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Abstract

Extracorporeal boiling histotripsy (BH), a noninvasive method for mechanical tissue 

disintegration, is getting closer to clinical applications. However, motion of the targeted organs, 

mostly resulting from the respiratory motion, reduces the efficiency of the treatment. Here, 

a practical and affordable unidirectional respiratory motion compensation method for BH is 

proposed and evaluated in ex vivo tissues. The BH transducer is fixed on a robotic arm following 

the motion of the skin, which is tracked using an inline ultrasound imaging probe. In order 

to compensate for system lags and obtain a more accurate compensation, an autoregressive 

motion prediction model is implemented. BH pulse gating is also implemented to ensure targeting 

accuracy. The system is then evaluated with ex vivo BH treatments of tissue samples undergoing 

motion simulating breathing with movement of amplitudes between 5 to 10 mm, frequency 

between 16 to 18 breaths per minute, and a maximum speed of 14.2 mm/s. Results show a 

reduction of at least 89% of the value of the targeting error during treatment, while only increasing 

the treatment time by no more than 1%. The lesions obtained by treating with the motion 

compensation were close in size and affected area to the no-motion case, whereas lesions obtained 

without the compensation were often incomplete and had larger affected area. This approach to 

motion compensation could benefit extracorporeal BH and other histotripsy methods in clinical 

translation.
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I. INTRODUCTION

Extracorporeal high intensity focused ultrasound (HIFU) treatments have been shown to 

be a promising noninvasive alternative for tumor ablation in the liver [1], [2], breast [3], 

[4], pancreas [5], [6] and kidney [2], [7]. Targeting of the extracorporeal HIFU treatment 

is usually performed with ultrasound imaging or magnetic resonance imaging (MRI) [8]. 

In ultrasound imaging guidance, the diagnostic probe is usually located at the center of the 

transducer and is axially aligned with its focus, referred to as inline imaging probe.

Using HIFU, different methods of tissue ablation are possible, such as thermal ablation, 

where long - in the range of hundreds of milliseconds to seconds - ultrasound pulses 

delivered at high duty cycle elevate the temperature through absorption at the focus up to 

70°C [9]. Recently, several methods of mechanical tissue ablation were developed where 

short (microseconds to milliseconds) high amplitude ultrasound pulses delivered at low duty 

cycle generate intense bubble activity at the focus resulting in tissue fractionation [10], 

[11]. In particular, boiling histotripsy (BH) uses millisecond-long pulses of highly nonlinear 

HIFU waves to heat the focus up to boiling temperature, forming a mm-sized vapor bubble 

that interacts with the remaining pulse resulting in tissue liquefaction [12], [13].

However, the physiological motion of the organs, mainly resulting from respiration, can 

cause a time-varying offset between the targeted tissue and the transducer focus, and thus 

have a negative impact on the precision and safety of HIFU treatment. For thermal ablation, 

this means a reduction in the treatment efficiency [14], and in both mechanical modalities 

of ablation this motion has been shown in vivo to cause larger, irregularly shaped lesions 

[15]–[18]. The possibility of damage to adjacent healthy tissues is a safety concern with all 

treatment modalities.

Multiple ways of mitigating the physiological motion during HIFU treatment have been 

proposed over the years. The simplest method was to maintain breath hold during treatment, 

either self induced [19] or under general anaesthesia and mechanical ventilation [20], 

however as a consequence the treatment time was substantially increased [21]. Treatments 

can be also performed during continuous breathing but require motion tracking of the 

targeted tissue. This tracking can either be implemented using visual tracking of the skin 

surface [22], [23], MRI [24], [25], maintaining isoforce contact with the skin [26], or 

ultrasound imaging [27]–[29]. Once the motion is properly estimated, it can be accounted 

for passively by respiratory gating [23], i.e. the HIFU is only turned on when the focus is 

aligned within a certain margin to the targeted tissue. However, this method increases the 

treatment time and reduces its efficiency. Another method is to implement active motion 

compensation using robots that follow the tracked target, effectively canceling most of the 

motion [22], [26], [28], [29]. Alternatively, active compensation using a multi-element HIFU 

transducer in pulse-echo mode for the motion tracking and correcting for it by steering the 

focus electronically was also proposed [30]. However, this method requires a transducer 

with a large number of elements for proper tracking and steering.

All of the methods of motion compensation described above were originally designed 

for thermal HIFU treatments, in which long HIFU pulses interfere with ultrasound 
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imaging, such that interleaved ultrasound imaging and HIFU sonication sequences had to 

be developed [28], [29]. Unlike thermal HIFU, histotripsy uses infrequent short pulses, 

therefore the problem of synchronizing HIFU bursts and imaging is not as critical.

