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Magnetic resonance imaging-
guided ultrasound ablation for
prostate cancer –
A contemporary review
of performance

Mostafa Alabousi and Sangeet Ghai*

Toronto Joint Department of Medical Imaging, University Health Network-Mt Sinai Hospital-
Women’s College Hospital, University of Toronto, Toronto, ON, Canada
Prostate cancer (PCa) is one of the most common malignancies in men, but

patient outcomes are varied depending on extent of disease. Radical, whole-

gland therapies, such as prostatectomy or radiotherapy, are definitive

treatments for PCa, but they are associated with significant morbidity,

including erectile dysfunction and urinary incontinence. Focal therapies for

PCa, whereby the part of gland harboring disease is selectively treated, spares

the normal surrounding structures, and minimizes the morbidity associated

with whole gland treatment. The use of magnetic resonance imaging (MRI)

guidance provides advantages over ultrasound guidance, such as better

localization and targeting of clinically significant PCa (csPCa), as well as MRI

thermometry which optimizes tissue ablation temperatures. This review will

discuss twoMRI-guided high-intensity focused ultrasound (HIFU) techniques –

transrectal MR-guided focused ultrasound (MRgFUS) and TULSA (transurethral

ultrasound ablation) ablation for localized PCa. Overall, recent major trials for

MRgFUS and TULSA have shown promising oncological and functional results

in the treatment of low- to intermediate-risk PCa. Recent Phase II MRgFUS

trials have shown better oncologic outcomes than the published results for

focal ultrasound guided HIFU and may justify the additional costs associated

with MRI guidance. While initial studies on TULSA have focused on subtotal

gland ablation, recent trials assessing oncological outcomes for focal

treatment of angular sectors have shown promise.
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Introduction

Prostate cancer (PCa) is one of the most commonly

diagnosed malignancies in men worldwide (1). Patient

outcomes are varied depending on the grade and extent,

ranging from localized disease to regional spread and distant

metastasis (2). Consequently, risk stratification, including the

use of tumor stage (TNM staging), tumor grade (Gleason score),

and prostate specific antigen (PSA) levels, has played an

important role in guiding management of men with PCa (3,

4). Whole-gland therapies for localized PCa, such as radical

prostatectomy or pelvic radiotherapy with or without systematic

therapy, have served as a definitive treatment approach, but this

method is not without its challenges (5). Notably, radical

prostatectomy and radiotherapy can result in significant

erectile dysfunction in more than half of treated men, while

many experience long-term urinary dysfunction (6). Meanwhile,

active surveillance reduces the harm associated with immediate

definitive therapy without a significant impact on clinical

outcomes for most individuals with low-risk, as well as some

individuals with favorable intermediate-risk, PCa (4, 7, 8) with

the small but true risk of disease progression.

Minimally invasive interventions, including focal therapies,

have also emerged as a potential treatment option for

intermediate-risk PCa (9). The 2022 American Urological

Association/American Society for Radiation Oncology guidelines

for localized PCa have stated that focal therapies may be considered

for patients with intermediate-risk, but not high-risk PCa (4). The

goal of focal therapy (FT) is to adequately treat clinically significant

PCa (csPCa), defined as ≥Gleason 7 (3 + 4) i.e. Grade Group 2

(GG2) disease, while minimizing the morbidity associated with

whole gland treatment (10). Focal therapies selectively target

confirmed areas of disease in the prostate, while sparing normal

prostatic tissue and surrounding structures, including the delicate

neurovascular bundles and urinary sphincter, when possible (11). A

targeted approach can help reduce unnecessary treatment of

additional tissue, and a smaller target (with a better approach for

targeting) can ensure a smaller overall treatment area, with a more

rapid recovery (12).

The ability of multiparametric magnetic resonance imaging

(MRI) to accurately localize the site of disease in the gland has

made focal, organ-sparing therapies a more feasible treatment

option (13). While MRI accurately localizes the site of disease in

the gland, it underestimates the true extent of the lesion, and

therefore, adequate margins of 8-9 mm around the MRI visible

tumor have been suggested for successful focal treatment (14,

15). Focal therapies can preserve the quality of life in men with

PCa by treating the sites of csPCa, at the most risk for metastasis,

while reducing the rate of unwanted effects of therapy, such as

erectile dysfunction and stress incontinence (5, 6).

