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This work was focused on the newly developed ultrasonic approach for non-invasive surgery — boiling histotripsy
(BH) - recently proposed for mechanical ablation of tissues using pulsed high intensity focused ultrasound
(HIFU). The BH lesion is known to depend in size and shape on exposure parameters and mechanical properties,
structure and composition of tissue being treated. The aim of this work was to advance the concept of BH dose by
investigating quantitative relationships between the parameters of the lesion, pulsing protocols, and targeted
tissue properties. A HIFU focus of a 1.5 MHz 256-element array driven by power-enhanced Verasonics system
was electronically steered along the grid within 12 x 4 x 12 mm volume to produce volumetric lesions in porcine
liver (soft, with abundant collagenous structures) and bovine myocardium (stiff, homogenous cellular) ex vivo
tissues with various pulsing protocols (1-10 ms pulses, 1-15 pulses per point). Quantification of the lesion size
and completeness was performed through serial histological sectioning, and a computer vision approach using a
combination of manual and automated detection of fully fractionated and residual tissue based on neural
network ResNet-18 was developed. Histological sample fixation led to underestimation of BH ablation rate
compared to the ultrasound-based estimations, and provided similar qualitative feedback as did gross inspection.
This suggests that gross observation may be sufficient for qualitatively evaluating the BH treatment complete-
ness. BH efficiency in liver tissue was shown to be insensitive to the changes in pulsing protocol within the tested
parameter range, whereas in bovine myocardium the efficiency increased with either increasing pulse length or
number of pulses per point or both. The results imply that one universal mechanical dose metric applicable to an
arbitrary tissue type is unlikely to be established. The dose metric as a product of the BH pulse duration and the
number of pulses per sonication point (BHD1) was shown to be more relevant for initial planning of fractionation
of collagenous tissues. The dose metric as a number of pulses per point (BHD2) is more suitable for the treatment
planning of softer targets primarily containing cellular tissue, allowing for significant acceleration of treatment
using shorter pulses.

1. Introduction

Histotripsy is an emerging technique based on pulsed high intensity
focused ultrasound (HIFU) that aims at non-invasive mechanical frac-
tionation of tissue [1,2]. One of the histotripsy types termed boiling
histotripsy (BH) utilizes milliseconds-long pulses of HIFU with shock
fronts to rapidly achieve the temperature of 100 °C in a highly localized
region at the focus and thus produce a vapor bubble. The interaction of
the remaining shock fronts in the pulse with this vapor bubble leads to

disintegration of tissue down to subcellular level through a combination
of acoustic atomization, cavitation and microstreaming [3-5]. Potential
and currently investigated clinical applications of BH include mechan-
ical ablation of tumors and promoting anti-tumor immune response,
disinfection of abscesses, liquefaction of large post-operative or trau-
matic hematomas, potentiating liquid biopsy and tissue decellulariza-
tion [1,2,6-10].

The shape and size of a single histotripsy lesion is known to depend
on a combination of HIFU transducer parameters (F-number and
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frequency, [11,12,3]), pulsing protocol (pulse duration and shock
amplitude at the focus [3,11-17]), treatment time (number of delivered
BH pulses), and on the mechanical properties (stiffness and toughness)
of targeted tissue [1,13-15,18,19,3]. It is well established that tissues
that are stiff and/or tough, which often implies high collagen content,
are more resistant to BH damage, i.e., generally longer treatment, longer
pulses and larger pressure amplitudes are required to fully fractionate
those tissues, and the resulting lesions are smaller [15,20-22]. The latter
is especially important in volumetric BH ablation, where the focal spot is
translated over the targeted volume with a certain spatial step or at a
certain speed that has to be optimized to allow individual lesions to
merge, yet maximize the ablation speed [17,23]. Thus, to facilitate BH
treatment planning in a given tissue type, it would be helpful to define a
quantitative measure of delivered treatment — “BH dose”. Such dose
concept is well established for thermal therapies, including thermal
HIFU, and is used in treatment planning and for real-time feedback on
treatment completion [24]. A candidate metric proposed for BH dose
was the number of BH pulses delivered per focus location [15],
regardless of the pulse duration and shock amplitude, provided that
boiling occurs within each pulse. Indeed, in those studies the quality of
fractionation within volumetric BH lesions in porcine kidney cortex in
vivo were similar for the same BH dose, but the dose was quite low (5
pulses per point) and fractionation incomplete. Moreover, the BH
outcome was only assessed qualitatively.

The goal of this study was to advance the concept of BH dose by
quantitatively characterizing the relationships between the parameters
of volumetric BH exposures and the size and contents of BH lesions. The
lesions were induced in two ex vivo tissues with different mechanical
properties and composition — bovine myocardium (stiff but very ho-
mogenous, cellular tissue) and porcine liver (soft, but includes a large
number of collagenous structures of different sizes). Here we proposed
and evaluated the following two candidate metrics for the BH dose,
which would predict the degree of liquefaction for collagenous and
cellular tissues, respectively: a product of the number of BH pulses
delivered per sonication point and the BH pulse duration (BHD1, i.e.,
“total BH time-on™), and the number of pulses per point alone (BHD2).
BH treatment outcome for all pulsing protocols and tissue types was
evaluated based on three metrics: ablation rate, percentage of total re-
sidual tissue within the lesion, and percentage of residual collagenous
tissue. Those metrics were estimated from histological slides taken
throughout every lesion volume.