Some of the prior studies on using ultrasound imaging for motion estimation employed 

real-time speckle-tracking algorithms in the region of HIFU focus for precise displacement 

estimation [28], [29]. Implementation of these algorithms for extracorporeal histotripsy in 
vivo is complicated by several factors that are challenging to overcome. First, due to the 

large water-filled standoff typical for extracorporeal HIFU setups, the distance from the 

imaging probe to the HIFU focus is usually quite large (120 mm in present case). This large 

distance combined with relatively small imaging array aperture often restricted by the size of 

the central opening (40 mm in our setup), usually results in low signal-to-noise ratio (SNR), 

thus complicating real-time speckle tracking algorithms. Furthermore, out of plane motion 

results in decorrelation of speckles [31], which makes them more prone to generating 

false motion estimates. These issues were overcome by Seo et al. by implementing motion 

tracking in 3D, but required the addition of a second imaging system and probe to the setup 

and a sophisticated algorithm [32], [33]. Another successful method to enhance speckle 

tracking capability during thermal HIFU treatments was based on tracking the hyperechoic 

region that gradually appears at the HIFU focus with tissue coagulation [33]. However, this 

approach is unlikely to be effective in histotripsy because changes in tissue echogenicity 

at the focus are rapid (on the order of milliseconds) and transient due to high speed and 

vorticity of residual bubble motion through liquefied tissue [18].

Other previous works on active motion compensation tracked and compensated for the 

movement of skin closest to the organ of interest [22], [26]. In the case of extracorporeal 

HIFU setups, the interface between coupling water (completely anechoic) and skin 

represents a steep contrast change on the B-mode imaging, making it an easy and reliable 

reference to track. However, the motion of the liver due to respiration in porcine model and 

human is complex and dependent of the part of the organ targeted [34], [35], and as such, 

tracking the skin would only allow for partial, unidirectional compensation of its motion. In 

both humans and pigs, generally the dominant liver motion components are cranio-caudal 

and anterior-posterior. Both motion components are dependent on the specific lobe and the 

subject’s position, and the exact reported displacement values vary widely, within 10–25 mm 

(humans) and 2–5 mm (pigs) for cranio-caudal direction and 2.5–12 mm (humans) and 1–10 

mm (pigs) for anterior-posterior direction [34], [35]. The former can not be compensated 

with the unidirectional method proposed here, only the latter.

In this paper, we present an active unidirectional respiratory motion compensation method 

using a robotic arm that is adapted to histotripsy, specifically BH. The objective was to 

develop a method that would be affordable and relatively generic in its implementation for 

use in ongoing in vivo BH treatments of the liver in porcine models, and humans in the 

future. The capabilities of the method were evaluated by performing BH ablations of ex 
vivo tissue undergoing quasiperiodic motion replicating pig respiration: the amplitude of the 

motion ranged between 5 to 10 mm, frequency of around 17 breaths per minute, and speeds 

within 5–14 mm/s.
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II. MATERIALS AND METHODS

A. HIFU Transducer, Imaging Probe and Robotic Arm

A 1.5 MHz, 256-element array designed to deliver abdominal BH treatments [36]–[38] made 

of piezoelectric composite material (Imasonic, Voray sur l’Ognon, France) was used in this 

study and is shown in Fig. 1. The elements diameter was 7 mm; and transducer had a 

nominal focal distance of 120 mm, an outer diameter of 144 mm, and a central opening 

of 40 mm diameter where a coaxial ultrasound imaging probe (ATL P6–3) was set. The 

transducer was designed for extracorporeal BH treatments and as such could generate the 

required high amplitude shock fronts (up to 100 MPa) at the focus at the peak acoustic 

power of 275 W in water. The transducer was driven by a 4-boards V1 Verasonics research 

system (V-1 Ultrasound Acquisition platform, Verasonics Inc, Kirkland, WA, USA) with 

HIFU option.

The 128-element phased array imaging probe was connected to a separate 2-board V1 

Verasonics system. The B-mode ultrasound imaging acquisition was made using a transmit 

at 4.5 MHz and a sampling frequency Fs = 18 MHz, and the reconstruction was made using 

36 scan lines focused at the same depth as the transducer, 120 mm, and distributed in a 

rectangular area directly in front of the imaging probe array of 34 mm width and 135 mm 

depth, with a frame rate of 27.5 Hz.

The HIFU array with the inline imaging probe was then attached to a robotic arm (UR3e, 

Universal Robots, Odense, Denmark) using a custom 3D-printed holder as seen in Fig. 1. 

