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INTRODUCTION: Prostate cancer (PCa) management poses challenges due to treatment-related morbidities associated with
conventional therapies. Focal therapy (FT) is emerging as a promising alternative for intermediate-risk PCa, aiming to selectively
target localized cancerous lesions while preserving healthy tissue. This review explores emerging FT modalities for PCa treatment,
focusing on transrectal MRI-guided focused ultrasound surgery (MRgFUS), transurethral ultrasound ablation (TULSA), focal laser

ablation (FLA), and histotripsy.

METHODS: A comprehensive literature search was conducted to identify studies and clinical trials related to FT. Relevant articles
were selected and data were synthesized to provide insights into the efficacy and feasibility of MRgFUS, TULSA, FLA, and histotripsy

for FT.

RESULTS: MRgFUS utilizes transrectal high-intensity focused ultrasound under MRI guidance to selectively ablate cancerous tissue,
demonstrating positive outcomes in oncologic control and preservation of urinary and sexual function. TULSA employs
transurethral delivery of high-intensity ultrasound energy under MRI guidance, showing promising results for whole gland
treatment. FLA benefits from precise ablation, indicating effectiveness in tumor destruction while preserving quality-of-life.
Histotripsy, a mechanical ablation method, exhibits promise by inducing tissue fractionation through bubble activity, offering
advantages such as tissue selectivity and real-time treatment monitoring.

CONCLUSION: Emerging FT modalities present promising alternatives for the management of localized PCa, offering personalized
treatment. Further research and clinical trials are warranted to establish the long-term efficacy of these techniques in PCa

management.

Prostate Cancer and Prostatic Diseases; https://doi.org/10.1038/s41391-025-00956-x

INTRODUCTION

Prostate cancer (PCa) is one of the most prevalent malignancies
affecting men globally, with its management dependent on
precise disease grading, staging, and risk assessment utilizing TNM
staging, Gleason score, and prostate-specific antigen (PSA) levels
[1-31].

Conventional treatments for localized PCa, including radical
prostatectomy (RP) and pelvic radiation therapy, offer disease
control but are often associated with enduring urinary and sexual
dysfunction, affecting over half of the treated patients [1, 2]. In
contrast, while active surveillance is recommended for low-risk
PCa and spares patients of treatment-related morbidities, its
applicability in patients with intermediate-risk PCa remains
contentious due to concerns regarding disease progression,

particularly in men with magnetic resonance imaging (MRI) visible
disease [3-5].

Advancements in disease localization techniques, particularly
MRI, have facilitated the emergence of focal therapy (FT) as a
promising treatment modality for PCa [6-8]. Targeted ablation of
the clinically significant (cs) index lesion, often predictive of
disease progression, while sparing adjacent healthy tissue, aims to
minimize treatment-related morbidities [9]. By selectively treating
only the cancerous areas that are likely to cause harm, there is an
attempt to reduce the risk of side effects commonly associated
with more aggressive treatments, such as urinary incontinence
and sexual dysfunction. In 2022, the American Urological
Association/American Society for Radiation Oncology guidelines
were updated to state that minimally invasive FT lacks high quality
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data compared to existing conventional treatments for PCa but
may be considered for intermediate-risk PCa in the appropriately
counseled patient with clinical trial or prospective registry
enrolment prioritized [10].

Guided by various imaging modalities, FT adopts a personalized
approach tailored to individual patient characteristics. While
ultrasound (US)-guided FT has undergone extensive investigation,
more recently, there has been a growing interest in exploring and
studying innovative MRI-guided techniques [6, 7, 11]. Since
multiparametric MRl (mpMRI) is considered the standard of care
for the detection of csPCa [6], recent studies have focused on MRI-
guided FT. MRI-guidance allows better delineation of tumor in all 3
planes, enabling better targeting and planning. In addition, real-
time thermal monitoring (MR-thermometry) allows instant real-
time intra-procedure thermal feedback and provides an opportu-
nity for optimization of ablation temperatures. However, since MRI
may underestimate the histological tumor volume, targeted FT
requires treatment beyond the visible tumor, ideally with a margin
of 9-10 mm [12, 13]. MRI-guidance for FT, utilizing energy sources
such as high-frequency focal ultrasound (HIFU), and interstitial
laser thermal therapy (FLA) have been studied over the last
few years.

In addition to developments in imaging, innovative energy
sources such as histotripsy, a non-invasive non-thermal high-
intensity ultrasound technique, have also been studied for FT.
Histotripsy delivers short (microsecond to milliseconds duration)
very-intense HIFU bursts (10-100 fold more intense than thermal
exposures) to illicit bubble activity at the focus. Interactions
between bubbles and ultrasound waves produce precise non-
thermal mechanical ablation of targeted tissue [14]. Histotripsy is
under development as a future FT of PCa [15, 16]. This review
delves specifically into examining these newer techniques for FT
for PCa and provides a comprehensive analysis of these emerging
techniques in PCa management.

TRANSRECTAL MRI-GUIDED FOCUSED ULTRASOUND SURGERY
(MRGFUS)

Transrectal MRI-guided focused ultrasound surgery (MRgFUS) has
emerged as a promising modality for treating localized PCa in
recent years. The ExAblate 2100 prostate device (Insightec Ltd,
Haifa, Israel) is a non-invasive transrectal MRgFUS system [17]. Like
other thermal HIFU devices, it utilizes the conversion of
mechanical energy of sonication to thermal energy, raising the
temperature to achieve tissue coagulation and allows for sharp
ablation margins between the target zone and surrounding
normal tissue [17-19] The phased-array transducer is made of
approximately 1000 elements and operates within the range
0.8-3.5 MHz. The ultrasound beam can be electronically steered to
the desired location in the gland planned for treatment.

