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A B S T R A C T

Objective: Given the high incidence rate of secondary liver tumors and limitations of the existing treatment
options, boiling histotripsy (BH) may provide an incisionless, non-ionizing, ultrasound-guided approach for the
mechanical ablation of liver metastases using pulsed high-intensity focused ultrasound waves with shock fronts.
This pilot ex vivo study investigated the feasibility of BH for mechanical disintegration of human liver metastases
with respect to tumor origin, stiffness, and prior anti-tumor treatment.
Methods: Eighteen human liver metastases were collected via surgical resection or rapid autopsy from anonymized
patients aged 39−85 y (median: 68) with confirmed colorectal, gastric, breast, or skin (cutaneous melanoma) can-
cers, with or without prior targeted therapy or radiation therapy. The Young’s moduli of the tumors and adjacent
liver tissue were measured using shear wave elastography. BH was then applied to nodes of a volumetric grid (1
−4 layers, 3 × 3 − 5 × 5 points per layer, and 1-mm spacing) at 25−200 pulses per point (1-ms pulses and 1%
duty cycle) using a 9-ring 2-MHz annular array under real-time ultrasound guidance. Histological analysis of the
treatment outcomes was performed with H&E and Masson’s trichrome stains; scanning and transmission electron
microscopy were employed for ultrastructural analysis of the fragmented tissue.
Results: Liver metastases were significantly stiffer than the adjacent liver parenchyma (44 ± 17 kPa vs. 9.3 ± 3.9
kPa; p < 9 × 10−5) regardless of tumor origin; these findings are consistent with clinically relevant Young’s modu-
lus values reported in prior in vivo studies. In metastases with spontaneous or prior therapy-induced necrosis, all
investigated BH protocols successfully disintegrated the planned volumes; the highest treatment rate of 54 mm3/
min was achieved using 75 pulses per point. In metastases with therapy-induced fibrosis, complete disintegration
of target volumes was achieved only at 200 pulses per point (treatment rate: 14 mm3/min), whereas lower pulse
numbers resulted in the selective fragmentation of non-fibrotic tumor components. Electron microscopy con-
firmed mechanical disintegration of the tumor tissue down to the subcellular level.
Conclusion: BH enables non-invasive mechanical ablation of human liver metastases across multiple primary ori-
gins. The treatment process can be accelerated by reducing pulse numbers for non-fibrotic or necrotic tumors;
however, fibrotic tumors require higher number of BH pulses for complete disintegration. These findings support
the use of BH as a potential modality for managing liver metastases, whether applied as a standalone procedure, a
neoadjuvant strategy, or following anti-tumor therapy to ensure complete removal of the residual tumor burden.
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Introduction

Given the high incidence of primary and metastatic liver tumors and
the limitations of current therapies, there is an urgent clinical need for
novel, accessible, and safe local ablation methods. These modalities
should be applicable to a broader patient population than is currently
eligible for existing treatment options. In clinical practice, metastatic
liver malignancies are more prevalent than primary liver cancer, occur-
ring in approximately 25% of all cancer patients and 50% of those diag-
nosed with colorectal cancer. Notably, colorectal cancer is the third
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most common malignancy and the second leading cause of cancer-
related mortality worldwide [1−3]. The most common primary sites of
liver metastases are breast cancer in younger women and colorectal can-
cer in younger men, while other primaries include pancreatic, lung, gas-
tric, esophageal, small intestine cancers, and melanoma [4]. In nearly
70%−80% of cases, metastases are confined exclusively to the liver,
making their effective treatment a critical determinant of patient sur-
vival [5].

The current standard of care for liver tumor management is surgical
resection. However, it is feasible in fewer than 20% of patients due to
tumor burden, multifocality, or underlying comorbidities. Furthermore,
as an invasive procedure, surgery carries inherent risks such as infection,
bleeding, high recurrence rates, and other complications [1,3]. Other
therapeutic options include systemic drug therapy—such as chemother-
apy, immunotherapy, and targeted therapy—which often lacks efficacy
and is associated with systemic toxicity [1,6−9].

The concept of treating limited metastatic disease—termed oligome-
tastases—is gaining popularity supported by evidence that aggressive
local control of metastatic sites can significantly improve treatment out-
comes [10,11]. Minimally invasive local ablation techniques such as cry-
oablation, laser ablation, radiofrequency ablation (RFA), microwave
ablation, and trans-arterial chemoembolization (TACE) are current alter-
natives for unresectable tumors and surgically or therapeutically ineligi-
ble patients. While these modalities are well-established in oncology,
they have inherent limitations: their efficacy is typically restricted to
smaller tumors (<3−5 cm), and thermal techniques can be compromised
by the heat-sink effect of adjacent large vessels, increasing the risk of
local recurrence [12−14]. Consequently, there is a strong clinical need
to develop novel non-invasive approaches for local ablation of liver
malignancies that would offer greater efficacy and broader patient eligi-
bility.