The robotic arm was a six degree-of-freedom cobot, i.e. specifically designed for human 

interaction, had a 500 mm reach, a maximum payload weight of 3 kg, a repeatability of 

movement of ± 0.03 mm, and maximum speed of 1 m/s. The arm was mounted on a tripod 

support with retractable wheels.

B. Motion Tracking

The approach to track the motion of the water/skin interface along the axis of propagation 

of the HIFU transducer and imaging probe, referenced as z, is described in this section. 

The ultrasound imaging-derived signal used in the tracking algorithm was similar to that 

presented by Chanel et al. [28], and is illustrated with a diagram in Fig. 2. An example of 

the implementation of the tracking algorithm on a free breathing pig during an independent 

prior in vivo BH liver treatment is shown in Fig. 3. A region of interest (ROI) including the 

waterskin interface was selected on the B-mode image (illustrated as dashed blue boxes in 

Fig. 3(a-b)). The brightness values of the pixels along the transverse dimension were then 

summed and normalized to generate a 1D signal, shown in Fig. 3(c), that was used for the 

tracking. Here, the ROI enclosed the interface between the water and the skin, with its width 

and height chosen such that the interface contrast change on the 1D signal could be easily 

tracked with a certain threshold value over the entire respiratory cycle. In some cases where 

the contrast change was not steep enough, the 1D signal was also squared to improve the 

signal contrast. This 1D signal was then interpolated by a factor of 16 with a piecewise 

cubic Hermite interpolation to increase its sampling rate to 288 MHz in order to improve the 

Thomas et al. Page 4

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resolution of the tracking. This resulting signal will be referred to as s(z, t), where z is the 

imaging depth relative to the imaging probe and t is the time.

Once a suitable signal s(z, t) had been generated from the B-mode image, tracking of 

the interface position was performed by choosing an adequate threshold T that allows to 

track the surface smoothly and using a zero crossing detection on the signal s(z, t) − T  to 

find the position zi(t) corresponding to distance of the water/skin interface relative to the 

imaging probe, as shown in Fig. 3(c). The value of T was chosen as slightly above the 

maximum amplitude of the noise in front of the water/skin interface. The displacement 

Δzi(t) = zi(t) − zi t0  of the interface relative to its initial value, where t0 is the time that the 

tracking algorithm was initialized, was defined. Finally, in order to ensure the same interface 

was tracked continuously over a long time, the ROI of the tracking algorithm was translated 

by Δzi(t), therefore making the ROI follow the interface as illustrated between Fig. 3(a) and 

Fig. 3(b).

C. Motion Prediction

The output of the displacement estimation described above could theoretically serve as 

direct input to the robotic arm for motion compensation. However, the lags stemming from 

limited B-mode imaging frame rate (27.5 Hz in present case), execution time of motion 

tracking algorithm, communication between the different modules (ultrasound imaging, 

computers and the robot), and limited acceleration of the robotic arm (the safest, and 

therefore most restrictive setting for acceleration was used here) would accumulate (over 

100 ms in present case) and could lead to less accurate and thus less efficient motion 

compensation, even with an appropriately tuned controller, as demonstrated by another 

group [39]. One solution to this problem is the use of motion prediction algorithms in 

tandem with motion estimation. Motion prediction methods rely on a priori knowledge 

of some of the motion characteristics. For example, the free breathing motion in both 

anesthetized pigs and humans is known to be almost periodic, with only small variations 

of the motion period and amplitude between each breath [40], [41]. In this study, a time

varying seasonal autoregressive (TVSAR) prediction model, originally developed for the 

motion prediction of lung tumors during radiotherapy [42] was used.

The TVSAR model is based on the seasonal autoregressive (SAR) model used to model time 

series with periodical variations. The SAR model is as follows:

Δzi(t) = ϵ(t) + ∑
δ = 1

n
Φδ ⋅ Δzi(t − δp) (1)

where Φδ, δ = 1, 2, …, n are the SAR coefficients, n the order of the SAR model, ϵ(t) is a 

Gaussian white noise with zero mean and variance σ2, and p is the period. To obtain future 

prediction for a h-time ahead, the prediction model becomes:

Δzi(t + ℎ ∣ t) = ∑
δ = 1

n
Φδ ⋅ Δzi(t + ℎ − δp) (2)
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where Δzi(t + ℎ ∣ t) is the predicted value of Δzi(t + ℎ) at the instant t, and Φδ are the 

estimated values of Φδ. Equation (2) allows for predicting future values of Δzi as a weighted 

sum of its previous values for n periods back.