To accelerate the process of quantitative histological analysis, a
novel computer vision approach was developed here using a ResNet-18
neural network (NN) trained on manually segmented sections. Com-
puter vision approaches have already been successfully developed by
others for similar purposes such as classification of different tissue types
[25], quantitative assessment of tissue necrosis [26], detection of ther-
mal HIFU lesions [27], cancer detection [28,29], fibrosis identification
[30], etc. Mechanically fractionated tissue, however, significantly dif-
fers in structure from that subjected to natural or thermal necrosis, and
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therefore, requires a custom-developed neural network approach for fast
and accurate automated lesion segmentation.

2. Materials and methods
2.1. Tissue sample preparation

Volumetric BH ablations were performed in two ex vivo tissues —
porcine liver and bovine myocardium - collected either from unrelated
in vivo animal studies ongoing on-site or from a local abattoir, respec-
tively. The tissue samples were kept refrigerated in isotonic saline for
less than 48 h after harvesting prior to the experiments, then degassed
for at least 1 h in a desiccant chamber at —690 Torr, and embedded into
a low melting point agarose gel (UltraPure Agarose; Invitrogen) for ease
of positioning (Fig. 1a). Porcine liver samples were embedded in such an
orientation that they were sonicated through liver capsule.

2.2. BH apparatus and pulsing parameters

The BH exposures were performed using a 1.5 MHz 256-element
HIFU array (outer diameter 14 cm, F-number 0.83) described in detail
elsewhere [23] driven by Verasonics Ultrasound Engine V1 system in a
tank filled with de-ionized de-gassed water (Fig. la). Targeting and
treatment monitoring in real time were performed using an ultrasound
(US) imaging probe (3PE, Humanscan, Gyeonggi-do, South Korea)
incorporated into the central opening of the array. The following BH
exposure parameters were varied (Table 1): BH pulse duration (within
the range of 1-10 ms) and number of pulses per sonication point — Nj,
(within the range of 5-15) referred to here as ppp (pulses per point) for
brevity. Duty cycle was kept at 1 %, therefore pulse repetition frequency
(PRF) was adjusted for each pulse duration within 1-10 Hz. Prior to each
BH ablation, a threshold DC voltage was defined for each sample by
delivering individual BH pulses to the nominal focus of the array while
increasing the DC voltage until a bright hyperechoic spot was observed
on the B-mode US imaging at the focus indicating bubble formation. The
sonication then was performed at a voltage exceeding the defined
threshold by 10 %.

The in situ focal pressure waveforms corresponding to each BH
exposure (Fig. 1b—c) were obtained from numerical simulations of the
nonlinear acoustic field described by Bawiec et al (2021) [23], and non-
linear derating procedure [31,32]. The tissue attenuation coefficients at
1.5 MHz required for derating were taken from [15,33] and were a =
0.052 Np/cm for porcine liver tissue and @ = 0.094 Np/cm for bovine
myocardium tissue. The resulting peak focal pressures in situ are given in
Table 1 and the shock amplitude was used to estimate the time to reach

e 2 ~4
boiling as t, = %
3

each pulse [32]. Here AT is the temperature change from the ambient to
the boiling temperature of 100 °C, cy is the tissue heat capacity per unit
volume, p is the tissue density, c is its sound speed, f is the tissue

to verify that boiling would be induced within

Fig. 1. (a) BH treatment ex vivo setup schematics. (b—c) Focal waveforms at the average depth (12 mm) in porcine liver (b) and in bovine myocardium (c) at an
average voltage for 1-ms (blue), 2-ms (green), 5-ms (red) and 10-ms (black) pulses. (d) Schematics of sonication geometry for a volumetric treatment. (e) Illustration
of lesion histological sectioning allowing for a 3D reconstruction of the lesion volume. In (a, d, e) HIFU was incident from the left.
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Table 1
Exposure parameters for volumetric BH treatments.
Tissue Pulse length PRF N, Acoustic output power Focal P*/P /A, in situ ty
Porcine liver 1ms 10 Hz 5 457 W 125.1/—-17.7/125.7 MPa 0.86 ms
10
15
2 ms 5Hz 15 368 W 119.1/-16.6/115.6 MPa 1.1 ms
10
5
5ms 2Hz 15 284 W 108.7/-15.2/98.6 MPa 1.78 ms
10
5
10 ms 1 Hz 15 251 W 101.2/-14.5/87.1 MPa 2.58 ms
10
5
Bovine myocardium 1 ms 10 Hz 15 508 W 127.7/-18.3/130.5 MPa 0.85 ms
10
2 ms S5Hz 10 457 W 125.1/-17.7/125.7 MPa 0.95 ms
5
5ms 2Hz 5 410 W 121.9/-17.1/120.7 MPa 1.07 ms
10
10 ms 1Hz 5 323 W 114.4/-15.9/107.9 MPa 1.5ms
10