High-intensity focused ultrasound (HIFU) is emerging as a fully non-
invasive, non-ionizing thermal ablation modality for diverse clinical
applications, including local tumor ablation [15,16]. The HIFU approach
relies on transcutaneous ultrasound irradiation of the target site for sev-
eral seconds. Absorption of the ultrasound energy by tissue within the
focal region results in tissue heating and subsequent thermal necrosis
[15−17]. A systematic review reported complete tumor ablation in 55%
of 940 liver tumor cases treated with HIFU alone, rising to 66% when
combined with TACE, RFA, or percutaneous ethanol injection [18].
However, the precision of such thermal HIFU ablation is limited by heat
diffusion from the focal zone, which can cause collateral damage to
healthy tissues or undertreatment of the target zone due to microvascu-
lar perfusion effects. In addition, HIFU treatment near major vessels is
particularly challenging due to the pronounced heat-sink effect, which
not only compromises ablation efficacy but also elevates the risk of vas-
cular complications such as adhesions and vascular thrombosis. Due to
prolonged ultrasound exposure, the most frequent adverse effect of
HIFU liver ablation is skin and subcutaneous tissue burn, occurring in
approximately 24% of treatments [19]. Moreover, real-time visualiza-
tion of purely thermal HIFU treatment with the use of diagnostic ultra-
sound modalities is limited, and reliable thermometry requires costly
MRI equipment. Furthermore, heat-induced tissue necrosis following
HIFU ablation takes a long time to be resorbed through immune-medi-
ated mechanisms.

A newer HIFU-based approach termed histotripsy enables mechanical
tissue ablation through the use of short high-amplitude pulses delivered
at low duty cycle to prevent heat accumulation, as opposed to thermal
tissue coagulation produced by long quasi-harmonic exposures [20,21].
Mechanical tissue ablation in histotripsy is achieved through the initia-
tion of bubble activity within the focal zone, resulting in tissue liquefac-
tion into an acellular suspension. Consequently, the focal region is
clearly visible on diagnostic ultrasound as a hyperechoic zone during
the treatment due to bubble activity, transitioning to hypoechoic
appearance post-treatment, once the tissue is liquefied and devoid of
ultrasound scatterers. This distinct visual feedback eliminates the
1974
necessity for MR-thermometry. Histotripsy methods are actively being
investigated for numerous clinical applications including the treatment
of liver tumors [22].

One of the histotripsy types termed cavitation histotripsy (CH) relies
on initiation of dense cavitation clouds in the focal area. CH employs a
sequence of either single-cycle HIFU pulses (1−2 µs) with very high
peak rarefactional pressures (>27 MPa) exceeding the intrinsic thresh-
old for bubble formation in the medium, or microsecond-long HIFU
pulses (5−25 µs) with shock fronts at the focus and 15−25 MPa peak rar-
efactional pressures [23]. This second mechanism relies on the genera-
tion of a cavitation cloud through incidental bubble formation and the
subsequent scattering of shock fronts at tissue-bubble interfaces. CH has
recently been approved by the US Federal Food and Drug Administration
(FDA) for mechanical ablation of liver tumors and is currently being
investigated in the ongoing clinical trial for colorectal cancer metastases
in liver [24,25]. However, generating the extremely high negative pres-
sures essential for the CH approach requires the use of large transducers,
which restricts the portion of liver available for the treatment and nar-
rows patient selection criteria [26].

An alternative histotripsy approach termed boiling histotripsy (BH)
produces mechanical tissue ablation at lower acoustic pressures and
with more compact transducers than CH [27,28]. The BH approach
relies on sequences of millisecond-long HIFU pulses with shock fronts
that rapidly heat tissue and induce localized boiling at the focus within
each pulse. The interaction of subsequent shocks of the pulse with the
resulting vapor bubble interface liquefies tissue through a combination
of mechanisms including pre-focal cavitation, acoustic atomization, and
the “microfountain” effect. Similar to CH, collateral thermal damage of
tissue is prevented by maintaining a low duty cycle. Despite the use of
more compact transducers, BH-induced regions of tissue disintegration
(hereinafter referred to as lesions) are typically larger than those pro-
duced by CH. This suggests the potential utility of BH for treating larger
targets within a shorter timeframe [29].

BH has been shown to be feasible for non-invasive, non-thermal abla-
tion of both benign and malignant tumors in prostate, uterus, breast, and
kidney in ex vivo human tissues, and for generating lesions in the liver
and kidney in animal models in vivo [30−36]. In the context of liver
treatment, BH has been successfully applied for liquefaction of target
volumes in healthy liver tissue across various exposure parameters in
both ex vivo and in vivo animal studies [37−41]. Post-treatment liver
healing was characterized by regeneration of normal hepatocytes and
vasculature, with no evidence of progressive fibrosis [41]. Small animal
studies have also demonstrated the potential of BH for treating liver
fibrosis and achieving tissue decellularization for further intra-hepatic
delivery of healthy liver cells [42,43]. Beyond direct tissue disintegra-
tion, another promising feature of histotripsy is its potential to facilitate
liquid biopsy and immunomodulation by releasing tumor biomarkers
into the bloodstream, triggering immune cell infiltration of both treated
and untreated tumors, and promoting sensitization to immunotherapeu-
tic drugs [44−50].

While BH has been validated for the disintegration of healthy liver
tissue in animal models, its feasibility for the mechanical ablation of
human liver metastases has not yet been investigated. Such metastases
are highly heterogeneous, often characterized by varying stromal den-
sity and zones of necrosis or fibrosis [51]. Therefore, the aim of this pilot
ex vivo study was to evaluate the potential of BH for the mechanical abla-
tion of human liver metastases, assessing treatment efficacy across com-
mon tumor origins with respect to tissue stiffness, composition, and
prior anti-tumor therapy.