The TVSAR model allows for small variations in period by replacing the term δp in Eqs. (1) 

and (2) by the reference intervals rδ(t), and thus the prediction model becomes:

Δzi(t + ℎ ∣ t) = ∑
δ = 1

n
Φδ ⋅ Δzi t + ℎ − rδ(t) (3)

The values of the reference intervals rδ(t) represent the local period of the δth breath. At the 

initialization of the algorithm, a recording of length Ti of the respiration motion containing 

a known number of N ≥ n breath periods is obtained, resulting in an estimated period of 

p = TiN−1. The following correlation function CF is then defined as:

CF(t, k) = ∫
0

p
Δzi(t − τ) − μ ⋅ Δzi(t − k − τ) − μ dτ (4)

where k is a lag value, μ is the mean of Δzi(t) over the interval t − Ti, t . The values of the 

reference interval were then determined by looking at the peak of CF:

rδ(t) = argmax
k ∈ Kδ

(CF(t, k))
(5)

where Kδ is the search range for the δth interval which is set as:

Kδ = k ∣ δp − p
2 ≤ k ≤ δp + p

2 (6)

Following each time the values of rδ(t) were calculated, the value of p was replaced such as 

its value for the next update of the values of rδ(t) was the mean of their preceding values:

p = 1
n ∑

δ = 1

n
rδ (7)

Finally, the coefficient Φδ of the TVSAR model in Eq. 3 were estimated with a recursive 

least square (RLS) filter with forgetting factor [43]. The input and coefficient vectors, x(t) 
and w(t) respectively, were set as:

x(t) = Δzi t − r1(t) , …, Δzi t − rn(t) (8)

w(t) = Φ1, …, Φn (9)

where the initial values of the coefficient vector were set as null:
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w(0) = 0 (10)

The update of the values of w(t) was introduced as follows:

w(t) = w(t − Δt) + R(t − Δt)x(t − Δt)e(t − Δt) (11)

where e(t) is the error between the filter output and the desired values zi(t) and R(t) is the 

inverse of the autocorrelation matrix, and are calculated as follow:

e(t) = zi(t) − x(t)w(t − Δt)T (12)

R(t) = 1
λ R(t − Δt) − R(t − Δt)x(t)x(t)TR(t − Δt)

λ + x(t)TR(t − Δt)x(t)
(13)

where λ is the forgetting factor that should be in range from 0 to 1, and with R(0) = γI, 
where I is the identity matrix and γ is a large value (e.g. γ = 104 [43]).

D. Implementation

The purpose of the setup was to deliver extracorporeal BH treatment while compensating 

for the respiratory motion, and treatment gating in case the compensation was not sufficient. 

The diagram in Fig. 4 illustrates the communication between the three modules involved 

in the system: B-mode imaging, the robot controller and the HIFU transducer array driving 

module. The data communicated between the modules were: 1) the displacement of water/

skin interface, Δzi(t), calculated by the B-mode imaging system as described above and 

used in the feedback control loop of the robotic arm and, if needed, gating of the HIFU 

transducer, and 2) the time t of the B-mode image acquisition. The data t, Δzi  from the 

imaging system was sent by TCP/IP to a server hosted locally on the same computer. This 

data could be then queried by both the robot controller, also hosted on the same computer, 

and the HIFU transducer control system hosted on a separate computer.

The displacement estimation was built into the MatLab Verasonics imaging script as an 

external process event immediately following the reconstruction event and before the image 

display event as the display event generated a non negligible lag of around 5 to 10 ms. As 

soon as the value of Δzi was obtained, it was sent to the server along with its acquisition 

time t. Note that in the current implementation of the system the 10 ms long BH pulse 

emissions were not synchronized with B-mode imaging and could interfere with image 

acquisition during a pulse. However, given the low pulse repetition frequency (PRF) of 1 

Hz, only one B-mode frame per second would potentially be affected. To avoid an arbitrary 

displacement value resulting from the obstruction of the B-mode by the BH pulse, a check 

was implemented whether the B-mode image was blocked by the HIFU interference by 

detecting large sudden changes of the value of zi, i.e. zi(t) − zi(t − Δt) ≥ ξ. Here ξ was set 

to 1 mm. The value of zi(t) was then ignored and, instead, its previous value Δzi(t − Δt) was 
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sent to the server. The refresh rate of the imaging (27.5 Hz) was fast enough compared to the 

respiratory motion (<0.4 Hz) that this did not impact the motion compensation.