PRF = pulse repetition frequency; N, = number of pulses per sonication point; P* (P") = peak positive (negative) focal pressure at the average depth (12 mm) in situ; As
= focal shock amplitude at the average depth (12 mm) in situ; t, = time to reach boiling at the average depth (12 mm) in situ.

nonlinear parameter, f; is the ultrasound frequency, and Ay is the shock
amplitude at the focus in situ. The tissue properties required for time-to-
boil estimations were taken from the literature [13,33-35] and were as
follows: p=1070kg-m 3, ¢c=1588m -5}, f/=4.5,¢c, =3.66 MJ - m °-
K~! for porcine liver tissue; and p = 1060 kg - m3,¢co=1570m-s}, p=
4.1, ¢y =3.94 MJ - m~3 . K for bovine myocardium tissue.

N = 2-4 lesions were produced using each pulsing protocol. The
targeted volume in each tissue sample was liquefied by consecutively
ablating 5 planes orthogonal to the beam axis with a 3 mm step, starting
from the plane distal from the source (Fig. 1d). In each plane, a grid of
13 x 5 points with 1 mm step was sonicated N}, times with a random
order of sonication points within each 13-point row, starting from the
central row and then alternating sides and moving away from the beam
axis in the elevational dimension. The HIFU focus was electronically
steered over the treatment grid. The overall treatment time for the full
grid (12 x 4 x 12 mm, volume 0.576 ml) was 2.7-81 min depending on
the pulsing protocol. The obtained lesions were visualized and measured
30 min post-treatment with L14-5 linear probe (Sonix RP, Ultrasonix
Medical Corporation, Canada) inside the water tank prior to any ma-
nipulations (Fig. 2b—c). The resulting ablated volume depended on the
pulsing protocol and tissue type and was estimated either from the ul-
trasound images as a product of the three measured dimensions (Fig. 2)
or from histological analysis (see below). One lesion per protocol was
further used for histological analysis, and the other 1-3 lesions per
protocol were bisected along the imaging plane, rinsed with saline and

analyzed grossly (Fig. 2d).

2.3. Quantitative histological analysis

For each BH pulsing protocol one of the lesions was fixed in formalin
en bloc, embedded in paraffin, then 5-um histological sections were
taken through the entirety of each lesion with a 1 mm step (Fig. 1e) and
stained with Masson’s Trichrome (MT) stain. The stained sections were
digitized at 4X magnification and their analysis was performed using a
combination of manual and computerized segmentation using a con-
volutional 18-level neural network ResNet-18 [36] that has been suc-
cessfully applied in numerous medical tasks [37].

2.3.1. Lesion analysis in porcine liver

Steps of the quantitative analysis of the volumetric lesions are
illustrated in Fig. 3 on a representative histological section of a BH lesion
in liver tissue. First, histological sections of BH lesions in liver tissue
with the highest (10 ms, 10 ppp) and the lowest (1 ms, 5 ppp) exposure
doses were manually segmented using open-source computer vision
annotation tool (cvat.org) to outline fully fractionated tissue (red in
Fig. 3b), intact or partially damaged tissue within the lesion (green in
Fig. 3b), and background or intact tissue outside the lesion (black in
Fig. 3b). Four of the manually analyzed images were then divided into a
lattice of square tiles approximately 40 x 40 um each (16 x 16 pixels).
Each tile was classified either as class “1" (fully fractionated tissue — red),

Fig. 2. Example of a lesion gross observation (HIFU incident from the left). (a) B-mode image of the lesion immediately after the treatment obtained with the US
probe integrated with HIFU transducer. (b-c) High resolution B-mode images of the lesion taken 30 min post-treatment by a separate probe and corresponding
measurements of the lesion dimensions along the X and Z (b), and Y axis (c). (d) Gross image of the lesion bisected in the axial XZ plane and filled with saline. Scale

bar is 5 mm for all images.



E. Ponomarchuk et al.

Step 1: Manual segmentation

b

II

»()” »0”

Step 2: NN classification

Ultrasonics 138 (2024) 107225

Step 3: Outer lesion outlining and superimposition
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Fig. 3. Illustration of the steps of quantitative histological analysis of BH lesions in porcine liver tissue (HIFU incident from the left). (a) MT-stained histological
section taken in the center of the lesion. Dashed box shows a magnified part near the lesion border with a black line indicating manually defined outline of the lesion.
(b) Resulting mask of manual three-class segmentation: red = fully fractionated tissue, green = intact or partially damaged tissue remaining within the lesion, black
= background and intact tissue outside the lesion. (c) Example dataset of the 40 x 40 pm tiles with the assigned class numbers for NN classification: “0” — background

and intact tissue outside the lesion; “1” — fully fractionated tissue; “2” —

residual tissue within the lesion. (d) Resulting mask of fully fractionated tissue after NN

classification after combining classes “0” and “2” before post-processing. (e) Resulting mask of the lesion interior (including both fully fractionated and residual
tissue) after post-processing. (f) Final three-class NN mask after post-processing, to be compared to (b). Dashed boxes in (a-b, d-f) show the same border part of the

lesion magnified. Scale bars in (a-b, d-f) are 5 mm.