Energy source options for FT include high-intensity focused

ultrasound (HIFU), radiofrequency ablation, microwave
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ablation, cryoablation, irreversible electroporation, and

photothermal ablation (2). The use of HIFU in the prostate

was first described in 1993, delivered via a transrectal approach

using ultrasound guidance (16, 17). Since then, US-guided HIFU

has been extensively studied (18–21). More recently, the use of

MRI-guided HIFU has been assessed for FT with promising

results (5, 10).

HIFU utilizes acoustic energy generated by piezoelectric

transducers to non-invasively thermally ablate a focal point of

targeted tissue, resulting in coagulation necrosis without

affecting the intervening and surrounding tissue (1, 22, 23). To

achieve this result, temperatures >50°C for 10 seconds or 56°C

for 1 second are required; however, in clinical practice,

temperatures >65°C for a few seconds are used to achieve

tissue necrosis (17, 24). Sonication refers to the deposition of

energy into the tissue (25). In targeting a region, multiple

sonications are generally performed for successful ablation,

with pause intervals between treatments to minimize heat

accumulation and destruction of surrounding tissue (1, 25). As

with diagnostic ultrasound, the sound waves do not pass through

air or dense structures such as bone. Intraprostatic calcifications

in the treatment beam path presents a potential limitation to

HIFU therapy (2). It reflects ultrasound waves altering

sonification of the target tissue (2). This can result in

suboptimal or ineffective treatment of PCa undergoing FT.

Additionally, the HIFU energy source delivers energy from an

extraprostatic location which then leads to higher loss of ablative

energy for tumors located at a distance from the point-

source (26).

Ultrasound guidance was first used for HIFU of localized

PCa using a transrectal approach, however, MRI guidance has

been assessed as an alternative option more recently (10).

Although MRI-guided HIFU has certain limitations, including

the need for additional expertise, resources, and cost, it also has

several advantages (10). MRI guidance can more accurately

target the tumor site with adequate margins in all 3 planes,

allowing for smaller ablation volumes, fewer adverse effects, and

a more rapid recovery (22, 27), compared to targeting for FT

under ultrasound guidance. Furthermore, MRI-guided FT

utilizes MR thermometry which allows for thermal feedback

and real-time power adjustment to optimize tissue ablation

temperatures (10). Following MR-guided HIFU therapy,

gadolinium-based contrast media can also be administered for

assessment of the nonperfused volume, as a method of assessing

the ablated area (10) and treatment coverage.

There are two MRI-guided HIFU devices which have been

tested in large clinical trials, a transrectal device (MRgFUS,

Insightec Ltd, Haifa, Israel) and a transurethral device

(TULSA-PRO, Profound Medical Inc, Toronto, Canada). In

this review, we will discuss the techniques and performance of

MRI-guided transrectal HIFU (MRgFUS) and transurethral

ultrasound ablation (TULSA) ablation for localized PCa and
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whole gland treatment.
Transrectal MR guided focused
ultrasound surgery (MRgFUS):

Technique

The ExAblate 2100 Prostate device (Figure 1) is a transrectal

MRgFUS system which delivers HIFU energy into the prostate

via a minimally invasive approach using an endorectal

ultrasound transducer (28, 29). The configuration of the

phased-array transducer, which is made of approximately 1000

elements and operates at a frequency of 2.3 MHz and power of

30 W, allows the system to steer the US beam to the desired

target within the prostate based on MRI guidance (28). T2-

weighted and diffusion weighted images are obtained initially for

treatment planning. Thereafter, the prostate gland, tumor site,

urethra, rectal wall, and neurovascular bundle are manually

contoured. Margins of up to 10 mm beyond the MRI visible

tumor, when possible, are included in treatment planning. A

Foley catheter is placed at start of procedure for continuous

bladder drainage. Occasionally, a suprapubic catheter may have

to be placed if the urethra is included in the treatment plan. The

endorectal probe is filled with degassed water at 14°C for rectal

cooling and protection, as well as to eliminate air within the

beam path (30). At the start of treatment, subtherapeutic

sonications are administered to confirm the target region.

Subsequently, multiple treatment sonications are consecutively

delivered to the target area. For achievement of homogenous

coagulation, each sonication is overlapped with the

previous sonication.