The gating was also implemented in the MatLab HIFU Verasonics script as an external 

process event located just before the BH pulse emission event. The process would query the 

server and check if the value of Δzi  was lower than an arbitrary chosen maximum allowed 

displacement value ε. If Δzi ≥ ε, the process would freeze the BH treatment script and 

query the value of Δzi with a refresh rate of 100 Hz until it became lower than ε or reached 

a timeout, which was set here as 10 seconds. Reaching the timeout would close the treatment 

program as a protection measure for both the HIFU transducer and the patient.

The server was programmed in Python and received the value of t, Δzi  as a character 

string that it would then be able to broadcast to other programs when queried with a 

specific command. The robot controller and the motion prediction algorithm were also 

programmed in Python and communicated to the robotic arm via its proprietary script 

language (URScript). A control loop, with a refresh rate of 110 Hz, was implemented and 

was controlling the speed of the robot along the axis of the BH array and inline imaging 

probe for the motion compensation. Because the B-mode imaging rate of 27.5 Hz and 

therefore the sampling rate of Δzi(t) was significantly lower, they were first resampled 

using cubic interpolation at 60 Hz and then filtered with a low-pass filter with a cutoff 

frequency of 5 Hz. The values of Δzi(t + ℎ ∣ t) outside the sampling rate were obtained by 

cubic interpolation between the two closest samples available.

The values of the coefficient Φδ of the TVSAR model in Eq. 3 were calculated using the 

implementation of the RLS filter available in the Python Adaptive Signal Processing library 

[44] and the value of the forgetting factor was set as λ = 0.1. The speed command vr of 

the robot was calculated using a discrete proportional derivative controller such that its value 

was:

vr = KPΔzi(t + ℎ ∣ t) + KD
dΔzi

dt (t + ℎ ∣ t) (14)

where KP and KD are the proportional and derivative gain of the discrete controller, 

respectively. Once the motion prediction program was initialized and the robotic arm was 

using its output to compensate for the respiratory motion, the value of the displacement fed 

to the motion prediction algorithm was changed from Δzi(t) to Δzi(t) = Δzi(t) + Δzr(t), where 

Δzr(t) was the displacement of the robotic arm relative to its initial position.

Finally, a software safety was introduced to avoid potential harm to the equipment and 

personnel. As such, the transducer displacement was limited to a spherical space of radius 

Rs, and if the robot left this space it would stop and await a new order. This safety measure 

was redundant with the hardware safety settings that were already set at the most restrictive 

level.
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The optimal parameters used for the motion compensation controller were found 

experimentally as KP = 10 and KD = 0.1. The motion prediction parameter n, corresponding 

to the number of previous movement periods to be considered for the prediction, should be 

chosen between 2 and 5 to avoid long calculation of the AR coefficients by the RLS filter. 

Here this parameter was set as n = 3. The remaining parameter of the motion prediction 

module, the look ahead time h, is chosen experimentally as to minimize the error between 

the predicted and actual movement, and was set here as h = 126 ms. The maximum 

displacement allowed for the gating of the transducer was determined experimentally as the 

value that would yield a lesion similar to the no-motion case, and was set here as ε = 1 mm. 

The safety radius was set as Rs = 20 mm.

Execution time on an Intel i9–9900k processor was less than 1 ms for the motion tracking 

algorithm and around 12 ms for the motion prediction. All the scripts implemented here are 

available on request, and are compatible with any URx e-series cobot model from Universal 

Robots.

E. Ex vivo Experiments

The efficiency of the motion compensation approach presented here was tested in ex vivo 
BH treatments implemented in bovine heart tissue. Note that although the BH system is 

intended for applications primarily in liver and kidney, the heart tissue was chosen for 

testing to isolate only the influence of motion compensation on the BH lesion size and 

quality. This is due to its relative macroscopic homogeneity resulting in consistency of size 

and shape of BH lesions, as well as the ease of gross visual evaluation of the lesions [45]. 

Fresh bovine heart was obtained from a local abattoir on the day of the experiments and 

all testing occurred within 36 hours from its receipt. The tissue was kept on ice during 

transportation and before the experiments. Prior to BH exposure, the heart was cut into 

cuboids of about 40 mm x 80 mm x 40 mm size and pericardial fat, if any, was removed. 

The samples were then placed into cold degassed saline and degassed in a desiccant chamber 

for at least 1 hour. Separately, an agarose gel was prepared by mixing agarose powder 

(UltraPure Agarose, Invitrogen) into de-ionized water (1.5% wt./vol. agarose/water). The 

resulting solution was then boiled for 10 minutes in a microwave oven to displace any 

dissolved gases present. The solution was then poured into a plastic mold of 80 mm x 50 

mm x 50 mm size and cooled by placing the mold in a reservoir filled with cold water. 