class “2” (residual tissue within the lesion — green), or as class “0”
(background or intact tissue outside the lesion — black) if the area of the
corresponding color from manual segmentation exceeded 55 % of the
tile area (Fig. 3¢). Remaining unclassified tiles were not included in the
dataset. The dataset for neural network training was then compiled from
100 000 tiles of class “0”, 100 000 tiles of class “1” and 34 000 tiles of
class “2”. The dataset was randomly split into the Train and Test sets,
consisting of 80 % and 20 % of the segmented data, respectively. The
neural network (NN) Resnet-18 was trained on this dataset, and the final
classification accuracy reached 97 %. The final training parameters were
as follows: batch size was 20,000 fragments, learning rate was 0.002,
number of epochs was 120; the Adam optimizer was used, and Cross-
EntropyLoss was selected as the loss function. Since the intact tissue
(green in Fig. 3b) within the lesion was not distinguishable from the
intact tissue outside the lesion (black in Fig. 3b), the classes “0” and “2”
were then combined (Fig. 3d). Therefore, resulting NN masks (Fig. 3d)
were two-colored: red for fully fractionated tissue, black for everything
else. To eliminate the intercellular space that may be confused with
fractionated tissue at a high magnification, isolated single red tiles were
removed by the neural network. Some defects of histological slides, such
as section cuts and folds, air bubbles, or staining defects, were manually
corrected in the NN masks.

The NN masks (Fig. 3d) were then post-processed using open-access
Computer Vision libraries of MATLAB and Python to define the
continuous outer lesion outline including fully fractionated and residual
tissue (Fig. 3e). For that, contours of all clusters in NN masks (Fig. 3d)
were defined and, first, dilated to an optimal distance that was defined
empirically for each tissue type to merge the neighboring clusters
together. Then the remaining holes were filled in and the clusters were
eroded back by the optimal distance used earlier for their dilation. Then
all resulting clusters not exceeding 80 % of the largest cluster area were
removed to preserve only lesion-containing clusters and eliminate small
vessels and intercellular space outside the lesion typically incorrectly
classified as fully fractionated tissue. Finally, superimposition of the
lesion interior masks (Fig. 3e) and NN masks (Fig. 3d) for each section
resulted in a three-class segmentation result (Fig. 3f). This allowed for

NN accuracy validation by comparison with manually segmented im-
ages to adjust the parameters of dataset or neural network training, if
needed.

Once the sufficient accuracy was achieved (errors within 3 % of the
analyzed image) by adjustment of the dataset and training parameters
and post-processing procedure, the network was applied to the
remaining histological sections using the same steps described above.
Note that morphological operations, i.e., dilation and erosion, applied to
NN masks during their post-processing led to a slight overestimation of
the lesion area and, therefore, erroneous appearance of a one-tile thick
lesion contour (Fig. 3f, Fig. 4h). The introduced error, however, was
within 3 % of the image area and, therefore, was within our accuracy
threshold.

Each lesion volume was then calculated from the collection of 2D
images by integration along the dimension perpendicular to the sec-
tions: the obtained lesion areas in every histological section were
multiplied by the 1-mm step for the internal sections and by 0.5 mm for
the boundary sections, and then summed to obtain the corresponding
lesion volume. The ablation rate was then estimated as a ratio of the
lesion interior volume and the treatment time in each parameter set.

Another BH exposure metric, apart from ablation rate, was the area
percentage of residual (i.e., intact or partially damaged) tissue within
the lesion. Each lesion was averaged over its consecutive histological
sections; only those sections that contained over 50 % area of the largest
lesion cross-section were considered.

2.3.2. Lesion analysis in bovine myocardium

For lesions produced in bovine myocardium tissue, analysis was
performed by binary classification of larger 160 x 160 pm tiles (64 x 64
pixels) due to the difference in cellular structure vs that in liver (Fig. 4).
Each tile was classified either as class “1” (fully fractionated tissue — red)
if the red color area from manual segmentation exceeded 55 % of the
tile, or as class “0” for the rest of the tiles. The dataset consisted of 23
000 tiles of each class, “0” and “1”, and was split into the Train and Test
sets at a ratio of 80 %: 20 % of the dataset. The Resnet-18 was then
trained on this dataset for binary classification task, and the final
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Fig. 4. Illustration of the steps of quantitative histological analysis of BH le-

sions in bovine myocardium tissue (HIFU incident from the left). (a) MT-stained

histological section taken in the center of the lesion. Dashed box shows a

magnified part near the lesion border with a black line indicating manually

defined outline of the lesion. (b) Resulting mask of manual three-class seg-

mentation: red = fully fractionated tissue, green = intact or partially damaged
Step 1: Manual segmentation tissue remaining within the lesion, black = background and intact tissue outside
the lesion. (c) Example fine-grid dataset of the 160 x 160 um tiles with the
assigned class numbers for binary NN classification: “0” — background, intact
and residual tissue; “1” — fully fractionated tissue. (d) Resulting mask of fully
fractionated tissue after fine-grid (160 x 160 um) binary NN classification
before post-processing. (e) Large-grid mask (644 x 644 um) of intact tissue after
binary NN classification superimposed onto histological section (a). (f)
Resulting mask after fine-grid and large-grid masks superposition before post-
processing. (g) Resulting mask of the lesion interior (including both fully
fractionated and residual tissue) after post-processing. (h) Final three-class NN
mask after post-processing, to be compared to (b). Dashed boxes in (a-b, d, g-h)
show the same border part of the lesion magnified. Scale bars in (a-b, d-h) are
5 mm.