Materials and methods

Tissue sample collection

A total of 18 human liver metastasis samples (Table 1) were collected
via surgical resection or rapid autopsy (<24 h after death, archive



Table 1
Treatment parameters for volumetric boiling histotripsy in samples of ex vivo human liver with metastases of various origin, with, or without prior treatment

Primary cancer and type of
metastases

Prior treatment Gender Age, y/o Target volume
location

Pulses per point Sonicated grid of
points

Treatment
time, min

Average focus depth
in tissue, mm

Gastric adenocarcinoma None Male 62 Metastasis 50 4 × 4 × 2 2.67 6
Metastasis 75 4 × 4 × 2 4 6
Edgea 150 4 × 4 × 2 8 8

Gastric poorly differentiated
adenocarcinoma

None Male 68 Edgea 50 5 × 5 × 3 6.25 10

Colorectal mucinous
adenocarcinoma

None Male 85 Metastasis 25 5 × 5 × 3 3.13 10

Edgea 25 5 × 5 × 3 3.13 10
Edgea 50 5 × 5 × 3 6.25 10
Edgea 50 5 × 5 × 3 6.25 8
Liver 50 5 × 5 × 3 6.25 10

Cutaneous melanoma Radiation therapy +
targeted therapy

Female 39 Metastasis 150 5 × 5 × 3 18.75 4

Metastasis 150 3 × 3 × 1 2.25 5
Metastasis 150 3 × 3 × 1 2.25 4
Edgea 150 5 × 5 × 1 6.25 5
Edgea 150 4 × 4 × 2 8 8.5
Liver 150 5 × 5 × 1 6.25 5

Breast adenocarcinoma Radiation therapy Female 85 Metastasis 100 5 × 5 × 2 8.33 6
Metastasis 150 5 × 5 × 4 25 9
Metastasis 200 5 × 5 × 3 25 8.5

a Target volume location “edge” indicates the treatment that was planned to partially cover a metastasis and adjacent liver parenchyma.
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material, institutional review board exempt) from five anonymized
patients aged 39−85 y (median: 68). Samples of metastases of different
primary origins, with or without prior anti-tumor treatment, were
included in the study (Table 1).

Four samples were obtained from two gastric cancer patients with no
prior anti-tumor treatment: three samples—from a 62 y.o. male under-
going total gastrectomy with confirmed diagnosis of gastric adenocarci-
noma, and one sample—from a 68 y.o. male undergoing
esophagogastrectomy with confirmed diagnosis of gastroesophageal
junction cancer (poorly differentiated adenocarcinoma with signet ring
cells).

Five samples were harvested via rapid autopsy (<24 h after death)
from an 85 y.o. male with a confirmed lifetime diagnosis of colorectal
mucinous adenocarcinoma and no prior anti-tumor treatment.

Six samples were collected via rapid autopsy from a 39 y.o. female
with confirmed lifetime cutaneous melanoma diagnosis and history of
radiation therapy and targeted therapy (dabrafenib and trametinib).

Three samples were harvested via rapid autopsy from an 85 y.o.
female with confirmed lifetime diagnosis of breast ductal adenocarci-
noma and history of radiation therapy.

Stiffness measurements

To confirm the clinical relevance of the collected ex vivo tumor speci-
mens (i.e., their consistency with in vivo studies), the Aplio i800 system
(Canon, Japan) was used to measure the stiffness (Young’s modulus) of
six out of 18 liver metastases (secondary to gastric cancer—from two
patients, and breast cancer—from one patient) and the adjacent liver
parenchyma. The measurements were performed using shear wave elas-
tography (SWE) prior to sample preparation for BH exposure (Fig. 1a).
The specimens were immersed in phosphate-buffered saline (PBS) and
placed on a 4-cm-high silicone absorbing layer (ToolDecor 25, BMP
Technology, Russia). Young’s modulus was measured at least three
times per specimen using a linear 14L5 probe (Thyroid preset). Each
measurement was taken within a 4-mm-diameter region of interest
(ROI).

The Young’s moduli were then statistically compared across different
patients and between tumor and liver tissue via two-tailed two-sample
1975
homoscedastic Student’s t-test. Significance threshold was set at
p= 0.05.

BH study design

After the SWE measurements, all tissue specimens were dissected
into smaller samples up to 4 × 3.5 × 3 cm3 (Fig. 1b, 1c), immersed in
PBS and subjected to successive cycles of degassing (three cycles of
30 min each) and compression (two cycles of 15 min each) to remove
air bubbles that could potentially interfere with ultrasound propagation
and interaction with tissue. After degassing, the samples were enclosed
in ultrasound-transparent gel container (Fig. 1d) made of 1.5% agarose
(UltraPure Agarose, Invitrogen/Thermo Fisher Scientific, Waltham, MA,
USA) or 6.5% agartin (Kotanyi, Wolkersdorf im Weinviertel, Austria).
The gel-embedded samples were then stored at 37°С in a laboratory
thermostat heating incubator (Kasimov Instrumental Plant, Kasimov,
Russia) for at least 1 hour, mounted on a 3D positioning system (Preci-
sion Acoustics UMS3, Dorchester, UK) and immersed in 35°С water
(Fig. 1e) that had been degassed for 3 hours using the water treatment
system (Precision Acoustics, Dorset, UK). The samples were then
exposed to BH sonication through the liver capsule to imitate the clinical
settings (Fig. 1b−d).

The BH focused ultrasound fields were produced using a nine-ring
annular array (Fig. 1e) operating at 2-MHz frequency. The array had an
8-cm focal distance (i.e., radius of curvature), 8.92-cm aperture, 4-cm
diameter of the central opening, and 67.8° focusing angle. This configu-
ration was derived from a 12-ring array described and characterized ear-
lier [52,53], with the three outermost rings disabled. Real-time
visualization for planning and monitoring the BH exposures was per-
formed using an L7-4 diagnostic ultrasound probe (ATL, Philips, Bothell,
WA, USA) aligned with the BH treatment plane (Fig. 1e) and controlled
by a Verasonics V1 system (Redmond, WA, USA).