Once the temperature of the gel reached 40°C, the heart sample was placed into the mold 

and the gel was left to polymerize for about 15 minutes. Once polymerized, the embedded 

sample was transferred into a custom-made sample holder with acoustic windows on its four 

rectangular sides.

The position of the sample holder was controlled by a 3D positioning system (Velmex Inc, 

Bloomfield, NY, USA) within a tank filled with de-ionized water at room temperature and 

degassed to below 10% oxygen saturation. A polyurethane rubber acoustic absorber was 

placed about 6 cm behind the sample to avoid reverberation of HIFU and imaging waves. A 

photograph of the experimental setup is shown Fig. 5.

The experiments consisted of producing small volumetric BH lesions in the sample in 

3 different scenarios: immobile sample, and moving sample with or without motion 
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compensation activated. Volumetric BH treatment was performed by electronically steering 

the HIFU focus through a rectangular grid of 13×5 foci in a plane orthogonal to the axis of 

the HIFU array, centered around its geometric focus, with 1 mm spacing between the foci, 

which resulted in a total of 65 points treated. This specific pattern was selected following 

previous experiments with this transducer [38] and should result in a total ablated volume 

of approximately 15 mm x 7 mm x 6 mm. All the treatments were performed with the 

geometric focus of the HIFU transducer placed about 8 mm inside the tissue sample. The 

parameters of the BH treatments were: pulses of 10 ms duration, delivered at a PRF of 

1 Hz, and each sonication point in the treatment plane received a single BH pulse before 

repeating the sonication, for a total of 8 BH pulses per point. The voltage on the transducer 

elements was chosen before the treatment by delivering isolated BH pulses at escalating 

voltage to a different part of the tissue until a hyperechoic region was clearly visible on the 

B-mode imaging. The transducer voltage was then adjusted for every steered point according 

to previous methodology [38].

For the scenarios where the tissue sample was moving, the motion was introduced by 

controlling the 3D positioning system along the same direction as the HIFU array axis. 

Three different motions, referenced as motion A, B, and C, were implemented, and their 

shape, period, and amplitude were based on previous observations during in vivo liver BH 

treatments in free breathing porcine model from our group [18] and published data [35], 

[40], [41]. All the motions periods and amplitudes had continuous as well as discontinuous 

variations over time, as shown in Fig. 6 and detailed in Table. I.

III. RESULTS

In total, two BH treatments were performed without motion, four with and without motion 

compensation using motion A, and two with and without motion compensation using 

motions B and C each.

During the treatments with motion compensation, the values of the offset between the 

desired position of the water/sample interface and its actual position Δzi(t), the motion 

of the interface Δzi(t) and its predicted motion at instant t + ℎΔzi(t + ℎ ∣ t) were recorded 

and a representative excerpt is presented in Fig. 7. The value of Δzi(t) while the motion 

compensation system was running can be interpreted as the compensation error, and its 

statistics for the three types of motion are compiled in Table II.

The results of the motion compensation error statistics are presented in Table. II and show 

that the root mean square (RMS) values of the HIFU array focus position relative to the 

target was lower than half a millimeter for almost periodic movements with amplitudes 

within 5 to 10 mm range, indicating that the motion compensation was efficient. However, 

the variability, and thus unpredictability, of the amplitude and period of the movement 

resulted in short spikes of error, clearly visible in Fig. 7, that can reach values of up to 4 mm 

here. This demonstrates that gating of the BH pulses from the HIFU array, employed when 

the error was 1 mm or more, is complementary to the motion compensation to ensure the 

safety and accuracy of the treatment.
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For every treatment, each time a BH pulse was emitted, the time and the offset of the 

interface Δzi were recorded. The resulting treatment statistics are presented in Table III, with 

root mean square average and the maximum of Δzi, the total treatment time, and affected 

tissue length along the HIFU array axis z. The affected tissue length corresponding to the 

maximum length where gross tissue damage (whether mechanical or thermal) was visible; 

and was measured on the gross histological cut using ImageJ [46]. The total treatment time 

increased for the cases with motion compensation as a result of gating the BH pulses. The 

benefit of the motion compensation and gating system on the ex vivo treatment efficiency 

was a reduction of the targeting error (root mean square average of Δzi) by 92%, 89%, and 

93% for the motion A, B, and C, respectively; while only making the treatment no more than 

1% longer in all cases.

Photographs of the bisected BH lesions produced during treatments without any motion, 

treatments with motion and treatments with motion and the motion compensation system 

activated are presented in Fig. 8. In all cases, the liquefied tissue content inside the lesions 

could be easily washed out using saline.

