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Objective: Elastography images tissue mechanical responses and infers the underlying properties to aid diagnosis
and treatment response monitoring. The estimation of absolute or relative tumor properties may vary with dimen-
sions even when the mechanical properties remain constant. Harmonic motion imaging (HMI) uses amplitude-
modulated (AM) focused ultrasound to interrogate the targeted tissue’s viscoelastic properties. In this study,
effects of AM frequencies on HMI were investigated in terms of inclusion relative stiffness and size estimation.
Methods: AM frequencies from 200 to 600 Hz in steps of 100 Hz were considered using a 5.3-kPa phantom with
cylindrical inclusions (Young’s modulus: 22, 31, 44, 56 kPa, and diameter: 4.8, 8.1, 13.6, 19.8 mm) to optimize the
performance of HMI in characterizing tumors with the same mechanical properties and of different dimensions.
Results: Consistent displacement ratios (DRs) (17.5% variation) of the inclusion to background were obtained with
200-Hz AM for breast-tumor-mimicking inclusions albeit a suboptimal inclusion size estimation obtained. 400-Hz
was otherwise used for small and low-contrast inclusions (4.8 mm, 22 or 31 kPa). A linear relationship
(R2 = 0.9043) was found between the inverse DR at these frequencies and the Young’s modulus ratio. 400 Hz
obtained the most accurate inclusion size estimation with an overall estimation error on the lateral dimension of
0.5 mm. In vivo imaging of breast cancer patients (n= 5) was performed at 200 or 400 Hz.
Conclusion: The results presented herein indicate that the HMI AM frequency could be optimized adaptively in cases of
different applications, i.e., at 200 or 400 Hz, depending on whether aimed for consistent DR measurement for tumor
response assessment or tumor margin delineation for surgical planning. HMI may thus be capable of predicting the
pathologic endpoint of tumors in response to neoadjuvant chemotherapy (NACT) as early as 3 weeks into treatment.
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Introduction

Breast cancer accounted for 31% of newly diagnosed female cancers
in 2023 and the second leading cause of cancer-related mortality in the
United States [1]. Neoadjuvant treatment may be considered, aiming to
downstage tumors before surgical interventions and guide adjuvant
treatments. Mammography [2,3], ultrasound [2−6], and magnetic reso-
nance imaging (MRI) [7−9] have been employed to monitor tumor
response to treatment and predicting pathologic end points based on the
changes in tumor volumes or mechanical properties. Results indicated
that responsive tumors had at least a 50% decrease in volume [3,9] and
20%−60% decrease in stiffness [4,6]. Ultrasound, requiring no contrast
agents, being nonionizing and cost-effective, proves well-suited for
repetitive tumor imaging.

Over the past few decades, ultrasound elastography [10] has been
extensively studied to estimate stiffness of the liver [11], prostate
[12,13], pancreas [14], and breast [15−17] quantitatively or
qualitatively. Among these techniques, acoustic radiation force-based
methods, e.g., Acoustic Radiation Force Impulse (ARFI) imaging [18],
Harmonic Motion Imaging (HMI) [19,20], Viscoelastic Response (VisR)
ultrasound imaging [21], and Shear Wave Elasticity Imaging (SWEI)
[22,23], demand less training in comparison to alternative methods that
require an external compression with the transducer [24], and are thus
expected to be less prone to interoperator variability. On the other hand,
although shear wave-based methods provide quantitative measurements
of tissue stiffness by estimating off-axis shear wave speeds, they can suffer
from wave distortion due to tissue heterogeneity [25−27] and a reduction
in spatial resolution due to wave speed estimation over a lateral window
of several millimeters in length. On-axis displacement-based methods are
less limited in cases of deep-seated masses at high stiffnesses because tis-
sue displacements exhibit the highest amplitude in the region of excitation
and are lower off-axis due to attenuation and viscous losses. However,
they usually provide qualitative measurements of tissue mechanical prop-
erties. In HMI, the intensity of focused ultrasound (FUS) is modulated

mailto:ek2191@columbia.edu
https://doi.org/10.1016/j.ultrasmedbio.2024.09.021
https://doi.org/10.1016/j.ultrasmedbio.2024.09.021
https://doi.org/10.1016/j.ultrasmedbio.2024.09.021
https://doi.org/10.1016/j.ultrasmedbio.2024.09.021
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ultrasmedbio


ARTICLE IN PRESS
JID: UMB [m5GeS;October 18, 2024;17:22]

Y. Liu et al. Ultrasound in Medicine& Biology 00 (2024) 1−11
[28] to exert oscillatory acoustic radiation force on the tissue. The result-
ing “on-axis” tissue response is tracked synchronously using an imaging
array aligned coaxially. Sinusoidal tissue displacements are then estimated
to provide insights on the stiffness of underlying tissues, with lower dis-
placements observed in stiffer tissues. Advantages of HMI over other tech-
niques involve: (1) the utilization of FUS enabling deep tissue
characterization and (2) in-plane bulk motion artifacts being easily fil-
tered from the distinct amplitude modulation (AM) frequency [29]. Previ-
ous studies from our group have demonstrated applications of HMI in
pancreatic and breast tumor characterization, tumor response assessment
to chemotherapy in in vivo murine models [17,30,31], ex vivo human
specimens [32−34], and in vivo clinical patients [31,35].