The procedure is performed under general anesthesia or
sedation, with the patient positioned in lithotomy on a modified
MRI table. Following placement of a Foley catheter for continuous
bladder drainage, the ExAblate endorectal probe is positioned in
the rectum [17-20]. The endorectal balloon is then filled and
circulated with degassed water at 14°C for rectal and device
cooling for protection. Initial imaging is obtained to ensure no air
bubbles are present in the endorectal balloon, as air can disrupt
ultrasound wave transmission. T2-weighted (T2WI) and diffusion-
weighted (DWI) images are acquired for tumor localization and
rectum, prostate and tumor contouring, including 10 mm margins
when possible [17, 19]. The software then generates the treatment
plan, specifying energy level and number of sonications.
Subtherapeutic sonications are initially delivered for verification,
followed by treatment sonications. Macrosonications are delivered
on each axial slice covering the tumor and margins. Nominal
sonication spots are delivered where required based on the MR-
thermography feedback during treatment. Updated anatomical
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MRI between sonications allows intraoperative treatment plan
modification. Post-ablation, dynamic contrast-enhanced (DCE) MRI
confirms coverage and assesses the de-vascularized non-perfused
volume (NPV) to confirm ablation [19] (Fig. 1).

Over the past decade, various phase | and Il clinical trials have
demonstrated the safety and efficacy of MRgFUS FT as a treatment
option in men with low and intermediate risk PCa yielding positive
quality-of-life outcomes and oncologic responses. The primary
findings of these trials are outlined in Table 1.

Initially, Napoli et al. conducted a proof-of-principle study,
enrolling five patients with localized PCa, who underwent MRgFUS
ablation followed by open radical prostatectomy [17]. No adverse
surgical complications related to the MRgFUS procedure were
noted. Histopathological analysis revealed extensive coagulative
necrosis within the treatment zone, indicating the feasibility of
MRgFUS ablation for localized PCa.

Subsequently, Tay et al. investigated MRgFUS focal ablation in
14 patients with low-risk PCa [21]. Follow-up assessments included
monitoring of PSA levels, Expanded Prostate Cancer Index
Composite (EPIC) questionnaire, mpMRI imaging, and biopsy.
The procedure demonstrated good tolerance, with self-limiting
hematuria being the most common early adverse effect. Func-
tional outcomes related to sexual activity and urinary symptoms
normalized in 3 months and thereafter. Although PSA levels
decreased significantly by 38.8% at 3 months, some patients
experienced an increase at 6 months, with biopsy revealing cancer
outside the treatment area in 6 participants, one with Grade
Group (GG) 2 PCa. At 2 years, template transperineal biopsy
revealed two men with >GG2 disease.

In 2018, Ghai et al. reported a phase | study involving eight
patients (10 lesions) with PCa [<GG3 PCa] [18]. Results indicated
the feasibility and safety of MRgFUS therapy with favorable short-
term oncologic outcomes. No adverse events were reported
during the perioperative period, and functional outcomes, as
assessed by International Prostate Symptom Score (IPSS) and
International Index of Erectile Function (IIEF)-15 scores, remained
largely unchanged post-treatment. At 6 months, one participant
had persistent > GG2 disease at the treatment site.

More recently, Ehdaie et al. conducted a multicenter phase |I
study involving 101 patients with unilateral intermediate-risk PCa
(79 with GG2 and 22 with GG3 PCa) [22]. At the 6-month
assessment, a significant decrease in PSA levels was observed,
with most patients (96/101) showing no evidence of csPCa on
biopsy. At 24 months, 88% (78/89) of participants did not harbor
csPCa (=GQG2) at the treatment site on biopsy. There was a slight
decline in IIEF-15 scores (difference of -3.5) at 2 years.

Additionally, a single-center phase Il trial by Ghai et al.
evaluated 2-year oncological and functional outcomes in 44
patients with unifocal csPCa (36 with GG2 and 8 GG3 PCa) [23, 24].
Median procedure and sonication times were 256 and 125 min
respectively. The authors reported that men with larger ablation
volumes (>15cc) had a greater decline in lIEF-15 scores during the
early period following treatment. The majority of patients
exhibited favorable outcomes, with 39/43 men (91%) exhibiting
no residual csPCa at the treatment site over the 2-year period on
biopsy. There were 3 additional men with de novo csPCa outside
the treatment area. No significant change was noted in the
median IIEF-15 and IPSS scores between baseline and 24 months,
and no participant reported pad use. Overall, these studies
collectively suggest that MRgFUS FT is a promising treatment
option for PCa, offering favorable safety profiles and very
encouraging oncological responses.