The lesions produced in the immobile samples had sharp and smooth boundaries, with 

a blanched rim of width ranging within 1–2 mm around the edges, which was observed 

previously in BH treatments of bovine heart. The rim most probably represented partially 

fractionated tissue resulting from incomplete merging of the distal ”tails” of the BH lesions. 

The lesions produced in moving samples without motion compensation had lumps of 

untreated tissues mixed in with the liquefied debris, and an overall larger affected region 

compared to the immobile case - 94%, 52%, and 112% larger for motion A, B, and C, 

respectively. With motion compensation and compared to the no motion case, the affected 

tissue length were only 9%, 15% and 25% larger for motion A, B, and C, respectively. 

The treatments with motion compensation yielded lesions of similar size and quality as 

those produced in immobile samples albeit with a wider (by 1–3 mm) blanched rim along 

the distal side of the lesion, with occasional narrow areas characteristic of either thermal 

damage or changes in heme iron associated with lower temperature increases, as observed 

in BH lesions previously [45]. This thermal effect on the distal side could be the result 

of occasional positioning of the focus behind the lesion within the margin allowed by the 

motion compensation and gating algorithm (1 mm maximum for the motion compensation 

case here with the gating setting), and accentuated attenuation caused by prefocal cavitation 

inside the liquefied tissue - caused by bubble nuclei from previous treatment point - 

preventing the formation of a boiling bubble at that point [18], [47].

Videos documenting treatments under motion C are available in the supplementary 

multimedia file. One video shows the treatment without motion compensation 

(no_compensation.mp4), and another one shows the treatment with motion compensation 

(motion_compensation.mp4). The boiling bubbles resulting from the BH treatment are 

visible on the B-mode images as 1 mm diameter hyperechoic regions [15].
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IV. DISCUSSION AND CONCLUSIONS

In this paper, a practical way of active compensation for the respiratory motion during BH 

treatment was described and implemented. While it only offers a partial compensation of 

the respiratory motion during treatment due to the fact that the skin is used as a reference 

for tracking, its implementation does not require any changes to the HIFU system and is 

fast and simple to implement. The robotic arm used in this work is relatively affordable and 

performs well in matching the speed of respiratory motion and in terms of precision and 

accuracy of the movement. Being a cobot, it also offers hardware safety settings that allow it 

to maneuver safely around the staff and animal/patient treated.

As the B-mode imaging frame rate was 27.5 Hz here, similar results could be obtained 

by using a commercial ultrasound imaging system with a similar frame rate and a frame 

grabber instead of the Verasonics setup used here. As the tracking is interpolated in time 

in the motion prediction module, even lower values of B-mode frame rate would suffice, 

as long as the motion of the skin is spatially resolved decently; and the simplicity of 

the tracking algorithm allows for tracking the water/tissue interface even with sub-optimal 

imaging quality at the focal area of the transducer.

A SAR motion prediction algorithm was used here in order to compensate for any response 

time between the ultrasound imaging acquisition and the robot. This also allows for 

flexibility in the implementation as even longer response time than presented here, for 

example, resulting from a lower B-mode frame rate in the case of using an image grabber 

with a clinical ultrasound imaging system, should be efficiently compensated as well. 

Unfortunately, being an autoregressive algorithm, it does not deal well with sudden pattern 

changes, as it could happen for in vivo cases with an unexpected movement from the patient. 

However, the transducer gating implemented here would make sure that the treatment is 

paused in that case, both ensuring the safety of the patient and the transducer. The sudden 

error increase from this event could also be easily detected and dealt with by resetting the 

motion prediction algorithm.

The HIFU transducer could also be of any type, e.g. single element transducer or a phased 

array as used here, as long as the transducer allows for inline ultrasound imaging. While not 

implemented here, changing the position of the transducer to mechanically ablate a volume 

- instead of electronically steering as in this work - while keeping the motion compensation 

and gating operational is a possibility.

The implemented motion tracking uses the skin/water rather than the targeted area at 

the focus of the HIFU transducer. This was done to avoid tracking issues at the region 

of interest as a consequence of the low SNR of B-mode imaging, out of plane motion, 

and transient and chaotic echogenicity changes due to bubble motion within the liquefied 

area following each BH pulse. As such, a comparison of the algorithm’s performance 

characteristics with other methods designed for thermal HIFU present in the literature would 

be difficult. Ex vivo experiments showed a net improvement of the treatment precision and 

completeness under simulated, unidirectional respiratory motion when the developed motion 

compensation system was used by creating lesions similar in dimensions and quality to a 
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no-motion case. In the present case, the gating ensured that the compensation error was 

always less than a millimeter when emitting a BH pulse. Another important point here is 

that the actual precision of the motion compensation system can be easily customized to the 

need of the user by changing the gating value. However, using a gating limit close or even 

inferior to the RMS of the compensation error would result in more significant increase of 

the treatment time than observed in this work.

