
then obtained from an inverse Fourier transform. The second method used a multipole approach
to model the cell monolayers as two-dimensional (2D) arrays of spherical cells containing
spherical nuclei.2 Multipole expansions and boundary conditions were used to solve for the
acoustic scattering from each cell. The backscattered wave fields were then averaged over a
simulated transducer face to predict the resulting ultrasonic signals.

3. Results

Figures 1(a) and 1(b) display phase-contrast micrographs of normal MCF-10A and malignant
MDA-MB-468 breast epithelial cells, respectively, grown to confluence. Comparison of the
micrographs indicates that the malignant cells exhibit larger cell and nucleus sizes as compared
to the normal cells. Quantitative measurements of the cell and nucleus sizes revealed that the
malignant cells displayed approximately 50% larger cell diameters and 30% larger nucleus di-
ameters than the normal cells. The cell and nucleus diameters for the normal cells were
21.6±6.9 and 11.4±2.0 µm, respectively. In contrast, the cell and nucleus diameters for the malig-
nant cells were 32.6±10.3 and 15.0±2.2 µm, respectively.

Figure 2(a) shows the cell growth curves for the normal and malignant cells. Both cell
lines grew slowly during the lag phase of the growth curve and followed the same trend until

Fig. 1. Phase-contrast micrographs of �a� normal MCF-10A and �b� malignant MDA-MB-468 breast epithelial cells
grown to confluence, showing the larger cell and nucleus sizes of the malignant versus normal cells.

Fig. 2. �a� Cell growth curves for normal and malignant breast epithelial cells in monolayer cultures grown in vitro.
�b� Comparison of ultrasonic waveforms from Day 0 �dashed� and Day 9 �solid� of a monolayer culture of normal
cells. Cell layer reflection occurs at approximately 7200 ns on Day 9 waveform �arrow�. Waveforms are offset in

time for clarity.
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Day 4. After Day 4 the growth curves entered the more rapidly growing log phase. The normal
cells, however, displayed a significantly higher growth rate than the malignant cells. The normal
cell cultures reached confluence by Day 6, whereas the malignant cell cultures achieved conflu-
ence by Day 9.

Figure 2(b) displays ultrasonic waveforms from a culture well at Day 0 and Day 9 of
normal cell monolayer growth. The waveform for Day 0 represents the ultrasonic reflection
between the growth media and the polystyrene surface of the well with no monolayer present.
The waveform for Day 9, however, displays a distinct wave structure in front of the well reflec-
tion, with an initial valley and then a peak. This additional reflection feature can be attributed to
the normal epithelial cell monolayer. The malignant cell monolayers also produced ultrasonic
reflection features at the beginning of the well reflection. However, the malignant cell mono-
layer reflections produced only an initial peak directly before the first valley of the well reflec-
tion, and were additionally an order of magnitude smaller than the normal cell monolayer re-
flections.

Figures 3(a) and 3(b) show the growth of the initial waveform valley for the normal
cell monolayers and initial peak for the malignant cell monolayers, respectively. Both the nor-
mal cell valley and malignant cell peak significantly increased in amplitude after Day 5, indi-
cating good correlations to the cell growth curves of Fig. 1(a). The coefficients of linear corre-
lation between the ultrasonic amplitudes, averaged over the three wells, and their respective cell
growth curves were r=−0.90 and r=0.76 for the normal and malignant cell monolayers, respec-
tively. The amplitude curves for the normal cells show a smooth trend for each well, but diverge
significantly from well to well with culture time [Fig. 3(a)]. In contrast, the trends for the malignant
cells are not smooth and show greater day-to-day variations for each well [Fig. 3(b)]. However, the
malignant cell trends do not diverge as strongly with culture time.

Note that the amplitudes between the normal and malignant cells are deceiving when
compared as a function of culture time. As a function of cell count �cells/cm2�, the amplitudes
are approximately equal up to the point of confluence. Based on the standard deviations for the
amplitudes as a function of cell count, it is estimated that a minimum percentage of malignant cells
that would be detectable in a mixture of normal and malignant cells would be 50%. This minimum
detection level is based on time-domain signals only, and does not take into account spectral differ-
ences that may also be used to differentiate malignant from normal cells.