Advantages of MRgFUS FT for PCa include its minimally invasive
approach, precise targeting enabled by MRI guidance, and real-
time temperature feedback during treatment to ensure ablative
temperatures (>65°C) are reached [17, 25]. Additionally, post-
treatment contrast-enhanced images enable immediate assess-
ment of the NPV and coverage of the ablated area. While MRgFUS
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Fig. 1 Imaging findings of a 67-year-old patient with biopsy-proven Gleason 7 (3 + 4) prostate cancer treated by transrectal MRgFUS.
A Pre-treatment axial T2-weighted fast spin—echo MRI (repetition time (TR)/echo time (TE), 3820/97) and B apparent diffusion coefficient (ADC)
map image, acquired on a 3T Siemens Skyra Fit scanner, showing the tumor in the left mid gland transition zone (arrows). C Intraoperative MRI
obtained on a 1.5T GE Excite Twinspeed scanner showing the contoured rectal wall (red line), prostate margin (blue outline) and region of
interest (orange outline). D Intraoperative MRI showing a focused ultrasound beam path (blue) overlaid on the treatment plan. The
rectangular boxes within the region of interest illustrate each sonication spot. E MRI thermography image during treatment showing heat
deposition color coded in red overlaid on the sonication spot. F Accumulated thermal dose map image at end of treatment depicting the
predicted area of thermal damage color coded in blue. G Axial gadovist-enhanced MRI obtained immediately post-treatment showing the de-
vascularized ablated volume (arrows). H T2-weighted fast spin—echo MRI (TR/TE, 3820/97) obtained 24 months following the ablation on the
same scanner, showing involution and volume loss at the treated area (arrow). Findings from a targeted biopsy of the treatment zone and the

rest of the gland at 24 months were negative.

procedure times are longer than for US-guided HIFU, the overall
safety profile and oncologic outcomes suggest MRgFUS as a
favorable modality for focal PCa treatment [23, 26, 27]. It offers
personalized treatment with the potential to enhance patient
outcomes and quality-of-life, compared to existing FT literature.

Despite its advantages, MRgFUS has some limitations, similar to
other transrectal HIFU devices. The transrectal MRgFUS approach
may limit access to lesions in the anterior gland [28]. The Phase Il
studies described above did not include tumors >4-6 cm from the
rectal wall. Additionally, the procedure requires access to MRI and
expertise, leading to additional costs.

TRANSURETHRAL ULTRASOUND ABLATION (TULSA)
TULSA, or transurethral ultrasound ablation (TULSA-PRO, Profound
Medical Inc, Toronto, Canada), is a minimally invasive procedure
developed in 2012 for the treatment of PCa [29]. Using a
transurethral approach, TULSA delivers ablative therapy directly
to the prostate under MRI guidance for precise localization and
MR thermometry for real-time monitoring [30]. The TULSA-PRO
device, featuring rectal and urethral cooling, uses a linear array of
10 US transducers emitting high-intensity energy directionally into
the prostate, intending consistent ablation while concurrently
protecting the urethra and anterior rectal wall [30]. During the
procedure, the US applicator is positioned within the prostatic
urethra with the first US element placed 3 mm from the apical
margin to provide safety for the apical sphincter [29]. Targeting
temperatures of >55°C, TULSA achieves acute thermal coagula-
tion [29]. Immediately post-treatment, contrast-enhanced MRI
assesses the NPV to confirm ablation (Fig. 2).

The literature on TULSA showcases encouraging results in safety
and efficacy for treating PCa in select patients (Table 2). In a proof-
of-principle treat-and-resect investigation, Chopra et al. assessed
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its feasibility in 8 individuals with <GG3. They demonstrated a
mean spatial targeting accuracy of —1.0 mm 2.6 mm, with no
evidence of thermal effects on surrounding structures [30].
Subsequently, Chin et al. led a multi-center phase | investigation
assessing whole-gland TULSA in 30 patients with low- to
intermediate-risk PCa (24 GG1, 6 GG2) [29]. There were no rectal
injuries or fistulae. At 12 months follow-up, there were no
significant differences in mean functional outcomes, as assessed
by the IPSS and IIEF-15 scores and erections sufficient for
penetration were maintained in 85%. Median PSA decreased from
5.8 ng/ml at baseline to 0.8 ng/ml at 12 months. Of the 29 patients
who completed a follow-up biopsy, 9 were positive for csPCa
(2GG2), of whom 2 underwent salvage prostatectomy at
12 months. In a 3-year follow-up of the initial phase | population,
Nair et al. in 2021 reported that 32% (7 of 22) had recurrent PCa
[31]. Of these 7 men, 4 underwent salvage prostatectomies.
Pathology confirmed the location of the residual disease was
congruent with the untreated peripheral zone safety region [31].
A pivotal multi-center evaluation of TULSA by Klotz et al. was
reported on 115 men with low- to intermediate-risk PCa [43 GG1, 69
GG2, 3 GG3], undergoing whole gland evaluation [32]. Median
procedure and ablation times were 243 and 51 minutes respec-
tively, similar to those reported for the MRgFUS procedures. Twelve
Grade 3 adverse events (UTI, urethral stricture, urinary retention,
urethral calculus and urinoma) were recorded in 9 participants, all
resolved by 12-months. No rectal injury was reported. Erections
were maintained or regained at 12 months in 75% (69 of 92) of
potent men at baseline. Three participants had moderate urinary
incontinence at 12 months and <1% of men were incontinent to a
>1 pad/day level. Primary efficacy endpoint of PSA reduction of
>75% was achieved in 96% (110 of 115) of patients with decrease in
median PSA from 6.3 ng/ml to 0.34 ng/ml. There was a concurrent
91% median prostate volume reduction from 37 cc at baseline to 2.8
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Fig.2 A 69 year-old man with PSA 6.4 ng/ml and biopsy-proven GG2 prostate cancer in a PIRADS 4 lesion at the left mid-gland and GG1
cancer bilaterally was treated with whole gland TULSA. Treatment was circumferential and primarily using elements E2-E8 for this small
(35cc) prostate. The Thermal Dose images show good distribution of ablation energy throughout the gland, while urethral sparing is most
evident on the Maximum Temperature images. Red indicates the hottest temperatures, and yellow through red indicates that ablative
temperatures have been reached. A 1-year post-treatment biopsy was negative and the patient’s PSA has fluctuated between 0.2 ng/ml and
0.6 ng/ml over 3 years post-treatment, with most recent PSA at 0.4 ng/ml.