A 10-mm margin beyond the MRI visible tumor volume

should be included in the treatment plan where possible, though

care should be taken to protect the sensitive structures, such as

the rectal wall, external urethral sphincter, bladder wall. If
Frontiers in Oncology 03
necessary, the urethra can be included within the treatment

area, as the prostatic urethra grows new epithelial lining over

time (30). During ablation, MR thermography provides real-

time temperature feedback of the treated region (29). Dynamic

contrast-enhanced MRI is performed following ablation to

confirm treatment coverage and the devascularized nonviable

treatment area (28). Prostate MRI before, during, and after

MRgFUS therapy for a patient with Gleason 7 (3 + 4) PCa are

shown in Figure 2.
MRgFUS: Clinical Performance

Table 1 provides a summary of the characteristics of the

major MRgFUS and MR-guided TULSA trials. Table 2 provides

a summary of the key oncologic and functional outcomes of the

major MRgFUS and TULSA ablation studies for treatment-

naïve PCa.

One of the earliest experiences of MR-guided HIFU in

humans was a proof-of-principle study reported by Napoli

et al. (31). Five consecutively enrolled men with unifocal,

biopsy proven PCa (Gleason score ≤7; ≤ cT2aN0M0; 3

participants with GG1 disease and 2 with GG2 disease) visible

on multiparametric MRI (mpMRI) were treated with the

ExAblate device and were then taken to open radical

prostatectomy within 2 weeks following the procedure. In all

cases, whole-mount prostate section specimens showed

extensive coagulative necrosis without residual viable tumor in

the ablation area (31).

A Phase I feasibility and safety study by Tay et al.

prospectively assessed 14 patients with low volume (≤10

mm3), low-grade (GG1; ≤cT2aN0M0) PCa treated with

MRgFUS (32). Five patients experienced periprocedural

hematuria or mild lower urinary tract symptoms, and 2

experienced urinary tract infections treated with antibiotics.

Urinary symptoms and sexual function normalized at 3
BA

FIGURE 1

(A) Photograph of the ExAblate 2100 Prostate device. (B) Graphic image of the ExAblate device (arrow) surrounded by balloon filled with
degassed water and steered to the direction of the tumor for treatment. Rectangular boxes (double arrow) within the prostate gland
(arrowhead) represent sonication spots within a macrosonication. (Courtesy of InSightec Ltd).
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months following HIFU, with no other significant functional

decline by 24 months. PSA levels decreased by a median of 39%

within 3 months following treatment, remaining low in all but

one patient. No individual demonstrated positive mpMRI

findings at the 6-month or 24-month follow-up. At 6 months,
Frontiers in Oncology 04
6 patients had PCa (one of whom had GG2 disease) on

transperineal mapping template biopsy (24 cores per patient),

one of whom had both in-field and out-of-field disease, while the

remaining 5 patients had only out-of-field disease. At 24 months,

8 patients had PCa on template biopsy, one of whom had GG2
B C

D E F

G

A

FIGURE 2

63-year-old man with biopsy confirmed Gleason 7 (3 + 4) prostate cancer undergoing MRgFUS. (A) Pre-treatment axial T2-weighted fast spin-
echo MR image and (B) ADC map image, shows the tumor in right posterolateral peripheral zone (arrow). (C) Intra-operative MR image shows
the contoured rectal wall (red outline), prostate margin (blue outline) and the region of interest (orange outline). (D) Intra-operative MR image
shows focused ultrasound beam path (blue) overlaid on treatment plan. The rectangular boxes illustrate each sonication spot. (E) Thermal map
image obtained during treatment which depicts the temperature with heat deposition color coded in red overlaid on sonication spot. (F) Axial
gadopentetate dimeglumine-enhanced MR image obtained immediate post treatment shows the devascularized ablated volume (arrow).
(G) Corresponding T2-weighted fast spin-echo MR image at 24 months post ablation showing involution and volume loss in peripheral zone.
Targeted biopsy from treatment zone and rest of gland were negative.
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disease and another who had GG4 disease. This consisted of 2

individuals with in-field only disease, 4 individuals with out-of-

field only disease, and 2 individuals with both in-field and out-

of-field disease (32).