Smm

accuracy reached 93 %. The final training parameters were as follows:
batch size was 2000 fragments, learning rate was 0.0002, number of
epochs was 130; the Adam optimizer was used, and CrossEntropyLoss
was selected as the loss function. However, the fibrillar structure of
cardiac tissue led to intercellular space between muscle fibers being
incorrectly classified as fractionated tissue by a fine-grid NN segmen-
tation. Such regions were often located in close proximity to the lesion
(Fig. 4d) and could erroneously enlarge the lesion area during dilation in
post-processing. To eliminate such regions from fine-grid NN masks, the
network was also trained on larger 644 x 644 um (256 x 256 pixels)
tiles to detect intact tissue areas alone (Fig. 4e). These areas were then
superimposed onto the results of a fine-grid segmentation (Fig. 4d) to
derive the NN masks (Fig. 4f) used for subsequent post-processing and
accuracy validation (Fig. 4g-h).

'non ,,0',, ’ np “l.'.

Step 3: Large-grid and fine-grid superimposition

2.3.3. Collagenous tissue analysis

Smm f Smm The third metric of BH exposure outcome considered here was the
percentage of residual collagenous tissue. Collagenous tissue structures
were segmented by applying color and spatial filtering and binary image
processing tools of an open-source software (Fiji, NIH, Bethesda, MD) to
MT-stained histological sections. Color filtering was performed in HSB
(hue-saturation-brightness) color space. To extract tissue from the slide
background, a brightness filter with 0-200 limits was applied and the
holes were then filled in. Then the extracted tissue was separated into
the lesion and surrounding tissue (Fig. 5a) by superimposing the NN
masks such as Fig. 3e or Fig. 4g onto the histological image. Within the
extracted lesion or surrounding tissue, the collagenous tissue was
detected by applying color and spatial filters (Fig. 5b). The color filter
limits were defined by analyzing the HSB distributions of manually
cropped images of collagenous tissue and were as follows:
[165-227;0-255;0-233] for porcine liver and [150-227;0-255;0-170]
for bovine myocardium tissue. The spatial filter was applied to eliminate
the cell nuclei that had similar color to collagenous tissue when stained
by MT. The spatial filter lower limit was determined by manual sizing of
the smallest visible cell nuclei in both tissue types and was found to be
95 pmz as px2) for both liver and myocardium tissue. This implied the
cell nuclei had to look like 9.7 x 9.7 um squares which agrees with the
results for cell diameter around 6.5 pm published in [38,39] considering
limitations of the digitization resolution used in this study. The per-
centage of collagenous tissue area both inside and outside the lesion was
(caption on next column) then estimated. To evaluate the reduction of collagenous tissue by BH
exposure, the percentage of collagenous tissue within the lesion was
divided by that outside the lesion. The resulting value was considered
the third BH outcome metric and is further referred to as the percentage
of residual collagenous tissue. To estimate this ratio in porcine liver,
collagenous tissue percentage outside the lesion was considered for each
section separately. Cardiac tissue, however, had fewer and less evenly
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Fig. 5. Illustration of collagenous tissue detection process on the example of
porcine liver section (HIFU from the left). (a) MT-stained section with a green
line indicating lesion outline derived from a lesion interior mask Fig. 3e. (b)
Result of collagenous tissue detection in image (a). Dashed boxes show
magnified parts of the lesion (black) and intact tissue outside the lesion (blue).
Scale bar is 5 mm for both images.

distributed collagen-containing structures; therefore, collagenous tissue
percentage outside the lesion was averaged over all available myocar-
dium sections, including those devoid of any lesions. The estimated ra-
tios were then averaged for each volumetric lesion over the sections
considered in residual tissue estimation.

2.4. Statistical analysis

A two-tailed two-sample homoscedastic Student’s t-test was per-
formed to compare the following BH outcome metrics between different
treatments: the percentage of total residual tissue and the percentage of
residual collagenous tissue. Significance threshold was set at p = 0.05.

3. Results
3.1. Validation of neural network algorithm accuracy

All values of lesion interior area and fully fractionated tissue area
predicted by a combination of NN approach and post-processing were
within a 3 % margin of the area analyzed manually (Fig. 6). Therefore,
all results derived from histology and described further were obtained
from the NN algorithm. This figure is also illustrative of the range of the
lesion area that could be encountered in consecutive histological sec-
tions of a single lesion.