Nine out of 18 BH lesions were produced within the volume of
metastases, seven lesions—at the edge of the metastases (i.e., partially
covering the metastasis and adjacent liver parenchyma), and two lesions
were produced in liver tissue outside the metastases (Table 1). BH expo-
sures were delivered to discrete volumetric grids (Table 1): 1−4 layers
of foci transverse to the BH beam axis were sonicated sequentially from



Figure 1. (а) Experimental arrangement for the Young’s modulus measurements of tumor samples using shear wave elastography (SWE). (b−d) Example of sample ori-
entation for BH exposure: before (b and c) and after (d) embedding the sample into an acoustically transparent gel. (e) Photograph of the experimental arrangement for
volumetric boiling histotripsy (BH) in ex vivo tissue samples under B-mode diagnostic ultrasound guidance.
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the deepest layer to the most superficial, to prevent emerging bubbles
from interfering with ultrasound propagation and focusing. The number
of sonication points in each layer varied from 3 × 3 to 5 × 5 depending
on the sample size to fit the target volume within the sample while pre-
serving part of the surrounding tumor for evaluation of the damage mar-
gins. The spacing between sonication points was 1 mm in all directions.
The pulse duration was kept at 1 ms with 1% duty cycle (i.e., a pulse rep-
etition frequency of 10 Hz), while the number of pulses per point (here-
inafter referred to as ppp) varied from 25 to 200 ppp. Prior to volumetric
BH exposure in each sample, the threshold value of the BH pulse output
voltage was determined experimentally by incrementally increasing the
voltage of isolated 1-ms pulses. These pulses were delivered to the cor-
ner points of the planned lesion until vapor bubbles appeared within the
BH focal region, manifested as a hyperechoic zone on B-mode imaging.
For volumetric BH exposure, the voltage was set 43%−50% above the
threshold to ensure effective disintegration of the target volume,
accounting for potential acoustic inhomogeneities along the BH beam
path. The corresponding peak acoustic power within the pulse varied
from 65 to 270 W, depending on the depth and location of the target vol-
ume. The average depth of the focus in tissue was 7.4 mm. The corre-
sponding pressure estimations at the transducer surface and in situ are
detailed in the next section.
Figure 2. Numerical modeling of focused ultrasound fields in tissue samples using “H
the BH array geometry. (c−f) In situ field parameters simulated at the average power a
peak pressure point, (d−f) 2D distributions of the peak positive P+ (d) and peak nega
geometric focus of the array (z= 80 mm).

1976
Numerical modeling of the BH fields in situ

Acoustic characterization of the BH annular array in water was per-
formed earlier in [52,53] by low-amplitude hydrophone measurements
and high-amplitude numerical modeling to characterize the linear and
nonlinear ultrasound fields, respectively. Here, the high-amplitude fields
were modeled in the tissue samples using the “HIFU beam” software
[54] for a flat-layered medium consisting of water (35°С) followed by
liver tissue (Fig. 2a). The nominal geometric parameters of the array
were used for setting a boundary condition (Fig. 2b). Characteristic pres-
sure amplitude at the array surface ranged from 0.2 to 0.415 MPa, corre-
sponding to an acoustic power range of 65−270 W. These values were
established in previous studies based on a combination of the acoustic
holography measurements and nonlinear simulations at increased power
outputs [52,53,55]. The acoustic parameters of liver were taken from
[56,57] and were as follows: speed of sound c = 1586 m/s, density
ρ = 1079 kg/m3, non-linearity coefficient β = 4.64, diffusivity coeffi-
cient δ = 4.33 mm2/s, and absorption coefficient α = 0.1383 Np/cm at
2 MHz frequency, with a power law of absorption ν= 1.1.

Simulation results obtained for the average focal depth in tissue across
all samples (7.4 mm) and the mean acoustic power across all exposures
(175 W) are shown in Figure 2 (c−f). The focal pressure waveform,
IFU beam” software. (a) Schematics of the numerical experiment. (b) 3D model of
nd focal depth in tissue: (c) two cycles of acoustic pressure waveform at the axial
tive P− (e) pressures, and heat deposition rate H (f) in the axial plane around the
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presented in Figure 2c, exhibits a distinct asymmetric profile for each cycle.
It is characterized by a high peak positive pressure (P+ = 106.4 MPa), a
much lower peak negative pressure (P− = −14.8 MPa), and a high-ampli-
tude shock front (As = 101.1 MPa). The spatial distributions of acoustic
field parameters in tissue shown in Figure 2 (d, e) differ significantly for the
peak positive and negative pressures. The axial and lateral dimensions of
the focal region at−6 dB level are 3.33 mm × 0.24 mm for the peak positive
pressure, which is considerably smaller than the dimensions of 7.65
mm × 1.18 mm for the peak negative pressure. The heat deposition rate is
primarily determined by the strong absorption of acoustic energy at the
shock fronts. This process is concentrated within a very small region of 1.78
mm × 0.1 mm (defined at the half-maximum level) where the peak value
reaches H = 293 kW/cm3. The time to reach boiling in tissue at the focus
was estimated from this maximum value H of energy absorption as tb � ΔTcv

H
[28], where cv = 3.82 MJ/(m3 K) [56] is the heat capacity per unit volume
of liver tissue, ΔT is the temperature difference between the initial tissue
temperature (35°C as in the surrounding water) and the boiling point
(100°C), andH is the maximum heat deposition rate in situ obtained in simu-
lations. The resulting estimated time-to-boil was tb=0.85 ms, which is con-
sistent with experimental observations of tissue boiling occurring within
each 1-ms BH pulse.
Post-treatment evaluation of tissue microstructure