Ideally, stiffness parameters estimated in HMI or other elastography
techniques characterize the tissue mechanical properties accurately
regardless of geometries or dimensions. However, as demonstrated by
Hossain et al. [36] and Saharkhiz et al. [37] in HMI, and Denis et al.
[38] in shear wave elastography, inclusion dimensions significantly
affected the stiffness measurement. For the same actual stiffness, larger
inclusions appeared to be stiffer, and vice versa [4,36]. This presumably
undermines the accuracy and specificity of ultrasound elastography in
tumor characterization and treatment response assessment. To address
this, Gu et al. [4] introduced a new parameter in SWEI, mass characteris-
tic frequency, fmass, by dividing the averaged tumor shear wave speed by
its largest dimension measured on the B-mode. It was shown that fmass

was able to predict pathologic end points for breast cancer patients,
albeit at a later time-point. Saharkhiz et al. [37] have investigated the
effects of AM frequencies on HMI-derived inclusion contrast and con-
trast-to-noise ratio (CNR), suggesting high AM frequencies (200 to 500
Hz) when characterizing small inclusions <6 mm. There remains, how-
ever, a clinical need to reduce the inconsistency in HMI-derived relative
stiffness of inclusions with the same modulus but different dimensions.
Besides, the accuracy of HMI inclusion size estimation is pending evalua-
tion, which potentially provides insights to guide surgical excision.

Another limitation in HMI and other elastography techniques is that
mechanical movement of the transducers using a stepper motor
[12,13,39] to cover the entire region of interest (ROI) is required when
characterizing large masses. Extended data acquisition time inevitably
complicates postprocessing, introducing more artifacts due to patient
motion. In some cases, registration between scans based on radiofre-
quency (RF) cross-correlation was feasible [35]. Nevertheless, expedit-
ing data acquisition is of greater significance in clinical settings.
Electronic beam steering using a multielement FUS transducer and plane
wave imaging reduced the amount of mechanical movements and short-
ened HMI data acquisition by a factor of fivefold [39], at the cost of a
slight decrease in the image qualities [40]. Enabling focused tracking
and simultaneous beam steering of the FUS excitation will preserve the
desired image qualities.

Therefore, this study investigated AM frequencies in HMI using an
elastic phantom with inclusions of varying diameters and Young’s mod-
uli (n = 16). The aim was to optimize the performance of HMI in imag-
ing tumors of different dimensions with the same mechanical properties.
First, we conducted a comprehensive comparison to minimize variations
in DR measurements of inclusions with the same mechanical property
but of different sizes. Second, inclusion size estimation based on HMI
maps was evaluated, and the AM frequency that obtained the most accu-
rate inclusion size estimation was identified. Applications of the opti-
mized AM frequencies were demonstrated in in vivo breast cancer
patients (n = 5) with the purpose of early prediction of tumor response
to neoadjuvant chemotherapy (NACT, n= 4).

Materials and methods

HMI system and pulse sequence

Figure 1a (left) shows the schematic of HMI data acquisition [40].
The 256-channel Vantage research platform with HIFU options (Vantage
2

256, Verasonics Inc., Kirkland, WA, USA) was connected to an external
DC power supply (QPX 600DP, Aim-TTi Ltd., Huntingdon, Cambs., UK)
to drive the annular 128-element FUS transducer (4.5 MHz, geometric
focus: 76 mm, axial x lateral focal spot: 4.30 × 0. 39 mm, H265, Sonic
Concepts Inc., Bothell, WA, USA). The remaining 128 channels drove
the 104-element imaging array (7.8 MHz, P12-5, ATL Phillips, Bothell,
WA, USA) coaligned through the FUS central opening to track the tissue
response. The transducer assembly was attached with a coupling cone
filled with degassed deionized water. The robotic arm (UR5e, Universal
Robots USA, Inc., Garden City, NY, USA) was used to position and then
translate the transducers laterally in a 1D raster scanning format, the
step size of which was 1.8 or 3.2 mm depending on the FUS electronic
beam steering range. To complete a 21-point HMI scan covering a lateral
range of 37.8 or 67.2 mm, the data acquisition time was 80 or 95 s.

The HMI pulse sequence (Fig. 1b) consisted of amplitude-modulated
excitation pulses (red) interleaved with pulse-echo imaging pulses
(blue) [39]. The FUS excitation duty cycle of 22.6% was optimized with
the external power supply to produce an in-situ peak-negative pressure
of 3.9 MPa. The idle time between consecutive excitation and imaging
pulses was 90 μs to avoid strong FUS interference with imaging [40].
Conventionally, the excitation modulating wave consisted of a single fre-
quency (Fig. 1b, left). Hossain et al. [36] recently have introduced a
novel modulation sequence using a linear combination of multiple fre-
quencies, termed “multi-AM.” Figure 1b (right) demonstrates a multi-
AM sequence of 200 and 400 Hz, cos �2π � 200t� � 2cos�2π � 400t�. For
both single- and multi-AM sequences in this study, the excitation dura-
tion at each scan point was 30 ms, i.e., 6 cycles [31] for a 200-Hz
sequence. The imaging sequence consisted of focused tracking using a
transmit (Tx) F-number of 4.1 and parallel tracking in receive (Rx F/2.6,
i.e., the entire aperture) as described in [40]. The FUS pulse repetition
frequency (PRF) and imaging frame rate were 9x the AM frequency [37]
in a single-AM sequence or 9x the highest in a multi-AM sequence.

