
In Vivo Demonstration of Single Transducer 

Harmonic Motion Imaging (ST-HMI) in a Breast 

Cancer Mouse Model and Breast Cancer Patients 

Abstract—Harmonic motion imaging (HMI) interrogates the 

mechanical properties of tissues by simultaneously generating and 

tracking amplitude-modulated (AM) force-induced motion using 

focused ultrasound and imaging transducers, respectively. The 

main advantages of HMI are that motion at oscillation frequency 

can be easily filtered from different motion artifacts. However, the 

current configuration of two separate transducers renders the 

HMI system highly complex. The objective of this study is to 

develop a single transducer HMI (ST-HMI) and test its feasibility 

of generating and mapping of harmonic motion using a linear 

array transducer to facilitate data acquisition. The feasibility of 

ST-HMI was performed by imaging commercially available two 

elastic phantoms with two inclusions (N=4), in vivo monitoring of 

changes in the tumor stiffness of 4T1, orthotropic breast cancer 

mouse model, and patient with invasive ductal carcinoma (IDC) 

breast cancer. ST-HMI-derived peak-to-peak displacements 

(P2PD) successfully contrasted all 4 inclusions with nominal 

Young’s modulus of 8, 10, 40, and 60 kPa and the P2PD ratio of 

background to inclusion was highly correlated with Young’s 

modulus ratio of inclusion to background with R2 of 0.93. In the 

mouse study, the median P2PD ratio of the tumor to non-

cancerous tissue was 2.0, 3.6, 7.0, and 6.6 at 1, 2, 3, and 4 weeks, 

respectively, post-injection of the tumor cell. In the clinical study, 

ST-HMI detected IDC cancer with the P2PD ratio of 1.78. These 

results indicate that ST-HMI can assess the mechanical properties 

of tissues via generation and tracking of harmonic motion using a 

single transducer.    

Keywords— Harmonic motion imaging; Acoustic radiation 

force; Elasticity imaging; Breast Cancer; Ultrasound.  

I. INTRODUCTION  

Mechanical properties of tissues are diagnostically relevant 
given that diseases and pathology change the underlying 
mechanical properties of tissues. Over the past three decades, 
ultrasonic methods [1] for interrogating tissue mechanical 
properties have been extensively studied and applied to diagnose 
diseases in liver [2], breast [3], thyroid [4], prostate [5], kidney 
[6], [7], muscles [8], carotid artery [9], and lymph nodes [10]. 

Among the various UE approaches are those that exploit 
acoustic radiation force (ARF) [1] to induce motion within the 
tissue. ARF-induced motion at “on-axis” to the ARF region of 
excitation (ROE) or ARF-induced shear wave velocity “off-
axis” to the ARF ROE can be used to assess mechanical 
properties [1]. One of the “on-axis” ARF-based methods to 
interrogate mechanical properties is harmonic motion imaging 
(HMI) [11].  The main difference between HMI with other “on-
axis” based methods is that amplitude modulated (AM)-ARF 

(AM-ARF) is used to generate harmonic oscillation of tissue 
whereas other “on-axis” methods use pulsed ARF. The 
advantage of using harmonic excitation is the fact that motion at 
the input oscillation frequency can be easily filtered from 
reverberation, body movements, and breathing artifacts. 
Previously, HMI has been used for detecting pancreatic tumors 
[12], monitoring treatment response of pancreatic tumors [13], 
monitoring of high intensity focused ultrasound-induced 
ablation of tumors [14], [15], and livers [16]. In the current HMI 
configuration, a focused ultrasound (FUS) and an imaging 
transducer simultaneously generate and track AM-ARF-induced 
motion respectively, and a 2-D image is generated by 
mechanically translating both transducers. The current use of 
two different transducers with a mechanical positioner to 
generate a 2-D image renders the HMI system highly complex 
to use for diagnostic imaging. The data acquisition would be 
facilitated if the generation and tracking of harmonic motion 
could be performed by a single imaging transducer with 
electronic steering for generating 2-D image.  

Towards the goal of facilitating HMI data acquisitions, this 
study investigates the feasibility of generating and mapping 
harmonic motion using a linear array transducer. This new HMI 
method, named single transducer-HMI (ST-HMI), generates 
AM-ARF by modulating the excitation pulse duration and 
estimates motion by collecting tracking pulses in between the 
excitation pulses. The feasibility of ST-HMI is hereby tested by 
imaging commercially available elastic phantoms with 
cylindrical inclusions, in vivo breast cancer mouse model, and in 
vivo breast cancer patients. 