Following BH exposure and B-mode imaging of the resulting lesions,
samples were extracted from the gel containers. The treatment and
imaging plane orientations were marked on the sample surface with his-
tological ink (HistoSafe, Russia), and the samples were fixed in 10% neu-
tral buffered formalin (Labiko, Russia) for 4 weeks. Subsequently, the
tissue was dissected into 2-mm thick blocks along the imaging plane,
processed, embedded in paraffin wax, sectioned into 1−3-μm thick sec-
tions, and mounted on microscopic slides. The slides were then stained
with hematoxylin-eosin (H&E, standard histological stain) and Masson’s
trichrome (MT, three-color stain for differentiation of collagen fibers
Figure 3. Representative image of the shear wave elastography measurements of You
lus color map, (right) the corresponding B-mode image. In this example, three regions
The resulting average values of the Young’s moduli and standard deviations are summ
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that stain blue or green) and digitalized using a Leica SCN 400 slide
scanner (component of Interactive microscope system, 441-2010, ID
9351706). Histological evaluation of the resulting slides and estimation
of lesion volumes and corresponding treatment rates were performed by
a certified clinical pathologist (initials N.D.). It should be noted that tis-
sue specimens tend to shrink during formalin fixation [58], leading to
underestimation of lesion volumes and, consequently, treatment rates.

Liquefied tumor mass from one volumetric BH lesion was collected
with a scalpel. The lysate was either mounted on a carbon double-sided
tape for scanning electron microscopy (SEM) or suspended in distilled
water to isolate residual fragments and placed on a glass substrate for
transmission electron microscopy (TEM). All samples were then fixed in
2.5% glutaraldehyde solution and processed for SEM and TEM as previ-
ously described [59]. SEM samples were imaged using a JEOL JSM-
6380LA Analytical Scanning Electron Microscope (Tokyo, Japan), while
TEM samples were imaged using a JEOL JEM-1011 Transmission Elec-
tron Microscope (Tokyo, Japan).
Results

Clinical relevance of ex vivo tissue stiffness

To confirm that the ex vivo tumor specimens were clinically relevant
and consistent with in vivo conditions, the sample stiffness (Young’s
modulus) was measured in liver metastases secondary to gastric and
breast cancer. The SWE-measured stiffness values fell within the clini-
cally observed range [60]—from 21.6 to 79.6 kPa (median: 44 kPa)—
regardless of tumor origin: 23 ± 1 kPa and 49.4 ± 6.8 kPa in tumors sec-
ondary to gastric cancer (41.3 ± 14.1 kPa if averaged across two
patients) and 48.7 ± 21.6 kPa in tumors secondary to breast cancer. Ex
vivo liver metastases were clearly distinguishable on both B-mode
images and Young’s modulus color maps. Regardless of tumor origin,
the metastases were significantly stiffer than the adjacent liver paren-
chyma (Fig. 3): 44 ± 17 kPa vs. 9.3 ± 3.9 kPa (p < 9 × 10−5).
ng’s moduli of liver metastasis secondary to gastric cancer: (left) Young’s modu-
of interest (ROIs), indicated by red circles, were sampled within the metastasis.
arized in the table at the bottom of the image.
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Gastric cancer liver metastases with no prior treatment

Liver metastases secondary to gastric cancer exhibited echogenicity
on B-mode imaging similar to the surrounding liver tissue; however, the
tumor boundaries could be visually distinguished (Figs. 3 and 4a).

Figure 4 shows two BH lesions produced in one of the gastric cancer
metastases at 75 ppp (upper lesion) and 150 ppp (lower lesion). During
and immediately after the BH exposure, the target volume appeared
hyperechoic on B-mode, a typical observation for BH that indicates the
presence of bubbles in the target area (Fig. 4b, 4c). The treated volumes
became hypoechoic within 10 min post-treatment (Fig. 4d) as bubbles
dissolved, leaving the liquefied tissue without scatterers. This character-
istic BH response corresponded well in shape and size with the lesions
observed after bisection of the formalin-fixed samples along the B-mode
imaging plane (Fig. 4e). Further histological analysis of the sample
microstructure revealed that both exposure protocols (with 75 and 150
ppp) produced sharply demarcated, homogeneous lesions with indis-
cernible cellular structure throughout the predominant portion of the
lesion volume (Fig. 4f−j). Reducing the pulse number from 150 to 75
pulses per point (ppp) led to an increase in the maximum size of residual
tissue fragments from 100 to 300 µm. However, the estimated volumet-
ric treatment rate increased by 89%—from 28.4 to 53.6 mm3/min—
because the treatment time was halved (from 8 to 4 min) while the
Figure 4. Illustration of the two volumetric BH lesions produced in gastric cancer me
75 (upper lesion) and 150 (lower lesion) pulses per sonication point. (a−d) B-mode imag
of the lower (b) and upper (c) lesions, (d) 10 min after generation of the upper lesion an
fixation and bisection along the B-mode imaging plane. (f−j) H&E-stained histological
magnified zones containing the lesions, (i and j) lesion borders with tumor (i) and liv
tract confining the lesion post-focally. BH exposure incident from the left in all images
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lesion volume decreased only modestly from 227.3 to 214.2 mm3.
Figure 4g also demonstrates higher resistance of vascular structures to
mechanical disintegration than that of the tumor tissue or liver paren-
chyma, which was typical for BH [61]: the distal part of the lesion is con-
fined by the portal tract whereas the lesion in Figure 4h extends beyond
the tumor volume into the liver parenchyma.

Further reduction in the number of pulses to 50 ppp also resulted in
the formation of a homogeneously liquefied lesion (Fig. 5). Despite pro-
ducing the smallest lesion volume (101 mm3) compared to the exposures
with 75 and 150 ppp, this setting provided a higher treatment rate (37.8
mm3/min) than the 150 ppp protocol.