The movement compensation presented here was implemented only in one direction - 

along the HIFU transducer axis - which means that the respiratory motion would only be 

compensated partially. Depending on the organ targeted, the subject positioning, the position 

of the transducer and even the region in the organ targeted, the efficiency of this aprroach 

may vary. As such, in vivo testing of this system on free breathing anesthetized pigs will 

follow in order to obtain realistic values of the total respiratory compensation resulting from 

this approach, and its benefit on BH ablation precision.

Finally, while the system was conceived with BH treatments in mind, it could be easily 

adapted to shock scattering histotripsy as it also consists of short pulses emitted at low duty 

cycle, allowing for ultrasonic imaging. Application to thermal HIFU is also a possibility, but 

will require the use of an interleaved HIFU/imaging scheme, similar to the ones proposed in 

[28], [29].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Photograph of the BH transducer array with inline imaging probe mounted on the robotic 

arm.
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Fig. 2. 
Flow diagram of the water/skin interface tracking algorithm.
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Fig. 3. 
(a-b) B-mode images taken with the inline imaging probe during an in vivo BH treatment 

of the liver of a pig in free breathing condition, where the boxes in  represent 

the ROI to be tracked and the red cross is the focus of the transducer. Here t−t0 = 1 s. (c) 

Normalized 1D signals from the ROI in (a)  and (b)  used in 

the tracking algorithm. The threshold value T is represented by .
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Fig. 4. 
Diagram of the communications between parts of the respiratory motion compensation 

and gating system. The  frame represents a localhost 

communication.
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Fig. 5. 
Photograph of the experimental setup
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Fig. 6. 
Characteristics of the three modes of respiratory motions induced, with 

representing motion A,  representing motion B, and 

representing motion C. (a) Period and (b) amplitude of the motion as a function of time. 

(c) A 30 second long excerpt of sample displacement as measured by the inline ultrasound 

imaging probe during treatments without motion compensation.
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Fig. 7. 
30 second long excerpt of the sample surface displacement illustrating motion compensation 

for each mode of motion, where  represents Δzi(t), 
represents Δzi(t), and  represents Δzi(t + ℎ ∣ t). (a) Motion A; (b) motion B; (c) 

motion C.
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Fig. 8. 
Gross evaluation of the volumetric BH lesions under different motion conditions. The 

cut was made perpendicular to the imaging/treatment plane and along the largest width 

of the treatment plane. The liquefied tissues present were delicately washed out prior 

to the photographs were taken. BH treatment was from the bottom of the frames. (a-b) 

No motion during the treatment; (c-d) treatments under motion A (c) without motion 

compensation and (d) with motion compensation; (e-f) treatments under motion B (e) 

without motion compensation and (f) with motion compensation; (g-h) treatments under 

motion C (g) without motion compensation and (h) with motion compensation. The white 

arrows designate examples of thermal damage.
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TABLE I.

MOTION PARAMETERS.

Motion Period (s) Amplitude (mm) Peak inspiration speed (mm/s) Peak expiration speed (mm/s)

A 3.48 ± 0.08 8 ± 0.43 5.74 11.7

B 3.41 ± 0.1 5.18 ± 0.48 5.59 9.9

C 3.51 ± 0.07 10 ± 0.38 7.82 14.2
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TABLE II.

MOTION COMPENSATION ERROR STATISTICS.

Motion RMS(Δzi) (mm) Maximum Δzi (mm)

A (n=4) 0.39 4

B (n=2) 0.32 2.3

C (n=2) 0.42 3.1
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TABLE III.

TREATMENTS STATISTICS.

Treatment RMS Δzi (mm) max Δzi (mm) Total time (s) Affected tissue length along z (mm)

Without motion (n=2) 0 0 520 6.5±0.5

A without compensation (n=4) 4.1 9.2 520 12.6±0.9

B without compensation (n=2) 2.5 5.8 520 9.9±0.5

C without compensation (n=2) 5.2 11 520 13.8±2.3

A with compensation (n=4) 0.33 1 525.7±1 7.1±0.7

B with compensation (n=2) 0.27 0.97 524±0.1 7.5±1.3

C with compensation (n=2) 0.35 0.98 525.2±1 8.1±0.2
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