cc at 12 months [32]. At 12 months follow-up, 65% (72 of 111) of
patients had no evidence of cancer and 79% (54 of 68) with >GG2
disease at baseline were free of csPCa. Amongst the men with
residual disease, 8 sought salvage treatment at 12 months (4
prostatectomy and 4 radiation therapy). The multivariate predictors
of persistent csPCa at 12 months were intraprostatic calcifications at
screening, suboptimal MRI thermal coverage of target volume, and
PI-RADS = 3 lesions on MRI (p < 0.05) [32].

While these multi-center studies assessed whole gland / sub-
total ablation with the TULSA-PRO device, there have been a few
recent treat-and-resect studies assessing sectoral FT. Ramsay et al.
assessed safety and feasibility of sectoral ablation extending to the
capsule in 5 patients with <GG2 PCa. Whole mount histology
demonstrated an average target accuracy —1.5 mm £2.8 mm [33].
In another trial by Anttinen et al,, 6 patients (<GG4) underwent
lesion-targeted FT with the TULSA device, followed by robot-
assisted-laparoscopic-prostatectomy at 3 weeks [34]. On histo-
pathology, no viable tumor was noted in the ablation zones, but 4
of 6 patients had residual cancer outside of the planned ablation
volume, within the pre-planned 3 mm safety margin, near the
neurovascular bundle [34].

Anttinen et al. further conducted a phase | investigation of
salvage TULSA in the treatment of radiorecurrent PCa in 11
patients [35]. At 12 months, there were no urethral strictures,
rectal injuries, or fistulas. The median EPIC-26 irritative/obstructive
domain decreased by 20% and 91% (10 of 11) men were free of
any PCa in the targeted ablation zone [35].

Overall, the current literature suggests TULSA holds promise as
a safe and effective treatment option for low to intermediate risk
PCa, with encouraging early oncologic and quality-of-life
outcomes.

The transurethral approach of TULSA is amenable to treating
anterior lesions, which may lie beyond the reach of transrectal
approaches [30]. Similar to other MRI-guided FT, MR thermometry
for real-time monitoring of ablation temperatures further
enhances treatment precision and safety [6]. One aspect unique
to TULSA is that the measured temperatures are also used as a
quantitative input to a feedback control algorithm that dynami-
cally modulates the US intensity and frequency of each treatment
element and the device rotation rate to ensure the target volume
reaches therapeutic temperatures [29].

Prostate Cancer and Prostatic Diseases

While TULSA offers a non-invasive transurethral approach,
inserting a rigid US applicator into the prostatic urethra may lead
to discomfort and potential complications, such as urethral injury
or stricture [32]. Similar to other intra-procedural MRI guidance
techniques, it adds complexity and time to the procedure,
potentially increasing overall treatment costs and resource
utilization. Notably, challenges related to intraprostatic calcifica-
tions may affect treatment efficacy and increase the risk of
residual and recurrent disease [32]. It is recommended that
patients with coarse calcifications in the beam path be excluded
from TULSA treatment [32].

FOCAL LASER ABLATION (FLA)

Focal Laser Ablation (FLA) is an interstitial procedure to treat
localized PCa by inserting laser fibers into the prostate gland
under image guidance, typically using transperineal or transrectal
approaches [36, 37]. Once positioned, the laser emits beams of
electromagnetic radiation, typically in the infrared spectrum
(700-1064 nm), directly into the targeted tissue. The laser’s energy
rapidly elevates the prostate tissue’s temperature, inducing
protein denaturation and coagulative necrosis, leading to tissue
destruction [38]. The diode laser fibers ablate a cylindrical zone
with ablation diameters of <15mm, and thereby multiple
applicators are required to cover the planned ablation volume
including margins beyond the MRI visible tumor (Fig. 3).

FLA has garnered increasing attention as a FT option for
localized PCa, with numerous recent studies shedding light on its
efficacy, safety profile, and potential as an alternative to radical
treatments in selected patients (Table 3).

Although, FLA has been predominantly evaluated under MRI
guidance, some studies have assessed its feasibility under US /
MRI- Transrectal (TRUS) fusion guidance, and with the new high-
resolution micro-US. MRI guidance allows definition of the tumor
in all 3 planes in addition to MRI thermometry. On the other hand,
ultrasound guidance enables shorter treatment durations and
requires fewer resources compared to MRI guidance, resulting in
reduced costs.