These surgically-resected gastric cancer metastases in liver had not been
subjected to any prior anti-tumor therapy; however, histological examina-
tion revealed signs of extensive spontaneous coagulative necrosis of the
tumors. This finding is characteristic for metastatic liver disease [62] and
was clearly distinguishable from the adjacent BH-induced tissue disintegra-
tion with completely undiscernible cellular structure (Fig. 5c, 5d).

Colorectal cancer liver metastases with no prior treatment

In liver metastases secondary to colorectal mucinous adenocarci-
noma, both 50 and 25 ppp were sufficient for mechanical disintegration
of tumor cells, fibrous septa dividing the extracellular mucin lakes, and
tastasis in liver (with spontaneous necrosis and no prior anti-tumor therapy) with
es of the sample: (a) before BH exposure, (b and c) immediately after generation
d 50 min after generation of the lower lesion. (e) The same sample after formalin
images of the produced lesions: (f) whole-mount section of the sample, (g and h)
er parenchyma (j) at higher magnification. Arrowhead in (g) points at the portal
. ×-symbols indicate the approximate positions of the sonicated points.



Figure 5. H&E-stained histological images of a volumetric BH lesion produced in gastric cancer metastasis in liver (with spontaneous necrosis and no prior anti-tumor
therapy) at 50 pulses per sonication point: (a) whole-mount section of the sample, (b) magnified zone containing the lesion, (c and d) lesion borders at higher magnifi-
cations. Frame (d) illustrates the difference in microstructure of spontaneously necrotized tissue and BH-induced disintegration. BH exposure incident from the left in
all images. ×-symbols indicate the approximate positions of the sonicated points.
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liver parenchyma within the target volume (Fig. 6). The use of a lower
number of pulses (25 vs. 50 ppp), however, resulted in less homoge-
neous fragmentation, larger residual tissue fragments within the lesion,
smaller lesion volume (120 vs. 142 mm3), yet higher treatment rate
(38.3 vs. 22.7 mm3/min). Although these autopsy samples were col-
lected from the patient with no history of anti-tumor treatment, the colo-
rectal cancer metastases showed regions of spontaneous coagulative
necrosis in liver (Fig. 6a, 6d) which may be associated with postmortem
changes or spontaneous necrosis common in large rapidly growing
tumors.

While no difference in response to BH treatment was observed
between the liver parenchyma and metastases secondary to gastric ade-
nocarcinoma or melanoma, some histological sections suggested possi-
ble greater resistance of colorectal mucinous adenocarcinoma to BH
compared with adjacent liver tissue: one side of the BH lesions was con-
fined by post-focally located metastases (indicated by the two arrows in
Fig. 6a, 6d, 6g, 6j) while the other side extended further into the liver
parenchyma (indicated by the single arrow in Fig. 6a, 6d, 6g, 6j).

Melanoma liver metastases with prior targeted and radiation therapy

Autopsy-derived liver metastases secondary to melanoma appeared
hypoechoic relative to the adjacent liver parenchyma on B-mode ultra-
sound (Fig. 7a). Histological examination revealed hemorrhage and par-
tial necrosis outside the BH-treated zone (Fig. 7c−d), likely resulting
from prior targeted and radiation therapy. All melanoma metastases
were successfully disrupted with 150-ppp BH protocol, confirming treat-
ment reproducibility. This resulted in hypoechoic volumes on post-treat-
ment B-mode imaging (Fig. 7b) and homogeneously acellular zones with
sharply demarcated boundaries (<100 µm in width) on histological
1979
examination (Fig. 7e−g). The average BH treatment rate in melanoma
metastases was 13.3 ± 6.6 mm3/min (from 7.6 to 24.5 mm3/min
depending on the sonication geometry).

Breast cancer liver metastases with prior radiation therapy

Extensive tumor fibrosis was observed in ductal carcinoma metasta-
ses in liver, likely as a consequence of prior radiation therapy (Fig. 8),
which increased tumor resistance to BH treatment. BH exposures at 100
and 150 ppp that were effective in non-fibrotic metastases were insuffi-
cient for complete liquefaction of the target volume of fibrotic tumor
mass, selectively fragmenting non-fibrotic tumor components while only
partially disrupting the collagen stroma (Fig. 8, left and center columns).
The use of 200 ppp was required to disintegrate both cellular and
fibrotic tumor components within the target volume (Fig. 8, right col-
umn) leaving individual undertreated, yet non-viable collagen fragments
within the treated zone (Fig. 8f, 8l). The treatment rate for such success-
ful exposure in collagen-rich breast carcinoma was 14.2 mm3/min.

Electron microscopy of the liquefied tumor suspension

Figure 9 illustrates the ultrastructure of the content collected from
the treated volume and examined using scanning and transmission elec-
tron microscopy (SEM and TEM). Similar to other tissues exposed to BH
[30,59,63], SEM imaging of undiluted lesion content showed multi-lay-
ered structureless cellular debris (Fig. 9a). TEM imaging of the material
suspended in distilled water allowed for distinguishing separate dam-
aged collagen fibers, fragmented cells, and cell components (Fig. 9b−f),
thus confirming the ability of BH to mechanically disintegrate liver
metastases into subcellular debris.