Electronic beam steering

By controlling each element of the 128-element FUS transducer indi-
vidually, the coaxially aligned FUS excitation and focused tracking
beam were simultaneously steered electronically in this study. The
beam steering range was optimized according to the applied AM fre-
quency. As discussed in [37], the amplitude of HMI displacements
decreases with increased AM frequencies, partially due to the increased
viscosity [41] and inertia [21] effects. Meanwhile, drops of acoustic
pressures were measured with beam steering further away from the geo-
metric focus [39]. Therefore, to maintain tissue displacements above the
system sensitivity, the lateral beam steering range spanned from -1.2 to
1.2 mm in a step size of 0.8 mm for low AM frequencies (200 and 300
Hz), and from -0.6 to 0.6 mm in a step size of 0.6 mm for high AM fre-
quencies (400 to 600 Hz, considering the maximum applied AM fre-
quency in a multi-AM sequence). The axial steering range spanned from
-4 to 4 mm in a step size of 4 mm for all cases. Similar to mechanical
steering, at each electronically steered point, a single-point HMI was
performed.

Phantom experiment

The performance of HMI in imaging elastic inclusions at AM frequen-
cies from 200 to 600 Hz in a step size of 100 Hz was assessed. Sixteen
stepped-cylindrical inclusions with clinical breast-tumor-mimicking
properties [4,16,38,42] (diameter: 4.8, 8.1, 13.6, and 19.8 mm, Young’s
modulus: 22, 31, 44, and 56 kPa, background: 5.3 kPa, custom model,
CIRS Inc., Norfolk, VA, USA) were imaged. The inclusion diameters
reported here were measured on the B-mode images acquired during
HMI data acquisition (observer: YL), and Young’s moduli were provided
by the manufacturer. Four independent HMI scans were acquired at
varying elevational locations, not necessarily the center, with the same
cross-sectional diameter for each inclusion. In addition, the multi-AM



Figure 1. Schematic of the HMI experimental setup, data processing, and the interleaved pulse sequences. (a) Left: A 256-channel Verasonics research system control-
ling both the FUS transducer and the imaging array. The FUS focal spot and the imaging plane were coaligned. 1D HMI raster scanning was realized using a robotic
arm. Right: Channel data were transferred from the Verasonics workstation to a local PC for postprocessing. (b) HMI pulse sequences of single (400 Hz, left) and multi-
ple AM frequencies (200 and 400 Hz, right). FUS excitation pulses (red) were interleaved with imaging pulses (blue). The FUS pulse repetition frequency and imaging
frame rate were 9x the maximum applied AM frequency, i.e., 3600 Hz for 400 Hz AM.
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sequence, consisting of 200 and 400 Hz, was tested and compared to the
single-AM sequences. The multi-AM weights [36] were determined
empirically to produce comparable amplitudes of interframe displace-
ments at both AM frequencies [37] (Fig. 4a).

In vivo clinical breast tumor imaging

Clinical performance of the optimized AM frequency and the multi-
AM sequence were demonstrated in female patients (n = 5) diagnosed
with high-grade ductal carcinoma in situ (DCIS, n = 1), invasive ductal
carcinoma (IDC, n = 3), or fibroadenoma (n = 1). Patient information
is summarized in Table 1. The imaging procedures followed the protocol
approved by the institutional review board (IRB) of Columbia University
(protocol#: AAAT4412). Informed written consent was obtained from
all participants following consultation with their treating physicians.
Clinical B-mode images acquired at diagnosis were retrieved from the
hospital to aid tumor localization. Before each HMI scan, a handheld
3

ultrasound scanner (Butterfly iQ, Butterfly Network Inc., Guilford, CT,
USA) was used to localize the tumor (observer: XJL) with the patient
lying supine. Given the time constraints for in vivo scans, only HMI using
the optimized AM frequency (200 Hz), based on results from the phan-
tom study, was performed for Patients 1−4. For Patient 5, who was
imaged using the multi-AM sequence, cos �2π � 200t� � 2cos�2π � 400t�,
both multi- and single-AM HMI were performed for comparisons: one
multi-AM scan and two single-AM scans (200 and 400 Hz). For Patients
1−4, HMI scans were performed at two different time-points during
their NACT treatment: (1) baseline before treatment and (2) early fol-
low-up at 3 weeks into treatment. Due to technical difficulties, baseline
HMI scans of Patient 1 were discarded.

HMI data processing

As described in Figure 1a (right), channel data sampled at 31.25 MHz
and stored on the Verasonics workstation were transferred to a local



Table 1
Patient Characteristics

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age 62 53 57 53 47
Tumor size 2.5 cm 3.0 cm 1.1 cm 2.6 cm 1.0 cm
Diagnosis DCIS IDC IDC IDC Fibroadenoma
Molecular subtype ER-, PR-, HER2+ ER+, PR-, HER2+ ER-, PR-, HER2- ER+, PR+, HER2- ER+, PR+, HER2-
Neoadjuvant therapy Pertuzumab, Trastuzu-