Ghai et al. performed a feasibility and safety Phase I

prospective study in 8 patients (10 lesions) with low-

intermediate risk PCa (≤ cT2a, and Gleason ≤7) treated with

the ExAblate device, for which earlier results were published on

4 patients (28, 29). mpMRI was performed in each patient

followed by 16-core extended systematic confirmatory biopsy

as well as 2-4 additional targeted samples for MRI-visible lesions

when present. Six treatment sites (4 participants) had GG1

disease, 2 sites in 2 participants had GG2 disease, and the

remaining 2 sites in 2 patients had GG3 disease at baseline. In

6 out of 8 patients, quality of life parameters were similar

between baseline and 6 months. At 6 months, mpMRI was

negative in all treated patients. On the 6-month biopsy, 3

patients had low volume MR-invisible GG1 residual disease,

and one patient had GG4 residual disease at the treatment site.

There were no significant periprocedural complications, and

urinary and erectile dysfunction rates were low (1/8 patients

affected) (29).

A Phase II prospective, single center trial assessing 44

intermediate-risk PCa patients treated with the ExAblate

device was conducted by Ghai et al. and the early results were
Frontiers in Oncology 05
published in 2021 (10). For enrollment each patient required 12-

core systematic biopsies in addition to targeted samples of MRI-

suspicious sites using fusion MRI-TRUS biopsy. At baseline, 36

patients had GG2 disease, and the remaining 8 patients had GG3

(Gleason 4 + 3) disease. No significant treatment-related adverse

events occurred. The median PSA level dropped from 6.4 ng/mL

at baseline to 2.4 ng/mL at 5 months after treatment. At 5

months after ablation, 3/44 participants had residual disease (≥6

mm GG1 disease or any volume ≥GG2 disease) at the treatment

site on targeted MRI-TRUS fusion biopsy while 41/44

participants (93%) were free of csPCa. Furthermore, new

Prostate Imaging Reporting and Data System (PI-RADS)

category 3 lesions in the nontreated areas of the prostate were

seen in 3/44 individuals on mpMRI at 5 months. None of the

patients had out-of-field csPCa (two of the sites were negative for

any disease, and one demonstrated 2 mm of GG1 disease at

targeted biopsy). Overall, erectile and urinary function scores

were similar at baseline and 5 months (10).

Similarly, Ehdaie et al. conducted a Phase IIB, prospective,

multi-center trial assessing 101 patients with intermediate-risk

PCa (≤ cT2; 79 GG2 & 22 GG3 disease) treated with the

ExAblate device (5). Participants underwent either

transperineal or transrectal MRI-targeted biopsy including

systematic samples at baseline and follow up. At least 2

targeted cores were directed at MRI-visible index lesions. No
TABLE 1 Characteristics of prostate MRgFUS and TULSA ablation studies.

First
Author

Year Journal Treatment
Method

Target
Disease

Sample
Size

Gleason Grade
Group

Treatment
Target

Study
Design

Chopra R 2012 Radiology TULSA PCa 8 ≤3 Angular sector Single center

Napoli A 2013 European Urology MRgFUS PCa 5 ≤3 Focal Single center

Chin JL* 2016 European Urology TULSA PCa 30 ≤2 Whole gland Multi-center

Ramsay E 2017 Journal of Urology TULSA PCa 5 ≤3 Angular sector Single center

Tay KJ 2017 Radiology MRgFUS PCa 14 1 Focal Single center

Ghai S 2018 European Radiology MRgFUS PCa 8 ≤3 Focal Single center

Anttinen M 2020 Scandinavian Journal of
Urology

TULSA PCa 6 ≤4 Focal Single center

Anttinen M 2020 European Urology Open
Science

TULSA Radiorecurrent
PCa

11 ≤5 Whole and partial
gland

Single center

Klotz L 2021 Journal of Urology TULSA PCa 115 ≤2 Whole gland Single center

Ghai S 2021 Radiology MRgFUS PCa 44 ≤3 Focal Single center

Nair SM* 2021 British Journal of Urology
International

TULSA PCa 22 ≤2 Whole gland Multi-center

Elterman D* 2021 Journal of Endourology TULSA BPH 9 N/A Whole gland Multi-center

Ehdaie B 2022 Lancet Oncology MRgFUS PCa 101 ≤3 Focal Multi-center

Makela P 2022 Acta Radiologica TULSA Radiorecurrent
PCa

8 ≤5 Whole and hemi-
gland

Single center

Viitala A 2022 British Journal of Urology
International

TULSA BPH 10 N/A Transition zone Single center
fr
MRI, magnetic resonance imaging; MRgFUS, MRI-guided transrectal high-intensity focused ultrasound; TULSA, transurethral ultrasound ablation; PCa, prostate cancer; BPH, benign
prostatic hyperplasia; N/A, not applicable.
*Studies performed with overlapping sample population.
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TABLE 2 Key findings of major treatment-naïve prostate cancer MRgFUS and TULSA ablation studies.