3.2. Ablation rate calculation
Fig. 7 summarizes the dependence of the lesion volumes and

Lesion interior area Fully fractionated tissue area

300 . 300
a { b
250 { 250 {
i i |
: l
g 150 E150
g
EI(}() [ < 100
50 } 50 } i
of | Bl W
1 2 3 4 5 6 7 1 2 3 4 5 6
Slide Ne Slide Ne

Fig. 6. Manual (blue) and neural network (red) resulting area estimations for
all slides throughout one of the lesions produced in porcine liver tissue with the
highest exposure parameters (10 ms, 10 ppp): (a) - lesion interior areas (i.e.,
including fully fractionated tissue and residual tissue inside the lesion); (b) —
fully fractionated tissue areas. Blue error bars indicate the targeted error margin
of 3 % from each analyzed histological image.
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corresponding ablation rates on the BH exposure parameters in porcine
liver (a-b) and bovine myocardium (c—d) tissues. Empty bars correspond
to the lesion volumes derived from US imaging, filled bars — to those
derived from 3D reconstruction of the histological sections. As seen in
Fig. 7a, lesion volumes derived from histology are typically up to 40-50
% lower than those estimated from US images due to a known shrinkage
effect of formalin-fixed histological specimens [40]. The overall trend,
however, remains, allowing for comparative analysis across the expo-
sure parameters.

In porcine liver tissue (Fig. 7a) at the largest pulse duration (10 ms),
the liquefied volume was not affected by the number of pulses per point
(ppp) within the considered range of 15 to 5 ppp within measurement
error. With the decrease in pulse length, the difference in ablated vol-
ume between varied ppp became more noticeable. Due to the propor-
tionally higher PRF, the use of shorter pulses and lower ppp resulted in
substantially higher ablation rates (Fig. 7b).

In cardiac tissue, similarly to liver, histology-based volumes of the
lesions were 40-50 % lower than those estimated from ultrasound im-
ages. The lesions were also smaller and less complete (Fig. 7c) than those
produced in liver tissue using the same exposure parameters. For
example, delivering 2-ms pulses with 5 ppp was shown to be insufficient
for the grid of individual lesions to effectively merge in cardiac tissue
(Fig. 7c), whereas even shorter 1-ms pulses with 5 ppp were sufficient
for uniform liquefaction of liver tissue (Fig. 7a). At increasing pulse
lengths and ppp, the liquefied volume increased, reaching saturation (i.
e., independence from the ppp) at longer pulses (5 and 10 ms). The use
of shorter pulses and lower ppp, however, allowed for treatment ac-
celeration (Fig. 7d), similarly to what was observed in liver tissue.

3.3. Residual tissue percentage estimation

Fig. 8 demonstrates the results for estimation of total (Fig. 8a,c) and
collagenous (Fig. 8b,d) residual tissue percentage as metrics of BH
exposure outcome. The mean values of total residual tissue percentage
(dashed lines in Fig. 8a,c) were 27 % and 18 % for liver and myocardium
tissue, respectively, which was lower than percentage of residual
collagenous tissue — 33 % and 53 %, respectively (dashed lines in Fig. 8b,
d). This quantitatively corroborates prior findings that collagenous
structures are more resistant to BH than cellular structures [15,18].
Porcine liver tissues appeared to be insensitive to the changes in BH
exposure parameters within the tested range (Fig. 8a-b) as Student’s t-
test revealed no statistically significant difference (at p < 0.05 level) in
percentage of total or collagenous residual tissue for any exposure
conditions. In bovine myocardium, however, BH treatment outcomes
differed more noticeably for different pulsing schemes (Fig. 8c-d). The
use of longer pulses and/or higher ppp resulted in lower percentage of
total and collagenous residual tissue after the myocardium treatment,
with (1 ms, 15 ppp) and (10 ms, 10 ppp) parameter sets resulting in
statistically the same tissue fractionation outcome.

The structure of residual tissue, however, was noticeably different
after the treatment with the same number of BH pulses per point but
with shorter vs longer ultrasound pulses (Fig. 9). For collagenous tissue,
the use of short pulses (1-2 ms) resulted in fine tissue structures
remaining within the lesion volume such as lobule walls seen in liver
tissue (Fig. 9b-d). The post-treatment B-mode images correspondingly
showed residual echogenic structures within the lesions (Fig. 9a,
Fig. 10a). Treatment with longer pulses (5-10 ms) even with lower ppp
than with shorter pulses typically destroyed fine-scale tissue structures
and left either liquid-filled void with residual tissue located mainly at
the lesion border (Fig. 9e—f) or larger tissue structures such as those
illustrated in Fig. 9g-h and Fig. 10f-h. The B-mode images after treat-
ment with longer pulses showed more homogeneous and more hypo-
echogenic lesions (Fig. 9e, Fig. 10e) as compared to those produced by
shorter pulses (Fig. 9a, Fig. 10a). None of the protocols with short 1-2
ms pulses within the tested range of 5-15 ppp were able to completely
fractionate the collagenous lobule walls in liver tissue. For longer pulses
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Fig. 7. Lesion volumes (a, ¢) and corresponding ablation rates estimated from 3D reconstruction of histological sections (filled bars) or from ultrasound images
(empty bars) obtained using varied pulse durations and number of pulses per sonication point (ppp): 5 ppp (blue), 10 ppp (green) and 15 ppp (red) in porcine liver
tissue (upper row) and bovine myocardium tissue (bottom row). Note that histology-based values shown here are underestimated due to histological sample
shrinkage effect during formalin fixation. Error bars represent indirect volume measurement errors of the US imaging.