mab-Anns, Docetaxel
Docetaxel, Carboplatin,

Pertuzumab, Trastuzu-
mab-Anns

Carboplatin, Paclitaxel,
Pembrolizumab, Cyclo-
phosphamide,
Doxorubicin

Paclitaxel, Doxorubicin,
Cyclophosphamide

/

Pathologic endpoints Noncomplete response Complete response Noncomplete response / /
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computer for offline processing (MATLAB R2019b, MathWorks, Natick,
MA, USA). For each raster scan, a GPU-accelerated delay-and-sum algo-
rithm was applied to reconstruct the beamformed RF lines. Residual FUS
interference with the imaging bandwidth (5 to 12 MHz) was filtered
using second-order Butterworth notch filters at the fundamental (4.5
MHz) and 2nd harmonic (9 MHz) of the FUS. 1D normalized cross-corre-
lation (NCC) [43] with cosine interpolation [44] was then implemented
to estimate the interframe axial displacements using a 4-λ window and
95% overlap [40]. Displacement estimation with a cross-correlation
coefficient lower than 0.99 was rejected and median-interpolated. For
the multi-AM sequence, interframe displacements at each AM frequency
were calculated between frames with the same phase shift in the corre-
sponding AM cycle to account for the effect of different numbers of sam-
ples per AM cycle. For example, when the tracking frame rate was
3600 Hz, displacements at 400 Hz were estimated between consecutive
frames (frames k and k+1), whereas displacements at 200 Hz were esti-
mated between alternate frames (frames k and k+2, Fig. 4a). Following
that, an 18th-order infinite impulse response (IIR) bandpass filter with
Hamming windowing was designed to extract the sinusoidal displace-
ments at each AM frequency. Last, peak-to-peak (P2P) displacements
were averaged over cycles to produce a P2P displacement image around
the FUS focus spanning 14 mm axially and 1.2 or 1.6 mm laterally for a
lateral electronic beam steering step size of 0.6 or 0.8 mm to provide
overlaps between raster scans.

Next, P2P displacement images from all raster scans were normalized
over the axial range to compensate for the acoustic radiation force varia-
tion over depth. The normalization curve was calculated by averaging
two raster scans in the background identified on the B-mode. Therefore,
the final HMI displacement map was displayed as the displacement
“ratio” with respect to the averaged background displacements. For in
vivo clinical scans, breath holding was not practiced promoting patient
comfort, and thus, bulk motion correction between raster scans was nec-
essary. Three plane wave frames were obtained right before each HMI
raster scan. 2D NCC between neighboring beamformed RF frames was
performed using a 5 × 3 mm (axial x lateral) window and step sizes of
0.2 mm in both directions [35]. Offsets yielding the highest correlation
coefficient were retrieved for motion correction. Finally, the normalized
and registered raster scans were combined [40] to form the 2D HMI dis-
placement map.

Inclusion stiffness biomarker and size estimation

Relative tissue stiffness can be retrieved from HMI maps using the
displacement ratio (DR) [36] of inclusions or tumors to surrounding
background or healthy tissues. As shown in Figure 2, the inclusion
boundary was first delineated on the B-mode (observer: YL). For phan-
toms, one square inclusion ROI (red) with sides measuring 0.6x the
inclusion diameter and two adjacent rectangle background ROIs (green)
that make up identical areas at the same depth were drawn. For biologi-
cal tissues, because of the irregular tumor boundary and limited field of
view in the background, ROIs were drawn with areas not necessarily
equal between tumors and surrounding healthy tissues (e.g., Fig. 8).
4

Using those, mean normalized HMI displacements were calculated in
the inclusion (μi) and background (μb), and the DR was defined as μi=μb.
Therefore, a DR of 1 indicates a mechanically homogeneous region, and
DRs below 1 are anticipated in stiff inclusions as they are displaced less
compared to the background. The optimized AM frequency was
expected to produce consistent DR measurements for inclusions with the
same mechanical properties albeit different dimensions.

Inclusion size was estimated from the HMI displacement maps in
phantoms and compared to the ground truth measured on the B-mode
images. First, the 2D parametric HMI map was binarized using Otsu’s
method (imbinarize function in MATLAB, threshold: 0.15 quantile of the
HMI map). Next, the inclusion boundaries were extracted using the
bwboundaries function, and an ellipse was fit to the extracted boundaries
using the least-squares criterion (fit_ellipse function [45]). As shown in
Figure 6, the long and short axes of the fit ellipse were reported as axial
and lateral diameters. The equivalent diameter, defined as the square
root of the multiplication of axial and lateral diameters, was also
reported.

Statistical analysis

Previously, HMI displacements were found to be inversely correlated
with the elastic modulus [28]. Therefore, linear regression was per-
formed between the inverse DR and Young’s modulus ratio of the inclu-
sion to background with each combination of AM frequencies. The
regression slope, R2, and root mean squared error (RMSE), as well as F-
statistics of the mean squared errors (MSE) between linear fittings, were
calculated in Prism 7 (GraphPad Software, La Jolla, CA, USA). 64 meas-
urements (4 independent measurements for each inclusion configuration
of 4 different diameters and 4 Young’s moduli) were considered and a p
< 0.01 was considered statistically significant.

Results

Inclusion DR

Figure 2 shows B-mode images and normalized HMI displacement
maps of 22- and 56-kPa inclusions with 13.6- and 4.8-mm diameters. All
obtained DRs were below 1, agreeing that the imaged inclusions were
stiffer than the background (5.3 kPa). In addition, higher DRs, indicating
lower HMI contrast, were obtained for the 22-kPa inclusions compared
to the 56-kPa, despite a wide range of DRs measured for inclusions with
the same Young’s modulus while different diameters. For instance, at
300 Hz, 48.2% and 40.4% differences in measured DRs were observed
for the 22-kPa inclusions with different diameters (DRs of 0.31 and
0.46) and the 56-kPa inclusions (DRs of 0.12 and 0.17), respectively.
Moreover, at 400 Hz, a 71.9% difference was seen for the 56-kPa inclu-
sions (DRs of 0.10 and 0.17).