First
Author

Year Treatment
Method

Sample
Size

Treatment
Target

Gleason
Grade
Group

(baseline)

Follow-
up

Period

Oncologic Outcome Functional Outcome

Chopra
R

2012 TULSA 8 Angular sector GG1: 2
GG2: 4
GG3: 2

N/A Mean targeting accuracy was -1.0 mm ± 2.6
mm, suggesting tendency for

undertreatment. Continuous region of
thermal coagulation on histology without

prostate capsule inclusion. At prostatectomy,
no evidence of thermal effects on

surrounding structures.

N/A.

Napoli A 2013 MRgFUS 5 Focal GG1: 3
GG2: 2

N/A Extensive coagulative necrosis without
residual viable tumor in ablation area on
whole-mount prostate section specimens.

N/A.

Chin JL* 2016 TULSA 30 Whole gland GG1: 24
GG2: 6

12
months

At 12 months, 9/29 residual clinically
significant disease (GG1 >10mm, GG2 >3
mm, or any GG3 disease); 16/29 with any

residual disease.

Quality of life outcomes
returned to pretreatment
baseline at 3 months.

Erectile function decreased
initially, but it returned to
pretreatment baseline at 12

months.

Ramsay
E

2017 TULSA 5 Angular sector ≤GG3 N/A Mean spatial target accuracy was -1.5 mm ±
2.8 mm, suggesting tendency for

undertreatment. Study demonstrated
successful thermal coagulation of angular
sectors with inclusion of the capsule.

N/A.

Tay KJ 2017 MRgFUS 14 Focal GG1: 14 24
months

At 24 months, 8/14 with residual disease (1
GG2 and 1 GG4): 2/8 in-field disease only,
4/8 out-of-field disease; 2/8 with in-field and

out-of-field disease.

Urinary symptoms and
sexual function normalized
at 3 months; no significant
functional decline by 24

months.

Ghai S 2018 MRgFUS 8 Focal GG1: 4
GG2: 2
GG3: 2

6 months At 6 months, 4/8 with in-field residual PCa:
3/4 with low-volume GG1 and 1/4 with

GG4.

Residual urinary/erectile
dysfunction in 1/8 patients.

Anttinen
M

2020 TULSA 6 Focal GG1: 1
GG2: 2
GG3: 2
GG4: 1

3 weeks Target ablations were successful in all
patients, with target treatment volumes of 7-
19 mL. At prostatectomy, histopathology
demonstrated no viable malignancy within

the ablated targets.

No difference in quality of
life outcomes between

baseline and 3 weeks post-
TULSA. Normal continence
at 3 weeks in all patients.

Klotz L 2021 TULSA 115 Whole gland GG1: 43
GG2: 69
GG3: 3

12
months

At 12 months, 39/111 with residual disease
(22 GG1, 11 GG2, 3 GG3, 2 GG4, and 1

GG5 disease).

Erections were maintained/
regained in 69/92 of potent

men at 12 months.

Ghai S 2021 MRgFUS 44 Focal GG2: 36
GG3: 8

5 months At 5 months, 3/44 with in-field residual
disease (≥6 mm GG1 disease or any volume
≥GG2 disease) and 1/44 with out-of-field

disease (2mm GG1 disease).

Erectile and urinary
function scores similar at
baseline and 5 months.

Nair SM* 2021 TULSA 22 Whole gland ≤GG2 3 years At 3 years, 10/29 residual clinically
significant disease (GG1 >10mm, GG2 >3

mm, or any GG3 disease).

Erectile function stable at 3
years.

Ehdaie B 2022 MRgFUS 101 Focal GG2: 79
GG3: 23

24
months

At 24 months, 11/89 with in-field residual
disease (≥GG2 disease; 3/11 with ≥GG4); 39/
98 with out-of-field residual disease (≥GG2

disease).

