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ABSTRACT 

Mechanical properties of tissues are diagnostically 

relevant. To interrogate mechanical properties via amplitude-

modulated acoustic radiation force (AM-ARF)-induced 

displacement, single-transducer harmonic motion imaging 

(ST-HMI) modifies the duration of the discrete excitation 

pulse (DEP) to generate AM-ARF and interleaves the 

tracking pulses with DEPs to estimate displacement. This 

study uses a multi-frequency excitation pulse to generate 

peak-to-peak displacement (P2PD) at 100 to 1000 in steps of 

100 Hz simultaneously and then, generates a slope-1 image by 

fitting a regression line to log (P2PD) versus frequency data. 

Initial feasibility was demonstrated by imaging 6 and 70 kPa 

inclusion in an 18 kPa background and a 4T1 breast cancer 

mouse tumor on  Day 11 and 27 post-injection of tumor cells. 

There was a < 1% difference in slope-1 values of 6 kPa 

inclusion when excitation beam pressure varied from 2.4 to 

4.1 MPa. Slope-1 values were higher for stiffer materials and 

indicated that the elasticity of tumors was higher on Day 27 

versus 11. These results indicate the feasibility of using slope-

1 as a quantitative indicator of elastic properties.  

Index Terms— Acoustic radiation force, harmonic 

motion imaging, elasticity, displacement, breast cancer. 

1. INTRODUCTION 

Ultrasound elastography (UE) derived mechanical 

properties like elasticity have been applied to diagnose 

diseases in the liver, breast, thyroid, prostate, kidney, 

muscles, carotid artery, and lymph nodes [1]–[4] due to the 

variation of mechanical properties with the pathological 

condition of the tissue. One of the UE approaches uses ARF 

to induce micron-level motion in the tissue and the induced 

deformation is estimated using typing B-mode style tracking 

pulses. ARF-based methods either use displacements “on-

axis” to the ARF [5]–[8], or shear wave velocity “off-axis” to 

the ARF [1], [9] or both [10], [11] to assess the mechanical 

properties. Both “on-axis” and “off-axis” –based methods 

have their pros and cons. Shear wave velocity is assessed 

away (i.e., off-axis) from the ARF location over a 2-4 mm 

axial-lateral window and provides quantitative mechanical 

properties like elasticity and viscosity [12]. However, shear 

wave-based methods have poor spatial resolution and are 

challenged by tissue heterogeneity and reflected waves from 

the boundaries [13]. In contrast, “on-axis” displacement-

based methods provide better mechanical resolution [14] and 

are less impacted by tissue heterogeneity as the displacements 

are assessed under the ARF point spread function (i.e., on-

axis). However, displacement-based methods provide 

relative mechanical properties i.e. mechanical properties of a 

target region with respect to a reference region [15]. 

“On-axis” ARF-based methods either use pulsed ARF to 

induced displacements at the broadband frequency range [5], 

[6], [8], [16] or oscillatory ARF to induce displacement at a 

specific frequency [7], [15]. The advantage of using 

oscillatory ARF is the fact that motion at the input oscillation 

frequency can be easily filtered from motion artifacts. One of 

the methods which uses oscillatory excitation is harmonic 

motion imaging (HMI) [7]. HMI uses a focused ultrasound 

transducer and an imaging transducer to simultaneously 

generate and track oscillatory motion at 25-100 Hz, 

respectively, and a 2-D image is generated by mechanically 

translating both transducers. The current use of two different 

transducers with a 3-D positioner renders the HMI system 

highly complex for diagnostic imaging.  

To facilitate HMI data acquisitions while preserving the 

advantages of the oscillatory excitation, Hossain et al. 

proposed a single transducer –HMI (ST-HMI) to generate and 

map harmonic motion using an imaging transducer only [15], 

[17]. In ST-HMI, the oscillatory ARF is generated by 

modulating the excitation pulse duration and the induced 

motion is tracked by transmitting the tracking pulses 

interleaving with DEPs. Note that, changes in the excitation 

pulse duration change the pulse integrated intensity which in 

turn generates different ARF magnitudes. 