(5-10 ms), the minimum required for that was 10 ppp with 5-ms pulses,
and 5 ppp with 10-ms pulses. This agrees with the concept of BHD1
metric — a product of the pulse duration and the number of pulses per
point. Conversely, in the predominantly cellular cardiac tissue and
cellular component of liver tissue, the lesion completeness was primarily
determined by BHD2 metric — the number of pulses per point, regardless
of their duration. For instance, the twofold decrease in BH pulse dura-
tion (from 10 ms to 5 ms) resulted in similar lesion completeness in
myocardium with BHD2 = 10 ppp, and the tenfold decrease in pulse
duration (from 10 ms to 1 ms) required only 1.5 times increase in ppp to
achieve the same degree of tissue fractionation (Fig. 8c,d). However, the
BHD2 threshold for complete liquefaction of different cellular tissues
was found to be different, with the cardiac tissue being more resistant to
BH than cellular component of the liver tissue. Specifically, some of the
lower dose pulsing protocols were insufficient for the grid of lesions to
effectively merge in bovine myocardium tissue (Fig. 10b-d), whereas all
parameter sets resulted in volumetric lesion formation in liver tissue
samples.

4. Discussion

The goal of this study was to investigate quantitative relationships
between the outcomes of BH volumetric tissue liquefaction and exposure
parameters (pulse length and number of pulses per point — ppp) for
different types of targeted tissue, towards the development of the BH
dose metric. Treatment outcome was quantified by the ablation rate and
the degree of tissue fragmentation based on percentage of total residual
tissue and residual collagenous tissue within the lesion.

For both ex vivo porcine liver and bovine myocardium tissues, the use

of shorter pulses and/or lower ppp resulted in higher ablation rate but
left fine-scale tissue structures (mainly collagenous tissue, such as lobule
walls) remaining inside the lesion volume. These findings are in agree-
ment with the results in [6,15,18] reporting on the ability of short
(microsecond-long) histotripsy pulses erode smaller tissue fragments as
compared to longer (millisecond-long) pulses. However, both long and
short pulses, given sufficient number of pulses per point, were able to
produce lesions with statistically similar degrees of tissue fractionation
as indicated by the total and collagenous residual tissue percentage. For
both tissue types, the mean values of total and collagenous residual
tissue percentage were less than 100 % indicating the tissue was indeed
fractionated by the treatment. The average values for total residual
tissue percentage regardless of tissue type were lower than that for
collagenous tissue alone. This indicated higher resistance of collagenous
tissue to BH fractionation as compared to other tissues, and agrees with
literature [15,18].

The structure of collagenous residual tissue, however, significantly
depended on the BH pulse duration used. In collagenous content of liver
tissue, 5 ms 10 ppp and 10 ms 5 ppp protocols (i.e., BHD1 = 50 ms) were
able to fractionate the collagenous lobule walls, while none of the pro-
tocols with 1-2 ms pulses within the tested range of 5-15 ppp (i.e.,
BHD1 = 5-30 ms) were sufficient to achieve that. These results indicate
that, for collagenous tissues, the BHD1 dose metric — a product of the BH
pulse duration and the number of pulses per sonication point — may be
more suitable than the number of pulses per point alone. In mostly
cellular cardiac tissue and cellular component of liver tissue, however,
nearly the same ppp, i.e., BHD2, was required to achieve similar degree
of tissue fractionation with varied pulse duration. This indicates that for
cellular tissues the number of pulses per sonication point alone may be a
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Fig. 8. Average percentage of total residual tissue (a,c) and collagenous residual tissue (b,d) for varied pulse durations and number of pulses per sonication point
(ppp): 5 ppp (blue), 10 ppp (green) and 15 ppp (red) in porcine liver tissue (upper row) and bovine myocardium tissue (bottom row). Data represents mean values;
error bars represent standard deviations, * represents statistical significance at p < 0.05. Dashed line in each graph corresponds to the average value over all bars of
the graph. Note that (2 ms, 5 ppp) set was insufficient for individual lesions to merge and, therefore, was not analyzed for collagenous tissue.

Fig. 9. Illustration of different structure of residual tissue after liver treatment with shorter (a-d) vs longer (e-h) ultrasound pulses (HIFU incident from the left). (a,e)
B-mode images of the lesions taken 30 min after the treatment (L14-5 Sonix RP probe). Dashed line in (a) outlines the lesion. (b,f) Gross images of the lesions bisected
in the axial XZ plane and filled with saline. (c,g) MT-stained histological sections of the lesions with black contour of the lesion derived from NN approach after post-
processing. (d,h) Masks for fully fractioned tissue (red) of the lesions c,g. Scale bar is 5 mm for all images.

more suitable BH dose metric. These results imply that the ablation rate
of tissues low in collagen may be significantly increased by the use of
shorter pulses. Acceleration of the treatment of collagenous tissues can
also be achieved with shorter BH pulses as was shown in [20] but is more

limited than in cellular tissues, and the BHD1 metric is meant to serve as

a benchmark for the pre-treatment planning in tissues abundant with
collagenous structures.