An initial Phase 1 feasibility and proof-of-principle study by
Lindner et al. from the University of Toronto, validated laser
energy as an ablative modality using imaging and histopathology

SPRINGER NATURE



S. Ghai et al.

Www /L F+°0-
Aoeindoe

juswWieal) abeiany-
ww 8¢

F Ww G'|- Adeindde
1964€) |eneds-

Do 8V FOL-
Adeindde josuod
ainjesadway
pabeiany-

Jooued
JO 3dUSPIAS OU
pey siuaned (%59)
LLL/ZL ‘||essno-

¢ <HH aulsseq
yum sjuaned

(%€9) 89/¢t-

1D SWnN|oA

ybiy suiaseq

yum sjuaned

(%tr1) 92/91-

DD SWN|OA

MO| duljaseq

yum sjuaned

(%92) L1/€1-

:eDd Jo 934 spuaned
‘syjuow g 1y

9seasip
juesyiubis Ajjesiund
ou pey sjuaned
(%69) 62/0C-
9seasip uedyiubis
Ajleoiup pey
susned (%L€) 62/6-
9seasip |enpisas Aue
10y Asdoiq annisod
pey sjuaned

(%SS) 62/91-
syluow | 1y
S24N31oNJ1s
Buipunouns

UO S129JJ9 [ewlay)
JO 9DUSPINS ON-
ww o

F WW Q'L- Sem
Aoeinddoe Hunasbiey
|eneds uea-

SdWo023no
3160j05uQ

e/u

0S-D1d3
Jad jJuaunuodul
aJam syuaned
JO 05| UBY) SSI)
‘syyuow ¢ 1y-
syuow
zL Aq Aouarod
paulebai
10 paulejuiew
(%S£)
69 ‘auljaseq
1e 1us)0d dIoM
oym sjusned
76 Y JO-

syjuow |
Aq auidseq o1
pauin1aJ sanjeA
SL-4311 ueIps-
syauow

¢ Aq aulaseq 03
pauinias sanjea

SSdl UelpaN-

e/u

S3wo033no
Jeuonduny

e/u

Jw/bugo
1e 9|ge1s sem
VSd uelpaw
‘syjuow | je-
Jw/bu e

JO Jlpeu

0] auljeseq
1e qw

/Bu €9 wouy
pasessdsp
VSd uelpaw-

syuow z|

je qw/bu g0
1e 9|gels sem
pue ‘yiuow

L 3e qw/Bugo
0} ‘auleseq
e qw/bugg
Wwiol} %/8

Aq paseansp
VSd UeIpal-

e/u

VSd

payodas JoN

uonpunysAp
9110919 IDASS
Jo ‘adusunuodul
EIEVEN
‘ssun(ul |e134
'SJUSAS 1 Spelb ou-
syauow
ZL Ag panjosal
|le ‘syusned 6
Ul Pa.4INJ20 SIUIAD
9s1anpe € speib g|-

sonoiqiue
Al UM paAjosal
‘swApipids |-
SJUDAD 3SIDAPE
12ybiy 4o 5 oN-
‘e|nisy

1o Ainfur [eas oN-

pauodai JoN

suonedijdwo)

Kep awes
Awold33e3504d
|esipey

qw/Bu G| > ySd-
L5 SO-
eDd ezl 1o L1-

(%€) € €99
(909) 69 79D
(%L€) €F 19D

juswijean)
snoiaaid ou-
Asdoiq

910D Q| wnuwiulw-
w/Bu gL > ySd-
Z-L ©9-

SS9 40 qzl-

syuow z| pIo sieak 08-S~

(%02) 9 (¥ + €) £SO
(%08) tT (€ + €) 95D
¥+ €140 €+ ¢ SO-
qw/Bu ol S VSd-

eDd pauyuod

uebio usanoid-Asdoiq
yum A g9< pabe

syuow 7| USW SAJRU-IUBWIIe | -

Kep awes
Awold3ieisoid
|ed1pey

w/Bu g1 > vSd-
L>SH
1K 09 = abe uesw-

uoneinp Apnis eLI1911I> uoIsnPuU|

[491u=d
9|6buls]
[uonejqe
|e40123s]
Apnis [19s24
pue jean]
9|dpund

Jo jooud

[421uad-f W]
[Auswieas}
pue|b sjoym]
Apnis Adedyye
pue A1sjes

Il aseyd

[493u3d nynw]
[3uswieasy
pue|b

ajoym] Apnis
Aoedyye pue
K19jes | aseyd

[493u>
9|buis]