Instead of acquiring specific frequency data separately, 

the objective of this work is to use a multi-frequency 

excitation pulse (MFEP) [18] to collect displacement at 100 

to 1000 Hz in steps of 100 Hz simultaneously and then, 

empirically derived the relationship between displacement 

versus frequency. The empirical relationship is demonstrated 

by experimenting with two inclusions in a standardized 

phantom and tumors in a breast cancer mouse model. 

2. METHOD 

2.1. Generation of the multi-frequency excitation pulse 

The MFEP was composed of a sum of sinusoids with the 

lowest frequency of fL and was generated as follows: 

𝑒 (𝑡) = ∑ 𝑚2 × 𝑐𝑜𝑠(2𝜋𝑚𝑓𝐿𝑡 + 𝜃𝑚) 

𝑁𝑠𝑖𝑛𝑢𝑠𝑜𝑖𝑑 

𝑚=1

 (1) 

where, θm is 0 or π when m is odd or even, respectively and 

Nsinusoid defines the total number of sinusoids with frequencies 



of an integer multiple of fL.  Therefore, the maximum 

frequency in e(t) is Nsinusoid × fL. The duration of the excitation 

pulse is the product of cycle number (Ncycle) and fundamental 

period TL = 1/fL. The multiplication term, 𝑚2 , in (1) is added 

to account for the higher loss in the higher frequencies. Then, 

e(t) is normalized to contain minimum and maximum pulse 

duration of Dmin and Dmax, respectively. Similar to Hossain et 

al. [15], the above continuous excitation pulse (CEP) is 

sampled to transmit tracking pulses interleaved with DEP 

(see Fig. 1). The induced displacement was estimated relative 

to the reference tracking pulse. 

2.2. Imaging of phantom and 4T1 breast cancer mouse  

ST-HMI with MFEP was used to image 6 and 70 kPa 

inclusions embedded in an 18 kPa background of a 

commercially available elastic phantom (model 049A, CIRS, 

Norfolk, VA, USA). The imaging was performed using a 

Verasonics research system (Vantage 256, Verasonics Inc., 

Kirkland, WA, USA) equipped with an L7-4 transducer 

(Philips Healthcare, Andover, MA, USA). The continuous 

excitation pulse was sampled to transmit 12 DEP (see Fig. 1) 

with a center frequency of 4 MHz.  The tracking pulse was 

transmitted in-between DEP with center and pulse repetition 

frequency (PRF) of 6 MHz and 10 kHz respectively. The 34 

focused excited and tracking beams [15] were transmitted in 

a walking aperture sequence to generate a 2-D image with a 

lateral field of view of 20 mm. To find the impact of ARF 

magnitude on the empirical relationship, 6 kPa inclusion was 

imaged by setting excitation beam voltage at 30 and 45 V in 

Verasoncis. 30 and 45 V correspond to peak negative 

pressure of 2.4 and 4.1 MPa in the free field, respectively. 

In vivo ST-HMI of 4T1 breast cancer mouse [15] was 

performed by the same Vantage system with an L11-5 

transducer (Verasonics Inc., Kirkland, WA, USA). For both 

phantom and mouse imaging, 4 cycles of multi-frequency 

oscillation were collected. Tumors were generated by 

injecting 105 4T1 breast cancer cells. The center frequency of 

excitation and tracking pulse was 6 and 9 MHz, respectively 

with a PRF of 15 kHz. The mouse was anesthetized (1- 2% 

isoflurane in oxygen) in a supine position on a heating pad 

with their abdominal hair removed during imaging. The 

mouse was imaged on Day: 11 and 27 post-injection.  

2.3. ST-HMI data processing 

A custom delay-and-sum beamforming [15] was applied 

to the acquired channel data to construct beamformed 

radiofrequency data and 1-D normalized cross-correlation 

with kernel length of 0.6 mm was applied to estimate 

displacement relative to the reference tracking pulse which 

yielded in a 3-D dataset (axial x lateral x time) describing 

axial displacements over time. The differential displacements 

at each pixel were computed by subtracting displacements 

between successive time points to remove the slowly varying 

motion. Then, the differential displacement profile at each 

pixel was filtered out using a 4th order infinite impulse 

response bandpass filter to estimate displacements at each 

frequency. It is noteworthy to mention that filtering of 

differential displacement profiles was performed separately 

at each frequency. Then, the P2PD image at each frequency 

was generated by calculating P2P over cycles.  