II. MATERIALS AND METHODS 

A. Single Transducer Harmonic Motion Imaging Excitation 

and Tracking Pulse Sequence   

In ST-HMI, AM-ARF was generated by sinusoidally 
varying excitation pulse duration (i.e cycle number) and tracking 
pulses were collected in between excitation pulses to estimate 
the induced displacements. Fig. 1 shows excitation (red) and 
tracking (blue) pulse sequence for one-period oscillation with 
frequency and excitation pulse per cycle of 200 Hz and 8, 
respectively. Tracking pulses were like typical 2-cycle B-mode 
imaging pulse whereas excitation pulses are long duration pulse. 
Note, tissue displacement linearly increases with excitation 
pulse duration for fixed acoustic pressure [17]. So, sinusoidal 
variation in excitation pulse duration generates sinusoidally 
modulated displacements.  This pulse sequence was repeated to 
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generate 5 cycles of oscillation at each lateral line. A reference 
tracking pulse was collected before the 1st excitation pulse and 
the motion was estimated with respect to the reference pulse. 

B.  Phantom Experiments  

Imaging of two commercially available phantoms 
(customized model 049A, CIRS, Norfolk, VA) was performed 
using a Verasonics research system (Vantage 256, Verasonics 
Inc., Kirkland, WA, USA) with L7-4 transducer (Philips 
Healthcare, Andover, MA, USA). In both phantoms, two 
stepped-cylindrical inclusions with varying diameters and 
stiffness were embedded in a 5 ± 1.0 kPa background. The 
manufacturer-provided Young’s modulus of 4 inclusions was 8 
± 1.5, 10 ± 2, 40 ± 8, and 60 ± 10. Imaging was performed at 10 
± 1.0 mm cross-section of the cylindrical inclusions. In all 
inclusions, ST-HMI was performed using oscillation frequency, 
excitation pulse number per cycle, and oscillation cycle number 
of 220 Hz, 8, and 5, respectively. The center frequency of 
excitation and tracking pulse was 4.0 and 6.1 MHz with F-
number of 2.25 and 1.75, respectively. The axial focal depth was 
fixed to 15 mm with a pulse repetition frequency of 10 kHz. For 
two-dimensional imaging, 34 evenly spaced A-lines were 
acquired across approximately 20 mm lateral FOV. Preceding 
each 2-D ST-HMI acquisition was one spatially-matched B-
mode image, with 128 lateral lines spanning a lateral FOV of 
approximately 38 mm, for anatomical reference. 

C. Imaging of In Vivo breast cancer mouse model 

An orthotropic, 4T1 breast cancer mouse model was used to 
investigate the performance of ST-HMI in monitoring 
longitudinal changes in tumor stiffness. Induction of cancer and 
imaging protocols were reviewed and approved by the Columbia 
University Irving Medical Center (CUIMC) Institutional 
Animal Care and Use Committee (IACUC). Eight to ten-week-
old female BALB/c mice were purchased from the Jackson 
Laboratory. Cancer was inducted by injecting 2 x 105 4T1 breast 
cancer cells in the 4th inguinal mammary fat pad [18]. The 
experimental set up similar to the Payen et al. [19] was used. 
Mice were imaged using the same Verasonics research system 

with L22-14vXLF (Vermon, Tours, France) linear array at 1, 2, 
3, and 4 weeks post-injection of tumor cell.  ST-HMI was 
performed using oscillation frequency, excitation pulse number 
per cycle, and oscillation cycle number of 200 Hz, 13, and 5, 
respectively. The center frequency of excitation and tracking 
pulse was 15.6 and 20.8 MHz with F-number of 2.25 and 1.75, 
respectively. The axial focal depth was varied from 11 to 15 mm 
depending on the size of the tumor. 2-D HMI image was formed 
by acquiring fourteen evenly spaced A-lines across 4 mm lateral 
FOV. One spatially-matched B-mode image was acquired with 
128 lateral lines spanning a lateral FOV of approximately 13.6 
mm, for anatomical reference. 

D. Imaging of  Breast Cancer Patient 

 Clinical performance of ST-HMI was evaluated by imaging 
a female invasive ductal carcinoma cancer patient following 
human subjects protocol approval by the CUIMC Institutional 
Review Board (IRB). Informed consent was obtained from the 
patient. Similar to the phantom experiments, ST-HMI was 
performed using the same Verasonics research system with an 
L7-4 linear array. Patients were imaged in a supine or lateral 
oblique position and the location and boundaries of tumors were 
confirmed by an experienced sonographer in the B-mode 
ultrasound image. Data were collected by orienting transducer 
parallel to the radial direction (i.e., line connecting center of 
mass and nipple).  