Apnis [39s14
pue jean]
9|dpund

Jo jooud
aAnafqo
Apms

's3lpNn1s YSTNL eDd Jofew jo sbuipuy Asy

S=N

SLL=N

0E=N

8=N
sjuaned
Jo JaquinN

[€€] "le 1o
/102 Aeswey

43
Lcoe ‘[e 13 7101y

[67]
9L0c ‘le 38 ulyd

[o€] e 10
(41014 esdoy)d
Jedp ioyiny

‘c 9lqel

Prostate Cancer and Prostatic Diseases

SPRINGER NATURE



S. Ghai et al.

uoibai paje|qe
oy jo Aisyduad
9Y1 18 pa3edo|

se|nisy vsinL
-3sod Jo ‘saun(ul
|e3dal ‘saINIdLIS
|edyiain ou-
uoinezaiayied

SPRINGER NATURE

‘12-13d £00L syuow 7| e g/ UL Adessyihydeiq
-VINSd Uo pa1da1sp 01 aujjeseq 1e uo paulewsl 91e4 9sop ybiy
ERIIEYI[iREY] 6 UelpaW woJy Adessyikydelq sbenjes sull-puodss
PIRY Ul (%6) LL/L- $9102S Ulewop abeajes pue |y wesaq [eulaIxa
1D-13d £00L 9A112NI1SqO Joud panisdal paAioai Juaned |-
-VINSd uo pa1331ap /AR syjuow oym jusned Adessyifydeiq
ERIIETPl LY} 92-DId3 Zl e Jw | ‘uonezuayied Jo 91e4 9sop ybiy
pISY o 1no z- ul uonANPaY- /BuU €7°0 sem 9914 219Mm sjusned paAIedai Jusned |-
Asdoiq pue buibew AUETN[[JJIVE] pue qw/bu z:0 0l ‘syluow g| 1e- 1Y wesq |eutaixa [491ud
Uuo PaWIYUOD Apnis JO Jipeu uolnddul pue paniedai syusned 6- 9|buis]
‘suoz uone|qe Jo awn syx 0} aul|eseq uonualai Areuun sieak 69 abe ueipaw- [auswiean
pajabiey sy 1e (G-43] 42d) 1e Jw 0} paiejal JuaNd e)d JuaLndalolpel abenjes]
ul BDd JO 93J) UM uondunysAp /Bu g/ wouy 9s1anpe g apeib ¢- ‘PaYLIBA Apnmis
syuaned (%16) L1/0L 9|1103.19 3UDASS pasesidsp SJUDND A|[ea160joyiedoasiy Aoeoyys pue
syjuow g1 1y pey siuaned [|y- VSd UeIpSA- 9s1anpe ¢ apeib |- syjuow | ‘pazied0}- A134es | aseyd
9|nsde> ajeysoid
94l 1e gAN 9y3
Jesu uibiew K1opes
wuw ¢ pauue|d-aid
9Y1 9pIsul ‘SwnjoA
uone|ge pauued
941 JO 3pIsINo
J3dUed |enpisal pey
syuaned (%£9) 9/t
s1abiey
pale|jqe sy uiyum
Aoueubijew s|gein VSNl
Ou p3jelIsuowap -150d syPam
Kbojoyredoasiy € pue aujaseq [493uDd
‘Awoydarersoid 1y- usamiaq (%L1) Lz +1) 8 SO 3|6us] (€= savy
TW6L-£ JO SSWN|OA (@g-922143 pue (%€€) THE+ ) L SO [uonejqe -Id ‘suolss)
uswieal) 1961e) 4S-0IDI ‘I4n-1Dd (%€€) T:(r+€) LSO [e10303s] pswiyuod
Yum ‘spudned e -v12N ‘S-431l (%£1) L (€+€) 95D Apnis [13s21 Asdoiq
Ul |NJssIdNS 1M ‘SSd|) sswodIno suonedijdwod Jw pue jean] pa19bie}
suone|qe 1abie] - 91| Jo Aujenb sioyine Aq paieal /BU 6'8 = VYSd UBIP3IN- Aoedyys pue -4 ‘9I9ISIA [s€] 'l 3@
S}O9M € 1Y Ul 92UJ3YIP ON- pazAjeue jou- juswileal) oN SyoaMm € sik o, obe ueipa- A19jes | aseyd -4\ 8) 9=N 020T usunuy
sawod3no sawod31no aAnafqo sjuaned
s160j05uQ Jeuondung VSd suonedijdwo) uoneinp £Apnis eLIa)Ld uoisnpu| Apms Jo JaquinN 1ea )\ loyany

panupuod> ‘g 3jqelL

Prostate Cancer and Prostatic Diseases



S. Ghai et al.

Fig. 3 Imaging findings of a 59-year-old patient with biopsy-proven Gleason 7 (3 + 4) prostate cancer treated by transperineal MRgFLA.
A Pre-treatment axial T2-weighted fast spin—echo MRI (repetition time (TR)/echo time (TE), 7990/97) and B Corresponding diffusion weighted
Image (DWI) image, b 1600 s/mm? acquired on a 3T Siemens Skyra Fit scanner, showing the tumor in the right mid gland peripheral zone
(arrows). € Intraoperative MRI obtained on a 1.5T GE Excite Twinspeed scanner showing the contoured rectal wall (orange line), prostate
margin (blue outline) and region of interest (red outline) with 5 mm and 10 mm margins (maroon outline). D MRI thermography image during
treatment showing heat deposition color coded in green overlaid on the contoured region of interest. E Axial gadovist-enhanced MRI
obtained immediately post-treatment showing the de-vascularized ablated volume (arrows). F T2-weighted fast spin—echo MRI (TR/TE, 7990/
97) obtained 6 months following the ablation on the same scanner, showing involution and volume loss at the treated area (arrow). Findings
from a targeted biopsy of the treatment zone at 6 months were negative.

correlation [39, 40]. Twelve men with low-risk PCa underwent FLA
with water-cooled 980 nm diode laser fibers (Visualase Inc.,
Houston, Texas) using a prototype MRI-TRUS fusion device, and
four of these men underwent radical prostatectomy 1 week
following FLA. The ablation volume measured on MR images was,
on average, 1.1 times larger than the ablation volumes calculated
using vital stain histopathology images (range 0.96-1.29). The
same group also published the first study establishing the
feasibility of FT under MRI guidance. Two patients with low-risk
PCa were treated with outpatient MRI-guided FLA and MRI
thermometry monitoring. Accumulated thermal damage was
calculated in real time, and immediate post-contrast images
confirmed the devascularization of the target [41].

Subsequently, Phase 1 and Phase Il studies assessing in-bore
transperineal FLA utilizing Visualase were reported by Oto et al.
and Eggener et al. from University of Chicago [37, 42]. Nine men
with low-risk MRI visible PCa (<GG2) were successfully treated in
the Phase 1 study. 7/9 (78%) men had no residual PCa at the
treatment site on follow-up biopsy, and there was no significant
change from baseline in the average Sexual Health Inventory for
Men (SHIM) and IPSS scores. In their Phase Il study, 27 men [23
GG1, 3 GG2 and 1 GG3 PCa] with MRI-visible stage T1c-T2a disease
and PSA < 15 ng/ml were treated by transperineal MRI-guided FLA
and followed for 12 months. Persistent disease at the treatment
site was detected in 3 (11%) men on biopsy. No significant change
in IPSS and SHIM scores were noted over the 12-month period.