Analysis of the waveforms with the pulse-reflection model indicated that the confluent
cell layers did not behave as a uniformly reflecting layer but rather as a collection of individual
scatterers. The reflections from the normal cell monolayers were of a significantly higher fre-
quency than the well surface reflection, and could not be modeled as arising from a layer with

Fig. 3. �a� Amplitudes of the first wave reflections from the normal cell monolayers, showing the increase in
amplitude of the waveform valley with time. �b� Amplitudes of the first wave reflections from the malignant cell
monolayers, showing the increase in amplitude of the waveform peak with time.
typical homogeneous properties. A wavelet analysis of the waveforms indicated that the pri-
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mary frequency component of the well reflection was 23 MHz, but that the principal frequen-
cies for the normal and malignant cell layer reflections were 40 MHz [Fig. 4(a)] and 20 MHz
[Fig. 4(b)], respectively. The higher frequency of the normal cell layer reflections, and the dif-
ference in frequencies between normal and malignant cell layers, indicated that the scattering
had a frequency dependence that was a strong function of cell structure and/or properties. The
wavelet analysis also showed that the malignant cell layer reflections contained a very weak
valley preceding the initial peak that was not detectable in the time-domain waveforms [Fig.
4(b)].

Multipole simulations were performed to verify that changes in cell structure such as
size could produce the observed frequency pattern. Both normal and malignant cells were given
the same acoustic properties.2 Matrix properties were those of the growth media (water at
37 °C).The modeled diameters of the normal and malignant cells were 22 and 30 µm, respectively.
The diameters of the normal and malignant cell nuclei were 11 and 15 µm, respectively.

The simulation results, Fig. 5(a), were qualitatively consistent with the wavelet results.
The primary spectral peak for the normal cell monolayers was shifted 14 MHz higher in fre-
quency as compared to the malignant cell monolayers due to the smaller size of the normal
cells. The simulated spectra, however, produced peak frequencies that were 1.3–1.9 times

Fig. 4. Wavelet analysis of �a� Day 9 of normal culture well, and �b� Day 9 of malignant culture well. The wavelet
analysis highlights the differences in frequency content between the reflections of the normal cell monolayer and the
malignant cell monolayer.

Fig. 5. �a� Computed ultrasonic backscatter spectra of normal and malignant cell monolayers in aqueous growth
media. The peaks for malignant cells display a shift to lower frequencies due to their greater cell and nucleus size.
�b� Computed ultrasonic backscatter spectra of normal and malignant cell monolayers in a polystyrene matrix to

estimate the effects of the well surface on cell scattering.
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higher than those observed in the wavelet results. These differences may be attributable to in-
accurate estimates for the cell stiffness properties, the flattening of spherical cells in monolayer
cultures, or multiple-scattering interactions with the well surface. Since roughly half of the
cell’s surface is attached to the well, the effects of the well surface were estimated by replacing
the properties of the matrix (growth media) with those of polystyrene. The resulting spectra,
Fig. 5(b), showed a downward shift in the primary spectral peaks from 53 to 40 MHz for the
normal cells and from 39 to 31 MHz for the malignant cells. Additional simulations revealed
that the spectra were also sensitive to the shear properties of the cytoplasm.

The experimental results demonstrate that hf ultrasonic measurements can be used to
detect cell monolayers and monitor their growth in vitro. Furthermore, the results show that hf
ultrasound combined with wavelet analysis and numerical simulation can discriminate between
normal and malignant breast epithelial cells. The multipole simulations predicted spectral shifts
between normal and malignant cell scattering that qualitatively agreed with the wavelet analy-
sis. A first-order approximation to account for the effects of the well surface also provided good
quantitative agreement for the peak frequency of the normal cell monolayer.

These results are an initial step in developing a rapid, non-imaging method that differ-
entiates between normal and malignant breast epithelial cells in tissues. Such a method would
be valuable to breast cancer surgeons for determining margin status intra-operatively. The cur-
rent research is limited, however, by the 2D nature of monolayer cultures versus the 3D struc-
tures of centrifuged cell packings, ex vivo tissue specimens, and in vivo tissues. Further research
on 3D cell and tissue systems is therefore required to better understand the effects of cell pack-
ing, tissue structure, and multiple scattering on ultrasonic propagation and backscatter.1,2

Improvements to the simulations, such as incorporating interactions between the
spherical cells and the planar well surface, or the effects of cell flattening on the well surface,
may provide more accurate predictions for the ultrasonic responses of the monolayers.14 Work
is currently in progress to model flattening effects in nucleated cells by using oblate spheroidal
wave functions incorporated into the multipole approach.

4. Conclusions

As a first step to developing an ultrasonic method for detecting microscopic breast cancer in
vivo, normal and malignant breast epithelial cells were grown in monolayer cultures in vitro,
experimentally tested with hf ultrasound, and numerically simulated with both a multilayer
pulse-reflection model and a multipole-based cell scattering model. The experimental tech-
nique provides a nondestructive method for detecting and monitoring monolayer growth in cell
cultures that may prove useful in many areas of bioscience research. Furthermore, the results
demonstrate that normal and malignant epithelial cells can be distinguished by isolating and
identifying their spectral signatures with the use of wavelet analysis and numerical simulation.
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