A number of BH mechanical dose metrics could potentially be
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Fig. 10. Illustration of the lesions produced in bovine myocardium with insufficient (a-d) and sufficient (e-h) exposure parameters (HIFU incident from the left). (a,
e) B-mode images of the lesions taken 10 min after the treatment (L14-5 Sonix RP probe). Dashed box in (a) outlines the lesion. (b,f) Gross images of the lesions
bisected in the axial XZ plane and filled with saline. (c,g) MT-stained histological sections of the lesions with black contour of the lesion derived from NN approach
after post-processing. (d,h) Masks for fully fractioned tissue (red) of the lesions c,g. Scale bar is 5 mm for all images.

introduced due to a wide range of sensitivity to BH in different tissues, as
opposed to common sensitivity to thermal ablation. This calls in ques-
tion the possibility to establish a universal BH dose applicable to any
tissue type. However, within the pulsing protocol parameter space
established for successful BH [12,13,15,18,41] only two parameters
remain variable — the BH pulse duration and the number of pulses per
sonication point, given that boiling is induced within each pulse.
Therefore, the two following candidate metrics for mechanical BH dose
were proposed and evaluated here: the product of the number of pulses
and pulse duration (BHD1, i.e., “total BH time-on™) and the number of
pulses per sonication point (BHD2). It was shown that BHD1 is most
suitable candidate metric for collagenous tissues, whereas BHD2 is more
applicable for cellular tissues low in collagen.

An important outcome of this study was the development of a novel
algorithm allowing for faster quantitative histological analysis using
neural network approach as compared to manual outlining. This
approach, however, has its limitations such as classification errors of the
neural network that required meticulous manual correction. Such
inaccuracies were mainly present in challenging histological sections, e.
g., containing cuts, folds, air bubbles, staining defects, etc., and arguably
could be amended by further refinement of the appropriate dataset and
network training parameters. One limitation of the study was a possible
interpolation error during 3D reconstruction of lesion volumes from 2D
histological sections. This may have had most impact on estimations of
residual fragments as their sizes were typically less than the step be-
tween sections. To avoid this mistake, here we estimated the percentage
of residual tissue in each section individually and then averaged the
values.

Of note, tissues are known to shrink during formalin fixation for
histology [40], which was observed in the present study as well.
Therefore, treated volumes and ablation rates estimated from histology
in this work were underestimated. The relative comparisons are still
relevant, but it should be taken into account that the actual ablation
rates were almost twice as high. Moreover, good agreement between
gross images of bisected lesions and histological images of the lesions
produced with the same exposure parameters observed in this study
(Figs. 9-10) suggests that gross inspection can be used for qualitative
estimation of optimal treatment parameters instead of the use of rather
costly and time-consuming histological analysis.

Overall, our findings imply that a universal mechanical dose of BH
applicable for any tissue type may not be established since tissues with
different mechanical properties and composition respond differently to
mechanical fractionation as opposed to thermal damage. Therefore, a
real-time quantitative metric of the BH treatment completion, such as,
for example, a currently developing color Doppler technique [42],
would be a critical option for future clinical use. However, the results
obtained here and the two candidate dose metrics can be used as
benchmarks for initial pre-treatment planning. In particular, fraction-
ation of collagenous tissues could be planned based on the BHD1 metric,
a product of the BH pulse duration and the number of pulses per soni-
cation point, given the boiling is induced within each pulse. In that
context, the threshold BHD1 = 50 ms would correspond to complete
liquefaction of collagenous components in liver. If a primary target tis-
sue is mostly cellular, similarly to myocardium, the treatment could be
planned based on the threshold BHD2, a number of pulses per sonication
point. For example, BHD2 = 10 ppp should be sufficient to liquefy
myocardium tissue.

5. Conclusions

This work was aimed towards the development of mechanical dose
metrics that would characterize successful BH ablation of various types
of tissues using pulses of various length. Relationships between treat-
ment outcome and exposure parameters were quantified for porcine
liver and bovine myocardium tissues ex vivo. The results showed that
both longer and shorter BH pulses were capable of producing well-
demarcated lesions with statistically similar tissue fractionation de-
gree given sufficient number of pulses per sonication point had been
applied. However, tissue stiffness, composition, and structure all influ-
ence the tissue response to the same BH exposure parameters. This im-
plies that one universal mechanical dose metric applicable to an
arbitrary tissue type is unlikely to be established. Here, two dose metrics
were proposed and evaluated. It was shown that the treatment of mostly
cellular tissues can be initially planned based on the BHD2 metric - a
number of pulses per sonication point. This allows the use of shorter
pulses to significantly increase the ablation rate in tissues low in
collagen. When planning the treatment of collagenous tissues, the BHD1
metric — a product of the number of pulses per point and the pulse
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duration — can be used as a benchmark set of exposure parameters.
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