We empirically found that the log (P2PD) is linearly 

related to the oscillation frequency. Therefore, a 2-D image 

of the slope was generated by fitting a line at each pixel. As 

the generated slope was inversely related to stiffness, an 

inverse of the slope (slope-1) was calculated to have higher 

values for the stiffer materials.  

3. RESULTS AND DISCUSSION 

Fig. 1 shows the 1-cycle of CEP with fL = 100 Hz, Nsinusoid 

= 10, Dmin = 5 µs, and Dmax = 60 µs for the multi-frequency 

ST-HMI. According to equation (1), CEP contained 

frequencies from 100 Hz to 1000 Hz in steps of 100 Hz.  The 

CEP was sampled to transmit 12 DEPs with interleaved 

tracking pulses. Note, the duration of the DEP changes but all 

tracking pulses duration is 0.33 μs. Acoustic intensity is 

different for pulses with a different duration which in turn 

generates different magnitude ARF. While Fig. 1 is shown 

for 1-cycle, 4-cycles of MFEP were used to collect data. 

Fig. 2 (a) shows the exponential relationship between 

P2PD versus oscillation frequency at 2.4 and 4.1 MPa 

pressure on a background pixel of the phantom. Note, all 

P2PDs were generated simultaneously by using the above 

MFEP. The higher pressure generated higher P2PD due to the 

higher ARF magnitude. The P2PD at each frequency was 

normalized by the P2PD at 100 Hz and panel (b) shows that 

the relationship between log (normalized P2PD) versus 

frequency is linear for both background and inclusion pixel. 

While the intercept of the fit varied between 2.4 versus 4.1 

MPa, the slope-1 in background and inclusion was similar for 

both pressures.  This result indicates that slope-1  does not 

depend on the ARF magnitude which is generally unknown 

in the tissue because ARF magnitude depends on the acoustic 

attenuation and sound speed. Fig. 3 shows fit performance in 

the 70 kPa inclusion and mouse tumor. The R2 of the fit was 

0.97-0.99 in the background or healthy tissue whereas the R2 

was 0.94, 0.84, and 0.91 in the 70 kPa inclusion and tumor on 

 

Fig 1: 1-cycle of tracking pulses and discrete excitation pulses 

for multi-frequency ST-HMI. Discrete excitation pulses are 

generated by sampling continuous excitation pulse with fL = 100 

Hz, Nsinusoid = 10, Dmin = 5 µs, and Dmax = 60 µs. 

Displacements were calculated with respect to the reference 

tracking pulse. 

 

 

 

 

 
 



Day 11 and 27, respectively. Despite reduction in R2, the 

slope-1 was higher in both inclusions and tumor compared to 

the background and healthy tissue. The slope-1 was calculated 

for each pixel to generate a 2-D image. 

Fig. 4 shows B-mode and slope-1 images of 6 and 70 kPa 

inclusion embedded in an 18 kPa background. Four 

observations are notable. First, slope-1 was lower or higher 

with respect to the background for softer or stiffer inclusion, 

respectively. Second, slope-1 images of 6 kPa inclusion are 

fairly similar for 4.1 and 2.4 MPa. There was a slight 

difference between 4.1 versus 2.4 MPa around and above 25 

mm axial location in the background (panels b and c). This 

may be due to a lower ARF magnitude above 25 mm axial. 

As the ARF diverges from the focus (35 mm), the magnitude 

decreases. Third, 70 kPa inclusion does not appear as 

homogeneous as 6 kPa inclusion. Note, the R2 of the fit was 

lower in the 70 versus 6 kPa inclusion (Figs. 2b and 3a ). It 

may be due to the particular characteristics of 70 kPa 

inclusions or slope-1 may be impacted differently for softer 

versus stiffer inclusions. Future studies will investigate this 

aspect by imaging different stiffer inclusions. Finally, the 

background below the inclusion has a different amplitude 

than the background at the same axial depth but left or right 

of inclusion. This may be due to boundary effects. In the 

future, FEM simulation [6] will be performed to investigate 

why this effect is prominent below the inclusion boundaries. 