Figure 6. Histological images of the two volumetric BH lesions produced in colorectal cancer metastasis in liver (with spontaneous necrosis in liver and no prior anti-
tumor therapy) at 50 (a−f) and 25 (g−l) pulses per sonication point, stained with H&E (a−c, g−i) and Masson’s trichrome (d−f, j−l). (a, d, g, j) Magnified zones con-
taining the lesions, (b and e) border between lesion and tumor at higher magnification, (h,k) residual tumor fragments within the lesion volume, (c, f, i, l) residual dam-
aged collagen fibers within the lesion volume. The single arrow points at disrupted liver parenchyma in the distal part of the lesion, the two arrows point at intact
metastases in distal part of the lesion. Arrowheads point at disrupted fragments of mucin within the lesion. BH exposure incident from the left in all images. ×-symbols
indicate the approximate positions of the sonicated points.

Figure 7. Volumetric BH lesion produced in melanoma metastasis in liver (with necrosis and prior targeted and radiation therapy) at 150 pulses per sonication point.
(a and b) B-mode images of the sample: pre-treatment (a) and 10 min after the BH treatment (b). (c−g) H&E-stained histological images of the produced lesion: (c)
whole-mount section of the sample, (d) magnified zone outside the lesion containing intact tumor, hemorrhage and tumor necrosis, (e and f) lesion borders with tumor
(e) and fatty liver parenchyma (f) at higher magnification, (g) magnified zone containing undertreated tumor tissue inside the lesion. BH exposure incident from the
left in all images. ×-symbols indicate the approximate positions of the sonicated points.
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Figure 8. Histological images of the three volumetric BH lesions produced in breast cancer metastasis in liver (with radiation-induced fibrosis) with 100 (left column),
150 (central column) and 200 (right column) pulses per sonication point stained with H&E (a−f) and Masson’s trichrome (g−l). (a−c and g−i) Magnified zones contain-
ing the lesions, (d−f and j−l) magnified zones within the lesions. Arrowheads point at remained fragments of damaged collagen. BH exposure incident from the left in
all images. ×-symbols indicate the approximate positions of the sonicated points.

Figure 9. Representative electron microscopy images of the liquefied content of gastric cancer metastasis in liver. (a) Scanning electron microscopy image showing
multi-layered fragments of fractionated tissue, (b−f) transmission electron microscopy images of diluted lesion content: (b) cellular debris and fragments of damaged
collagen fibers, (c) damaged cell with intact nucleus surrounded by fragmented cellular components and lysosomes, (d) cell nucleus with damaged membrane and two
nucleoli inside, (e) cell nucleus with damaged membrane, (f) probably damaged mitochondria.
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Discussion

This study provides the first ex vivo demonstration that BH can
mechanically disintegrate planned volumes in human liver metastases of
various origins and history of anti-tumor treatment. Our findings indi-
cate that liver tumors secondary to gastric, colorectal, breast, and skin
(melanoma) cancers can be non-invasively fragmented into subcellular
debris using a sequence of 1-ms focused ultrasound pulses with shock
1981
fronts under diagnostic ultrasound guidance. The most significant find-
ing is that the required number of BH pulses is highly dependent on the
microstructure of the tumor, particularly the presence of necrosis or
fibrosis, which has direct implications for clinical treatment planning.

Our data suggest that a personalized approach to BH treatment plan-
ning is not only feasible but necessary. Metastases with prior therapy-
induced necrosis or spontaneous necrosis, common in large, rapidly
growing liver masses [62], can be effectively disintegrated with fewer
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pulses per sonication point than fibrotic metastases. These fibrotic
changes, typical after radiation therapy [64], should be accounted for
during pre-treatment planning step. In particular, the lowest number of
pulses per point successfully employed in this study for the treatment of
tumors containing necrotic zones was 25 ppp, while tumors with radia-
tion-induced fibrosis required at least 200 ppp for complete disintegra-
tion of both cellular and collagen-rich components within the target
volume. Consequently, when planning the complete volumetric treat-
ment of a fibrotic metastasis, a higher number of pulses or longer pulse
durations (e.g., 5−10 ms) should be considered. The use of longer pulses
has been shown to be more effective for mechanical ablation of colla-
gen-rich tissues [39]. Pre-treatment assessment using shear wave elas-
tography or contrast-enhanced CT or MRI could identify necrotic or
fibrotic tumor regions [51], enabling the development of a patient-spe-
cific spatially modulated BH dosing plan with higher doses (i.e., greater
number of pulses per point or longer pulses) delivered to fibrotic and
lower doses to necrotic regions.

An intriguing finding is that the use of intermediate number of BH
pulses (100−150 ppp) in fibrotic tumors led to selective fragmentation
of cellular components while preserving parts of the collagen stroma.
This selective damage may be sufficient to eradicate viable tumor cells
while potentially preserving the extracellular matrix. Moreover, even
weaker damage with partial disruption of cancer cells may be beneficial
for destabilizing the tumor microenvironment. In the context of histo-
tripsy-induced immunomodulation and abscopal effect, such damage
may release tumor antigens while simultaneously inducing immuno-
genic cell death, thereby potentially stimulating a systemic anti-tumor
immune response [45−48]. This is particularly relevant for malignan-
cies such as melanoma, which are highly responsive to immunotherapy
[49,65]. Thus, BH could be employed not only for complete tumor disin-
tegration but also for partial tumor disruption. Such an approach could
potentially serve as an in situ vaccination tool in combination with
immune checkpoint inhibitors, a strategy actively being explored for his-
totripsy [50,66−68], and other ablation modalities [69,70]. Alterna-
tively, our findings also suggest that BH may be used not only as a
standalone procedure or neoadjuvant strategy to reduce tumor mass and
minimize the extent of subsequent surgical resection, but also as a tool
following prior anti-tumor therapy to ensure complete removal of resid-
ual, non-responsive parts of the tumor.