Figure 3 summarizes inclusion DRs for 22-, 31-, 44-, and 56-kPa
inclusions with 4.8-, 8.1-, 13.6-, and 19.8-mm diameters at different AM
frequencies over four independent acquisitions. Four observations were
notable. First, DRs overall decrease as the inclusion’s Young’s modulus



Figure 2. B-mode and normalized HMI maps at different AM frequencies of inclusions with (diameter, Young’s modulus) of (1st row, 13.6 mm, 22 kPa), (2nd row,
4.8 mm, 22 kPa), (3rd row, 13.6 mm, 56 kPa), and (4th row, 4.8 mm, 56 kPa) embedded in a 5.3-kPa background. Dashed black, solid red, and green contours repre-
sent the inclusion boundaries derived from the B-mode images and ROIs for inclusion DR calculation.

Figure 3. HMI-derived Inclusion DRs versus inclusion Young’s moduli from 22 to 56 kPa (background Young’s modulus: 5.3 kPa), applied AM frequencies from 200 to
600 Hz, and inclusion diameters from 4.8 to 19.8 mm. Data are plotted as mean ± one standard deviation over four independent measurements. Dashed gray lines indi-
cate the Young’s modulus ratio of the background to inclusions.
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increases. Second, at some AM frequencies, e.g., 300 and 400 Hz, inclu-
sion DRs decrease as the inclusion diameter increases; however, this
phenomenon was not uniform across all AM frequencies. Third, for
inclusions with a Young’s modulus ≥ 44 kPa or a Young’s modulus ratio
to the background ≥ 8.3, 200 Hz produced consistent DRs (27.2% varia-
tion) across differently sized inclusions with the same Young’s modulus.
Last, for inclusions with a lower mechanical contrast (Young’s modulus
≤ 31 kPa or Young’s modulus ratio ≤ 5.8), 400 Hz was otherwise
5

required to produce a similar DR for small (diameter: 4.8 mm) inclusions
as those obtained at 200 Hz for larger counterparts. Since a single AM
frequency of 200 Hz was not able to characterize mechanically low-con-
trast inclusions consistently and 400-Hz AM was recommended for small
inclusions, Figure 4 demonstrates the application of multi-AM HMI in
the 4.8-mm inclusions.

Figure 5 shows linear regressions between inverse DRs and Young’s
modulus ratios of the inclusion to background regardless of the inclusion



Figure 4. (a) Fourier transformations of the multi-AM excitation sequence, cos
�2π � 200t� � 2cos�2π � 400t�, and estimated interframe displacements. Fourier
transform magnitudes of the radiation force are normalized by that at 400 Hz
and magnitudes of the interframe displacement are normalized by that at
400 Hz estimated between alternate frames. (b) Normalized HMI maps band-
passed around individual AM frequencies (200 and 400 Hz). Dashed black con-
tours represent the inclusion boundaries derived from the B-mode images.

Figure 5. Linear regression between the inverse DR and Young’s modulus ratio of
the inclusion to background regardless of inclusion dimensions. Data are plotted
as mean ± one standard deviation over 16 measurements (4 diameters and 4 inde-
pendent measurements for each diameter).

Table 2
Slope, R2, and Root Mean Squared Error (RMSE) of Linear
Regressions Between the Inverse DR and Young’s Modulus
Ratio of the Inclusion to Background

AM Frequency Slope R2 RMSE (% slope)

200 Hza 0.2613 0.8681 0.2497 (95.6%)
300 Hza 0.6939 0.8042 0.8394 (121.0%)
400Hza 0.8941 0.8233 1.0158 (113.6%)
500 Hza 0.6203 0.8727 0.5807 (93.6%)
600 Hza 0.4070 0.8376 0.4393 (107.9%)
Optimized, single-AM 0.2515 0.8770 0.2309 (91.8%)
Optimized, multi-AM 0.2329 0.9043 0.1858 (79.8%)

a Indicates statistically significant difference in the mean
squared error (MSE) between optimized multi-AM and the cor-
responding group.
The highest slope, R2, and lowest RMSE are highlighted in
bold. For better comparisons, the RMSE is also reported as a
percentage of the corresponding slope.
Bold value indicates statistical significance at p < 0.01.
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diameter. AM frequency optimization was done empirically based on
which frequency produced the most consistent DRs across varying inclu-
sion diameters. To summarize, 200 Hz was found optimal for large
(≥8.1 mm) or stiff (≥44 kPa) inclusions, and 400 Hz was optimal for the
rest cases (4.8 mm with a Young’s modulus of either 22 or 31 kPa).
Table 2 summarizes the slope, R2, and RMSE of each regression. All lin-
ear regressions showed statistical significance, with 400 Hz having the
highest slope. F-statistics suggested that MSE at the optimized frequency
using multi-AM HMI was significantly lower than single AM frequencies.
Meanwhile, 200 Hz had the lowest MSE (p < 0.01) among single AM fre-
quencies.