E. Single Transducer Harmonic Motion Imaging Data 
Processing 

For all acquisitions, channel data were transferred to the 
computational workstation for offline processing using 
MATLAB (MathWorks Inc., Natick, MA, USA). Custom delay 
and sum beamforming was applied to construct beamformed RF 
data. Motion tracking with respect to the reference tracking 
pulse was performed using one-dimensional normalized cross-
correlation (NCC) [20].  At each spatial location (axial x lateral), 
the differential displacements were computed by subtracting 
displacements between successive time samples. Then, the 
desired oscillation was filtered out using a second-order 
Butterworth bandpass filter (butter and filter function). After 
filtering out the desired oscillations, a 2-D image was formed by 
calculating average peak-to-peak displacement (P2PD) over 
cycles for each pixel. The P2PD is a function of the ARF 
amplitude which varies over the axial range. So, the depth-
dependent variation in P2PD must be normalized before P2PD 
can be compared over the axial range. Normalization was 
performed using the method described in Hossain et al.  [21]. 

III. RESULTS AND DISCUSSIONS 

Fig. 2 qualitatively compares the normalized P2PD images 
of 8, 10, 40, and 60 kPa inclusions embedded in 5 kPa 
background. The inclusion contrast increased with Young’s 
modulus of the inclusion which is expected. The P2PD ratios of 
background to inclusion were 1.2, 1.6, 5.4, and 5.8 in 8, 10, 40, 
and 60 kPa inclusions, respectively, and were highly correlated 
with Young’s moduli ratios of inclusion to background with R2 
of 0.93. These results suggest that ST-HMI can contrast different 
stiffness inclusion. Though a 10 ± 1 mm diameter was targeted 
to image all inclusions, the perceived size varied between 
inclusions. This may be due to the difference in transducer 
pressure on the surface of the phantoms during imaging, use of 

 

Fig. 1: ST-HMI pulse sequence with the excitation pulse cycle 

number (red) and tracking pulse (blue) for 200-Hz oscillation 

frequency and 8 excitation pulses per cycle. The excitation pulse 

cycle number is variable to generate amplitude-modulated force 

whereas the tracking pulse cycle number is fixed to 2. The 

excitation and tracking pulses were not drawn to the scale.  



the same oscillation frequency, and/or difference in true sizes. 
However, the perceived size was within the error range provided 
by the manufacturer.  

In the preclinical mouse study, two observations were 
notable. First, the tumor grew over time. Second, P2P 
displacements at the tumor with respect to the non-cancerous 
tissue decreased over time. The P2PD ratio of non-cancerous 
tissue to the tumor was 2.0, 3.6, 7.0, and 6.6 at 1, 2, 3, and 4 
weeks, respectively. One limitation of this analysis is the 
selection of ROI. As the non-cancerous tissue was not available 
at all axial depth (axial depth of around 8-11 mm), the axial ROI 
size was selected to cover the available background and 
maximum tumor in the lateral direction.  

In the clinical study, the ST-HMI detected invasive ductal 
carcinoma (IDC) tumor from the surrounding non-cancerous 
breast tissue in a 54 yr. old patient. The median P2PD ratio of 
non-cancerous tissue to tumor was  1.78 in the patient. The size 
of the tumor was 4 mm. so, the St-HMI was able to detect as 
small as 4 mm tumor in vivo. 

ST-HMI demonstrated very promising results in phantoms, 
mouse breast cancer model, and breast cancer patients. 
However, the study has three main limitations. First, P2PD 
displacements were used to infer mechanical properties. 
However, displacement is a function of both elasticity and 
viscosity [21]. Second, the P2PD ratio of non-cancerous tissue 
to tumor was used to account for the mouse to mouse variation 
in ARF amplitude. The mechanical property assessments will be 
confounded if the non-cancerous tissues experienced different 
force amplitude than the tumor or the mechanical properties of 
non-cancerous tissues change over time. Third, the mechanical 
anisotropy of breast tissues [22] was ignored. The mechanical 
anisotropy may confound the displacement measurements [23]–
[25]. Future investigations will address these limitations.  

IV. CONCLUSION 

In this study, the initial feasibility of generating and tracking 
harmonic motion was shown using a single linear array 
transducer. ST-HMI contrasted four inclusions with varying 
stiffness using two commercially available phantoms. In the 
preclinical mouse study, the P2PD ratio of the tumor to non-
cancerous tissues increased over time indicating that the relative 

stiffness of the tumor was increasing. In the clinical application, 
ST-HMI detected IDC and showed that the relative stiffness of 
IDC was higher than the surrounding non-cancerous tissue. 
These results indicate that ST-HMI is feasible and can assess the 
mechanical properties of tissue via generation and tracking of 
harmonic motion in the region of AM-ARF excitation.   
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