In 2015, Lepor et al. reported 3-month early results from 25
consecutive men with MRI-visible localized disease (11 GG1, 13
GG2, 1 GG3 PCa) who underwent in-bore MRI-guided FLA for PCa

SPRINGER NATURE

with Visualase using MRI-thermometry temperature monitoring
[43]. The study found no significant differences in SHIM scores
between baseline and the 3-month mark, and none of the
participants required pads. Mean PSA levels decreased by 2.3 ng/
ml (44.2%) between baseline and 3-months. 26/28 sites subjected
to target biopsy (96%) showed no evidence of PCa. While early
results of this study were very promising, longer-term follow-up
was lacking to establish the durability of oncologic control.

Al-Hakeem et al. evaluated oncological and functional out-
comes in 49 patients (53 lesions) treated with FLA for low- and
intermediate-risk PCa (13 GG1, 29 GG2, 7GG3) [44]. The procedure
was performed in-bore either transperineally or transrectally
based on the location of the tumor. All men underwent per
protocol biopsy at 6 months and then as indicated based on PSA
or mpMRI. At 18 months post-treatment, 39 patients (79.6%)
experienced treatment success per the Donaldson criteria, with no
cancer or only insignificant cancer in the ablated area [44]. No
significant complications were noted. IPSS scores remained
unchanged. SHIM scores dropped in the first year after treatment
but were not different from baseline at 18 months. PSA levels
remained significantly lower at 18 months vs. baseline.

In another study of 120 patients with low- to intermediate-risk
PCa (37 GG1, 56 GG2, 27 GG3) treated by transrectal MRI-guided
FLA using Visualase, 17% of patients required additional
oncological treatment after 1 year, with no significant change in
their quality-of-life or urologic function [45]. However, only men
with suspicious post-treatment MRI or PSA elevation underwent a
biopsy. With further refined techniques, including hemi-ablations
with larger margins, this clinically significant residual tumor rate at
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1-year follow-up post-FLA decreased to 6.8% of patients [45].
Moreover, it was identified that the tumor size was the only
predictor for a positive post-ablation MRI risk, suggesting its
significance in aiding future patient selection.

Chao and Lepor's prospective investigation assessed 5-year
failure-free survival (FFS) following transrectal FLA with Visualase
and found that 83% patients (25 of 30) exhibited 5-year FFS [46].
Notably, 10 patients (40%) developed in-field recurrence, with 9
patients undergoing further salvage therapy with partial ablation
with FLA, Cryoablation, or HIFU [46]. Additionally, Mehralivand
et al. reported oncological and functional outcomes in 15 patients
treated with transperineal FLA using Visualase over a 3-year
follow-up [47]. No severe or persistent post-procedural complica-
tions were reported [47]. 47% (7 of 15 patients had PCa recurrence
at follow-up. More recently, Magee et al. demonstrated the
feasibility of salvage MRI-guided FLA for HIFU recurrences utilizing
non-water cooled 1063 nm laser fibers [Clinical Laserthermia
System (CLS) Inc, Lund, Sweden] [48].

Following the initial Phase | FLA study for localized PCa by
Lindner et al. utilizing a prototype MRI-TRUS guidance for
guidance in 2010, Natarajan et al. confirmed the feasibility of
performing FLA under MRI-TRUS guidance using Visualase in 11
men [40, 49]. More recently, van Riel et al. demonstrated safety
and feasibility of transperineal FLA using the Echolaser system
(Calenzano, Italy) in 12 men prior to radical prostatectomy [50].
Ablation zone volumes on MRI and contrast enhanced US (CEUS)
showed good correlation with histology (Pearson r=0.94 [95%
Cl]). On-going studies are also exploring FLA under micro-US
guidance [51]. With studies reporting real-time visualization of MRI
lesions with micro-US, it may obviate the need for MRI-TRUS
fusion [52, 53].

FLA offers several advantages over traditional treatments for
localized PCa. Its real-time MRI imaging guidance ensures precise
real-time targeting of lesions, minimizing damage to surrounding
healthy tissue [38]. Moreover, due to the absorption rate and low
vascularity, prostate tissue is well-suited for FLA and allows for
finely controlled ablation [36, 54]. Similar to other focal therapies
for PCa, studies have highlighted the preservation of urinary and
sexual function in patients post-FLA, highlighting its potential to
maintain quality-of-life compared to more invasive radical
therapies [38]. Numerous studies have previously found that FLA
or secondary whole-gland therapies remain viable options for
post-FLA treatment.

One limitation of FLA is that within the current literature, most
investigations for FLA for PCa treatment are small, non-
randomized studies with relatively short-term follow-up periods
[55]. Notably, there are currently numerous active phase Il clinical
trials assessing in-bore FLA for treating PCa including at the
Princess Margaret Hospital, Toronto; Radboud University Medical
Center, Nijmegan; and Mayo clinic, Rochester [56-58].