Inclusion size estimation

Figure 6 shows inclusion size estimation using HMI for an 8.1-mm
inclusion. Signed estimation errors over four independent measure-
ments between the ground truth inclusion diameter derived from the
B-mode images and estimated axial, lateral axes are plotted in Figure 7
for each AM frequency, inclusion diameter and Young’s modulus. To
correlate with the round inclusion shape, errors between the estimated
equivalent diameter and ground truth are reported. Overall, 600 and
400 Hz produced the lowest axial and lateral axis estimation errors,
respectively.

In vivo clinical breast tumor imaging

In Figure 8, four in vivo human malignant breast tumors (DCIS or
IDC) were imaged using 200-Hz AM, considering their large dimen-
sions (>10 mm). According to histopathology analysis of the excised
breast tissues after the mastectomy, Patients 1 and 3 still had meta-
static cancer cells post-NACT while Patient 2 achieved pathologic com-
plete response (pCR), suggesting that no residual cancerous cells were
found. Patient 4 had not completed NACT, and therefore no pathologic
endpoints were reported. Due to respiratory motion and slight drag-
ging of breast tissues between mechanical movements of the trans-
ducers, registered HMI maps of Patient 2, baseline (Fig. 8b), and
Patient 4, 3-week follow-up (Fig. 8g) only included a limited area of
surrounding healthy tissues. Despite that, tumor boundaries were suc-
cessfully delineated and DRs of the tumor to surrounding noncancerous
tissues were reported for all scans. The data acquisition duration was
around 95 seconds for each scan. In Figure 9, an in vivo human benign
breast tumor (fibroadenoma, Patient 5) with the largest dimension of
around 10 mm was imaged using both multi-AM and single-AM HMI at
200 and 400 Hz for comparisons. The data acquisition duration was
approximately 80 s.



Figure 6. Examples of inclusion size estimation using HMI at different AM frequencies of an 8.1-mm and 31-kPa inclusion embedded in a 5.3-kPa background. Dashed
red contours indicate the fitted ellipses and the axial and lateral axes. The most accurate overall estimations are highlighted in red.

Figure 7. Inclusion size estimation errors using HMI between the estimated (top) axial, (mid) lateral axes, (bottom) equivalent diameter, and the ground truth diame-
ter versus inclusion diameters (4.8 to 13.6 mm), applied AM frequencies (200 to 600 Hz), and inclusion Young’s moduli (22 to 56 kPa, background: 5.3 kPa). Data are
plotted as mean ± one standard deviation over four independent measurements.
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Discussion

Characterization using ultrasound elastography can vary [4,37]
among tumors with the same mechanical properties but different dimen-
sions. Such underestimation of the inclusion stiffness and overestimation
of the inclusion dimension may especially occur in cases of small inclu-
sions and vice versa. This study sought to optimize the performance of
HMI in imaging tumors of different dimensions, which is of primordial
clinical significance in tumor characterization, response assessment to
treatment, and surgical planning. First, the effects of the inclusion
dimensions from 4.8 to 19.8 mm (n = 4) and AM frequencies from 200
7

to 600 Hz (n = 5) on the HMI DR measurement were studied in phan-
toms (background Young’s modulus: 5.3 kPa) with cylindrical inclusions
(22 to 56 kPa, n = 4). Properties of these inclusions were clinically rele-
vant to breast tumors in terms of dimensions [4,38] and Young’s moduli
[4,42,46,47]. The goal was to obtain consistent HMI DRs for tumors
with the same Young’s modulus ratio to the background regardless of
dimensions. Second, inclusion size estimation was evaluated at each AM
frequency.

HMI-derived DRs of inclusions to the background serve as a surro-
gate measurement of relative stiffness. Figure 3 compares HMI DRs to
the Young’s modulus ratio (dashed gray lines) across a range of inclusion



Figure 8. (Left) clinical B-mode, (mid) research B-mode, and (right) overlaid HMI maps (AM frequency: 200 Hz) of in vivo human malignant breast tumors (Patients 1
−4). Serial HMI scans were performed at two different time-points over the course of neoadjuvant treatment. To note, baseline scans of Patient 1 were discarded due to
technical issues. Dashed red, solid red and green contours represent the tumor boundaries derived from the B-mode images and ROIs for tumor DR calculation.
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diameters and Young’s moduli. In general, DRs was not equal to the
Young’s modulus ratio. In fact, according to the mass-spring-dashpot
model, DRs not only depends on the shear modulus, but are also affected
by the viscosity and inertia [21]. Rouze et al. [22] have shown such elas-
tic phantoms were somewhat viscoelastic. Therefore, an inverse problem
involving all these parameters should be considered to retrieve the mod-
ulus ratio from DRs, which is out of the scope of this study. Despite that,
HMI DRs, measuring tissue relative stiffness, proved effective in charac-
terizing breast [17,35] and pancreas [32] masses. To translate to clinical
practice, ongoing preclinical and clinical studies, involving longitudinal
scanning of breast cancer patients who are scheduled to receive neoadju-
vant systemic treatment and HMI guided focused ultrasound thermal
8

ablation, are being performed to establish a threshold or a look-up table
for clinical interpretations. To retrieve the actual Young’s modulus ratio,
if necessary, a look-up table or DR-modulus ratio curve could be estab-
lished.