Note, the goal of the slope-1
 calculation is not to improve the 

detectability of inclusions rather quantify elasticity. The 

P2PD can be used to better delineate inclusion. 

Fig. 5 shows in vivo B-mode and slope-1 images of a 

mouse tumor on Day 11 and 27 post-injection of the tumor 

cells. Two observations are notable. First, the tumor grew in 

size over time. Second, higher slope-1 indicates that the tumor 

became stiffer with growing size with the ingression of tumor 

cells. In the future, we will investigate the impact of the size 

of inclusion/tumor on slope-1. Table 1 summarizes the median 

± std of slope-1 values in the ROI of the phantom and tumor. 

4. CONCLUSION 

This study demonstrates that the slope-1 of a linear 

relationship between MFEP-derived log (normalized P2PD) 

 

Fig 3:  Log (normalized peak-to-peak displacement, P2PD) versus frequency of a pixel  on the (a) background (BKD)  and inclusion 

(INC) of 70 kPa inclusion and healthy tissue (HT) and tumor on Day (b)11 and  (c) 27 post-injection of tumor cells with slope-1 (m) 

and R2 of the fit. The pixel location is shown on Figs. 4 and 5. 

 

Fig 4:  (a,d) B-mode and (b,c,e) slope-1 images of 6 and 70 kPa inclusion embedded in a 18 kPa background. Black, red, and blue 

contours represent inclusion boundary and ROI in inclusion and backgrond, respectively. Blue and red filled rectangle represent pixel 

location used to represent fit and slope in Figs. 2 and 3. 
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Fig 2: (a) Peak to peak displacement (P2PD) versus oscillation 

frequency of a background (BKD) pixel (b) log (normalized 

P2PD) versus frequency of BKD and 6 kPa inclusion (INC) 

pixels with slope-1 (m) and R2 of the fit for the excitation beam 

pressure of 2.4 and 4.1 MPa. The pixel location is on Fig. 4. 

 

 

 

 

 

 



versus oscillation frequency quantifies the mechanical 

properties of the materials and does not depend on the ARF 

magnitude. The slope-1 was higher for stiffer inclusion and 

differentiated the tumor stiffness at two different time-points 

during progression in vivo. Future work will investigate the 

relationship between slope-1 versus viscoelasticity of tissues 

and compare slope-1 images with shear-wave-based methods. 
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Fig. 5: (a,c) In vivo B-mode and (b,d) slope-1 images of a mouse 

tumro on Day 11 and 27 post-injection of the tumor cells. Black, 

red, blue, and magenta contours represent inclusion boundary, 

ROI in tumor and healthy tissue, and slope-1 image field of view 

respectively. Blue and red filled rectangle represent pixel 

location used to represent fit in the Fig. 3. 

Table 1: Median ± standard deviaton (std) of slope-1 values in 

the region of interest (ROI) of inclusion/tumor (Num) and 

backgound/healthy tissue (Denum) of phantom/mouse. 

Materials 

Type 

Region 

Name 
Median ± std 

Ratio = 

Num / 

Denum  

6 kPa, 4.1 

MPa 

Inclusion 475.7 ± 21.8 
0.8 

Background 600.5 ± 24.5 

6 kPa, 2.4 

MPa 

Inclusion 478.7 ± 21.9 
0.8 

Background 603.2 ± 24.6 

70 kPa, 4.1 

MPa 

Inclusion 655.1 ± 25.6 
1.12 

Background 587.3 ± 24.2 

Tumor, Day 

11 

Tumor 773.6 ± 27.8 
1.11 

Healthy tis. 699.2 ± 26.4 

Tumor, Day 

27 

Tumor 940.2 ± 30.7 
1.21 Healthy tis. 777.5 ± 27.9 

 

 

 

 

 

 
 