HISTOTRIPSY
Histotripsy is a non-invasive pulsed HIFU technique that produces
non-thermal mechanical ablation of tissue through delivery of
short bursts (microseconds to milliseconds-long) of high-
amplitude HIFU waves containing shock fronts [14, 59]. These
bursts induce bubble activity at the focal point, and interactions
between bubbles and ultrasound waves breaks tissue into
subcellular components. Compared to thermal HIFU ablation,
histotripsy employs pulses with higher intensity (10-100 fold
greater) delivered at a lower duty factor (<1%) [14, 60, 61].
There are two primary methods of initiating bubble activity in
histotripsy: ‘cavitation cloud’ histotripsy and ‘boiling’ histotripsy.
Cavitation cloud histotripsy can be performed using shock
scattering or intrinsic cavitation techniques using pulses <20
microseconds in duration at pulse repetition frequencies up to
several hundred pulses per second. Conversely, boiling histotripsy
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Fig.4 Exvivo human prostate cancer tissue treated with boiling histotripsy. B-mode ultrasound appearance of tissue (A) pre-treatment, (B)
during treatment demonstrating hyperechoic bubbles at the focus (within red oval), and (C) after treatment demonstrating a hypoechoic
cavity consistent with histotripsy induced mechanical fractionation. Red arrow indicates the direction of BH sonications. Histologic
appearance of H&E stained human prostate tissue from a rapid autopsy with Gleason 5+ 5 =10 prostate cancer treated with boiling
hisotripsy at low power (D), medium power (E), and high power (F). Histotripsy induced cellular fractionation is seen on lower power within
the dashed boundary. At higher power sharp demarcation between treated (top half of panels E and D) and untreated tissue (bottom half of
panels E and D) is seen with a boundary of ~100 pm. Untreated prostate cancer cells (black arrowhead) are present outside the treatment
zone. Figure adapted from Rosnitskiy PB, et al. Ultrasonics 2023; 133: 107029 with permission.

uses pulses of 1-10 milliseconds duration with pulse repetition
frequencies up to 10 pulses per second [14]. Both techniques rely on
nonlinear propagation of sound waves, leading to the formation of
shock waves at the focal point to create bubbles. With cavitation-
based techniques the high peak negative pressure of the shocks
result in dense cavitation bubble clouds that produce tissue
fractionation [14, 62]. In boiling histotripsy, extremely rapid shock
induced heating generates a vapor bubble (i.e., boiling) at the focus.
As long as pulse duration is just longer than time to boil, and duty
factor is low (<1%), boiling histotripsy produces identical tissue
fractionation without thermal effects [61, 63].

Histotripsy techniques offer advantages over thermal ablation,
such as tissue selectivity, where cells are more sensitive to damage
than extracellular structures (e.g., blood vessels and ducts) [64].
Additionally, histotripsy is not affected by heat sink effects or
increased perfusion, addressing challenges faced by thermal
ablation methods [65, 66]. Further, owing to the appearance of
hyperechoic bubbles at the focus, and subsequent production of a
hypoechoic cavity with treatment (from mechanical loss of tissue
scatters), histotripsy enables ultrasound imaging based real-time
treatment monitoring and feedback that is not possible with
thermal techniques [59-611.

Histotripsy technology for prostate ablation has been tested in
several preclinical animal studies [67-72]. The feasibility of prostate
histotripsy was demonstrated in canine subjects using a 750 kHz
transducer with a pulse repetition frequency (PRF) of 100-500 Hz
(duty cycle <0.4%) [68]. It was noted that the dense peri-urethral tissue
required a greater number of pulses for tissue fractionation [68, 71]. A

SPRINGER NATURE

pilot ex vivo study using boiling histotripsy showed subcellular tissue
fractionation in both human PCa and benign prostate parenchyma,
thereby establishing that human PCa tissue can be mechanically
ablated using the boiling histotripsy method [15] [Fig. 4].

Existing pre-clinical data for prostate histotripsy is encouraging
and suggests that with further refinement it could be assessed in
clinical trials as a novel PCa FT technique.

CONCLUSION

In conclusion, emerging FT techniques, including MRgFUS, TULSA, and
FLA, represent innovative approaches for treating localized PCa while
minimizing treatment-related side effects (Table 4). Clinical trials have
demonstrated the safety and efficacy of these modalities, offering
promising outcomes in oncological control and preservation of
quality-of-life. Ablation of smaller volumes is associated with reduced
functional decline and the precision of MRI allows for better targeting
in all planes and thereby minimizes unnecessary treatment of
surrounding healthy tissue [23, 26, 27]. While still in development,
histotripsy offers advantages such as tissue selectivity, lack of heat sink
effects and improved real-time treatment monitoring.

Different FT technologies have proven efficacy in managing
localized prostate cancer. The collective body of evidence
underscores the evolving landscape of FT in PCa management.

Beyond the clinical evidence, discussed for newer technologies
in this review, factors such as tumor location and characteristics
play a key role. Local infrastructure and expertise are also crucial in
selecting a platform for focal treatment. We advocate for a tailored

Prostate Cancer and Prostatic Diseases
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‘a la carte’ approach, choosing the most appropriate technology
based on the tumor’s specific features (size, location, distance
from rectum, presence or calcification etc), local expertise and
technology availability.

Despite the advantages, challenges such as limited long-term

data and logistical complexities remain. Future research endeavors,
including randomized controlled trials such as FARP (Focal Prostate
Ablation versus Radical Prostatectomy) and ENFORCE (Effectiveness
of Focal therapy in Men with PCa) with long-term follow-up and
advancements in technology, are crucial to facilitate the integration
of these novel therapies into clinical practice [73, 74]. As the field
continues to advance, personalized approaches tailored to indivi-
dual patient characteristics and preferences will likely play a pivotal
role in optimizing treatment strategies for localized PCa, ultimately
enhancing patient care and prognosis.
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