For 22- and 31-kPa inclusions, 200-Hz AM produced agreeing DRs
for inclusions with diameters ≥ 8.1 mm. However, DRs at 200 Hz of the
4.8-mm inclusions were 23.5 and 12.2% higher than their counterparts
in greater dimensions, underestimating the relative stiffness. This was
due to both the boundary effect, where reflections of generated shear
waves interfere with the on-axis displacements, and the long shear
wavelength, which averages displacements within and outside the inclu-
sion [36,37,48]. These effects also contributed to the overestimated



Figure 9. (Top left) clinical B-mode, (top right) research B-mode, and overlaid HMI maps from (mid) single-AM and (bottom) multi-AM HMI of an in vivo human
benign breast tumor (Patient 5) diagnosed with fibroadenoma. Dashed red, solid red and green contours represent the tumor boundaries derived from the B-mode
images and ROIs for tumor DR calculation. A slight axial shifting within 1 mm was observed between scans due to patient motions.
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inclusion diameters as demonstrated in Figure 6 and Figure 7. In future
studies, finite-element modeling and advanced filtering methods will be
investigated to suppress the artifacts generated from shear wave inter-
ference. Nevertheless, a higher AM frequency of 400 Hz produced
matching DRs for these inclusions. For highly contrast inclusions, i.e.,
44 and 56 kPa, 200 Hz consistently produced DRs around 0.32 and 0.24
for all sizes from 4.8 to 19.8 mm. In summary, for inclusions with diame-
ters ≥ 8.1 mm, 200 Hz was able to characterize the relative stiffness
regardless of their dimensions. On the other hand, for smaller inclusions,
200 Hz was able to characterize the relative stiffness consistently if only
the modulus ratio ≥ 8.3. These properties, i.e., greatest mass dimension
≥ 8.1 mm [4,38], Young’s modulus ≥ 44 kPa [4,38,42], or modulus ratio
≥ 8.3 [4], were within the ranges in literature for clinical breast mass
characterization. Furthermore, at high AM frequencies, i.e., 500 and
600 Hz, the shear wavelength is shorter, while the attenuation is higher
compared to lower frequencies. Moreover, since the shear wave speed is
lower for the 22-kPa than that of the 56-kPa inclusions, the wavelength
shortens further. Consequently, as seen in Figure 2, increased variation
in displacement estimation that averaged over a smaller region may be
expected due to insufficient suppression of variations in displacements
possibly resulting from inherent heterogeneity within the materials dur-
ing manufacturing. Therefore, 200 Hz should be generally considered if
multi-AM HMI cannot be implemented.

A multi-AM sequence consisting of 200 and 400 Hz was developed
for imaging small lesions. In Figure 4b, HMI displacement maps from
the multi-AM sequence were shown with comparable qualities as those
from single-AM sequences in Figure 2. Meanwhile, DRs obtained from
the multi-AM sequence were within the range of DRs from the single-
AM sequences. This sequence was later demonstrated in in vivo human
benign breast tumors in Figure 9. DRs of around 0.3 were obtained,
much higher than the malignant cases in Figure 8, indicating a relatively
softer lesion. In both single- and multi-AM HMI, 200 Hz overestimated
the axial tumor dimensions, whereas 400 Hz did not exhibit this effect.
Compared with single AM, multi-AM was more efficient since it
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produced HMI maps at various AM frequencies from a single data acqui-
sition [36]. However, interactions between displacements at different
frequencies should be investigated in future studies. Another limitation
was that the generated acoustic radiation force was distributed to multi-
ple AM frequencies, potentially decreasing the signal-to-noise ratio at
individual frequencies. Higher FUS duty cycles will in the future be
investigated towards compensation for this effect with careful safety pre-
cautions taken.

Linear regression fits were employed (p < 0.01) between the inverse
DR and Young’s modulus ratio of the inclusion to background regardless
of the inclusion dimensions (Fig. 5). As summarized in Table 2, the high-
est slope of 0.8941 was achieved at 400 Hz, indicating the highest sensi-
tivity in differentiating inclusions with different Young’s moduli, albeit
with a suboptimal RMSE for high-contrast inclusions (Fig. 5). The lowest
RMSE (p < 0.01) and percent RMSE with respect to the slope, 0.1858
and 79.8%, were achieved at the optimized AM frequencies using multi-
AM HMI, indicating the most consistent measurement of DR. Even
though 200 Hz did not yield matching DRs for small (4.1-mm, 22-kPa)
and large (8.1- to 19.8-mm, 22-kPa) inclusions, it gained an R2 of
0.8681 with a relatively low percent RMSE, 95.6%. Moreover, the cur-
rent setup allowed wider electronic beam steering ranges at lower fre-
quencies (200 and 300 Hz), which rendered 200 Hz an optimal
frequency for in vivo characterization of breast tumors. In addition,
McGarry et al. have previously developed an analytical model of the dis-
placement field induced by HMI [49]; a consistent and reliable measure-
ment of DRs could aid in the implementation of this method for direct
conversion from DRs to modulus ratios. Future work will focus on deriv-
ing the absolute lesion modulus using this method combining harmonic
shear wave speed estimation in the background [48].