Another clinically important feature of BH demonstrated in both pre-
vious studies [61] and the present work is its ability to spare critical vas-
cular structures while effectively fragmenting the adjacent parenchyma.
In addition, unlike thermal techniques such as HIFU or RFA, the
mechanical action of BH is not subject to the heat-sink effect. Together,
these features make BH a potentially viable treatment option for patients
with liver masses in immediate proximity to major vessels who are oth-
erwise ineligible for minimally invasive ablation strategies [12−14].

Histologically, the majority of the liver tumors that were demon-
strated here to susceptible to BH were adenocarcinomas, which is the
most common subtype of liver metastases, followed by melanoma [71],
which was also investigated in this work. Moreover, the primary sites of
the studied liver tumors were among the most frequent origins of liver
metastases, thus confirming the clinical relevance of the liver tumors
treated with BH in this study. Primary liver tumors can also be assumed
to be amenable to BH treatment, given the structural similarities they
share with adenocarcinomas investigated here.

A systemic comparative analysis of the response to BH between
tumor tissue and surrounding liver parenchyma was beyond the scope of
this study, however, our preliminary findings here indicated similar sus-
ceptibility to BH of liver parenchyma and liver tumors secondary to mel-
anoma and gastric adenocarcinoma. Some of the obtained results,
however, suggested that mucinous adenocarcinoma secondary to colo-
rectal cancer may exhibit greater resistance to BH than the adjacent liver
parenchyma, likely due to the presence of fibrous septa surrounding and
separating the densely packed extracellular mucin lakes. Although fur-
ther comparative studies are required, the potentially lower resistance
1982
of liver parenchyma to BH may be advantageous clinically, as it could
enhance procedural safety by facilitating disintegration of the hepatic
margin surrounding the treated tumor, typically resected surgically
along with the tumor mass.

The treatment rates obtained in this pilot study for complete disinte-
gration of the planned tumor volumes, estimated from formalin-fixed
(and therefore slightly shrunken) samples, was up to 53.6 mm3/min,
which is below values reported in clinical practice for thermal HIFU
ablation of liver tumors (around 0.33 cm3/min, indirectly estimated
from [72]) and in the ongoing clinical trial for cavitation-based histo-
tripsy (around 0.5 cm3/min, indirectly estimated based on MRI from
[24]). However, the primary objective of this pilot study was not to max-
imize treatment speed but to establish fundamental feasibility and dose
−response relationships. Our findings identify clear pathways toward
optimizing BH parameters to achieve clinically competitive treatment
rates. These include increasing the spacing between sonication points
(based on the focal zone dimensions and the sizes and quality of the pro-
duced volumetric BH lesions), using longer pulses to generate larger
lesions [73], and tailoring the number of pulses per point based on
tumor microstructure. Moreover, for immunomodulation purposes or
disruption of tumor microenvironment, where complete disintegration
may not be necessary, lower doses and larger spacing could be used, fur-
ther accelerating the procedure.

While SWE measurements confirmed clinical relevance of the
Young’s moduli of these ex vivo liver metastases and agreed with litera-
ture regarding higher tumor stiffness vs the surrounding liver paren-
chyma [60], the transition from a controlled ex vivo environment to
clinical practice involves several challenges. Within a clinical context,
the transcutaneous focusing of the BH beam on targets in the liver may
induce substantial acoustic aberrations and attenuation arising from
propagation through structurally and acoustically heterogeneous tissues.
This contrasts with the present pilot investigation, in which BH treat-
ment was performed under controlled laboratory conditions in a water
tank using ex vivo tissue specimens. However, the use of multi-element
BH arrays allows for adaptive real-time aberration correction through
element phasing, which has been successfully demonstrated in animal
models in vivo [40,74]. Moreover, the operating output voltage in the
present study was set well above the experimentally determined thresh-
old value (by 43%−50%), whereas BH has been shown to be feasible in
vivo at voltage values only 10% above the threshold [40]. This suggests
the potential to compensate for ultrasound energy attenuation caused by
intervening tissues in vivo, thereby ensuring the formation of shock
fronts sufficient to enable BH at the focus.

Another challenge inherent to in vivo settings, compared with the
present ex vivo study, is the significant motion and deformation of the
liver with respiration. However, our recent in vivo study in porcine liver
demonstrated that tracking the skin surface above the liver using con-
ventional diagnostic ultrasound allows BH delivery to be gated to the
respiratory cycle. By suspending pulses during the inhalation phase, off-
target tissue damage can be prevented without requiring complex
motion compensation strategies [40].

In clinical transcutaneous implementation of BH for liver tumors,
some targets may be obstructed by the ribs, bowel gas, or lung segments.
Such obstacles can attenuate or distort the beam, hindering the precise
focusing and shock-front formation required for BH [18,75−78]. How-
ever, the lower pressure requirements of BH relative to CH allow for the
use of transducers with a smaller footprint [30,59,63,79−81]. This com-
pact design potentially expands the treatment window and enables lapa-
roscopic or intraoperative access, offering a hybrid minimally invasive
solution for anatomically challenging malignancies.

Conclusion

This ex vivo study is the first to demonstrate the potential of BH to
mechanically disintegrate defined volumes within human liver metasta-
ses of various origins using focused millisecond-long ultrasound pulses
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with shock fronts under diagnostic ultrasound guidance. Such treatment
can potentially be used both as a standalone procedure and as a neoadju-
vant tool, or following prior anti-tumor therapy. BH treatment can be
accelerated by reducing the number of pulses for non-fibrotic or necrotic
tumors, while fibrosis induced by prior anti-tumor treatment compli-
cates treatment and necessitates a higher number of BH pulses for com-
plete tumor disintegration.
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