Overestimation of inclusion sizes was observed at low AM frequen-
cies (Fig. 6), especially along the axial direction, forming an ellipsoidal
shape. Notably, overestimation was more pronounced in stiffer inclu-
sions (31 to 56 kPa vs. 22 kPa). This is because the shear wavelength is
longer for stiffer materials. In addition, the ellipsoidal FUS excitation
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focal spot (axial x lateral: 4.30 × 0. 39 mm) also contributed to the dis-
torted delineation of inclusion shapes. Underestimation of the lateral
dimension was otherwise observed at high AM frequencies, potentially
due to the boundary effect, which depends on the AM frequency and
inclusion configurations. Implementation of shear compounding [50]
and modifications of the FUS focal spot using acoustic lens may compen-
sate these effects. Alternatively, through the optimization of inclusion
segmentation by manually or adaptively changing the thresholding
value when using Otsu’s method, the accuracy of inclusion size estima-
tion could be further improved however subject to bias at individual fre-
quencies. Due to phantom configurations, upper boundaries of the 19.8-
mm inclusions were not identified on the B-mode images. Therefore,
inclusion size estimation was not performed. As summarized in Figure 7,
as the AM frequency increases, the extent of axial overestimation dimin-
ishes from ∼3 mm at 200 Hz to 0-0.5 mm at 600 Hz. For lateral axis and
equivalent diameter estimations, 400 Hz had the lowest estimation
errors of ∼0.5 mm and 0. Therefore, for tumor size estimation, 400-Hz
AM provided the best trade-off. Future work will include automated in
vivo tumor segmentation and size measurement using multifrequency
HMI images and deep learning [51].

Since axial translation of the transducer assembly using the robotic
arm were not enabled due to coupling issues, a Tx F-number of 4.1 [40]
was used to obtain a wide imaging depth of field. Despite that, only part
of the in vivo human tumors (Fig. 8 and Fig. 9) was captured axially due
to the extensive volume, whereas lateral raster scanning was always
adjusted to cover the entire tumor laterally. Interestingly, for Patient 2,
the perceived lateral tumor dimensions were larger in HMI than B-
mode, potentially due to the desmoplastic response [52] associated with
malignant tumors. When calculating tumor DRs, ROIs were selected at
the same depth in the background and inside the tumor. Furthermore, to
quantify the tumor DR change over time, tumor DRs were calculated
using the background displacements on the same side for each patient.
Notably, due to patient positioning and bulk motion during data acquisi-
tion, only limited background was included in the final HMI maps
(Fig. 8b, g). For both cases, a narrow background ROI was used for DR
calculation. Ongoing work will aim to expand the HMI FOV. There were
a 27% increase (Fig. 8b, c) and 37% decrease (Fig. 8d, e) in the tumor
DRs, suggesting tumor softening and stiffening, respectively, three
weeks after Patients 2 and 3 received their first doses of NACT infusions.
These changes correlated with histopathology results and indicated that
tumor softening at 3 weeks into NACT was associated with pCR while
tumor stiffening could be indicative of nonresponders. Patient 1 had a
relatively high tumor DR at the 3-week follow-up, indicating that her
tumor was less stiff compared to other patients. However, she was not a
complete responder according to the histopathology report; despite that,
only micrometastasis was detected for this patient and clinical caliper
measurements by the treating physician documented that the tumor
dimension reduced from 3 to under 2 and 1 cm after six and nine weeks
of treatment. These findings demonstrated the potential of HMI-derived
DRs as an early biomarker for breast tumor response assessment. Tumor
DRs of Patient 4, who had not completed the NACT, did not change
appreciably at the 3-week follow-up. Therefore, she was not predicted to
be a complete responder. Future work will focus on the correlation
between tumor DRs and residual cancer burden [53].

In addition, the remaining limitations warrant additional investiga-
tion. First, the axial electronic beam steering range was -4 to 4 mm away
from the FUS geometric focus. More drastic axial beam steering suffers
from a significant decrease in the acoustic pressure in situ, compromising
the displacement estimation SNR. To image deeper-seated (>3 cm)
masses, axial steering up to at least 10 mm is required. Future studies
will explore this capability of upgrading the system power supply to
compensate the pressure loss. Other limitations were that only one back-
ground (5.3 kPa) and cylindrical inclusions were considered. Possibly,
results may vary based on the inclusion geometry. Ongoing efforts are to
design more complex elastic phantoms with various background proper-
ties and recruit more clinical patients.
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Conclusions

The effects of AM frequencies and inclusion dimensions on inclusion
characterization using HMI were investigated in terms of DR and size
estimation. An elastic phantom with properties mimicking clinical breast
tumors (background Young’s modulus: 5.3 kPa, cylindrical inclusion
Young’s modulus: 22, 31, 44, 56 kPa, and diameter: 4.8, 8.1, 13.6, 19.8
mm) was imaged for this purpose. The 200-Hz AM frequency provided
the best trade-off with the most consistent DR measurements for inclu-
sions ≥8.1 mm, while a multi-AM sequence consisting of 200 and
400 Hz was developed for imaging smaller inclusions. Inverse DRs at the
optimized AM frequencies were linearly correlated (R2 = 0.9043) with
Young’s modulus ratios of the inclusion to background regardless of
inclusion dimensions. The most accurate inclusion size estimation and
most sensitive DR measurement were achieved using an AM frequency
of 400 Hz. In vivo imaging of benign (n = 1) and malignant (n = 4)
tumors in clinical breast cancer patients was performed at that frequency
with the lowest estimation error. Findings indicated that HMI-derived
DR at the optimized AM frequency of 200 Hz may be an informative bio-
marker for early assessment of tumor response to NACT.
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