At 24 months, no reported
urinary incontinence

requiring pad use; slight
decrease in sexual function

reported.
Frontiers
 in Onco
logy
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MRI, magnetic resonance imaging; MRgFUS: MRI-guided transrectal high-intensity focused ultrasound; TULSA, transurethral ultrasound ablation; PCa, prostate cancer; N/A, not applicable.
*Studies performed with overlapping sample population.
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significant treatment-related adverse events were reported. At 6

months, 96/101 individuals had no evidence of GG2 or higher

disease in the targeted treatment area and 77/101 individuals had

no evidence of GG2 or higher disease anywhere in the prostate

gland on MRI-targeted and systematic biopsy. At 24 months, 78/

89 individuals had no evidence of GG2 or higher disease in the

targeted treatment area and 59/98 individuals had no evidence of

GG2 or higher disease anywhere in the prostate gland on MRI-

targeted and systematic biopsy. Of the 11 individuals with

residual disease detected in the treatment area at 24 months, 3

had GG4 (Gleason 8) or higher disease. Serum PSA levels

decreased following treatment and stabilized at 6 months, after

which a slight increase was seen at 24 months which may be

related to increase in gland size over time. The mean decrease in

serum PSA following treatment was 3.0 ng/mL at 6 months and

2.6 ng/mL at 24 months. By 24 months, no patient reported

urinary incontinence requiring pad use, while a slight decrease in

sexual function was found (5).

These recent two trials (5, 10) have shown that MRgFUS FT

is safe and has good oncologic and results at the treatment site

and reasonable quality of life outcomes (5, 10). Notably, these

trials screened all recruited patients with CT, and individuals

with significant intraprostatic calcifications close to the rectum

or within the treatment beam path were excluded. This may have

contributed to better oncological outcomes compared to other

published results for HIFU FT, as intraprostatic calcifications

can limit the efficacy of HIFU. MRgFUS may also be limited in

anterior gland target lesions, due to the anatomical limitation of

a transrectal approach (26). Additionally, in the study by Ehdaie

et al, a significant number of patients had csPCa outside of the

treatment area (39/98 at 2 years) (5). This may to some extent be

related to the changing clinical practise of MRI targeted biopsy

only and omission of systematic biopsies. A recent study found

avoiding systematic biopsies may only be judicious in patients

with prior negative biopsy or in those who had large PIRADS 5

disease and would anyways not be eligible candidates for FT

(33). Furthermore, initial studies have shown higher diagnostic

performance of prostate-specific membrane antigen (PSMA)

positron emission tomography (PET)/MRI compared to MRI

alone and may therefore help in better patient selection for FT in

the future (5, 12).

Multiple prior studies have assessed the oncological

outcomes of US-guided HIFU FT for localized PCa. For

example, Guillaumier et al. performed a multi-center trial of

625 men with csPCa (166 GG1, 327 GG2, 86 GG3, and 11 ≥GG4

disease; 9 not reported) treated with focal US-guided HIFU (18).

A total of 222 patients underwent biopsy following focal HIFU,

of which 40 (18%) had in-field recurrence, and 27 (12%) had

out-of-field recurrence (of these, 11 had both in- and out-of-field

recurrence) (18). A prospective, single-arm study of 42

individuals with low- and intermediate-risk PCa (13 GG1, 24

GG2, and 4 GG3 disease) undergoing focal US-guided HIFU was
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performed by Ahmed et al. (34). At 6 month follow-up, 9/39

(23%) patients who underwent biopsy demonstrated in-field

residual PCa (6 with GG1 and 3 with GG2 disease). (34). A

prospective, single center study by Ahmed et al. assessed 56

individuals with PCa (7 low risk, 47 intermediate risk and 2 high

risk) undergoing focal US-guided HIFU (11). At 6 month

biopsy, 42/52 (81%) individuals had no evidence of csPCa

(11). A prospective, single-institution trial of 72 individuals

with low- and intermediate-risk PCa undergoing hemi-gland

US-guided HIFU ablation was performed by Feijoo et al. (20)

however, a majority of the included patients 58/67, 87%, were

treated for GG1 disease (20). In comparison with US-guided

HIFU, MRgFUS has demonstrated an overall higher rate of

success in the targeted treatment of focal PCa despite a rigorous

protocol and 2-year follow up (5). This may be in part due to the

improved tumor targeting of MRI, as well as the real-time

monitoring of the treatment area with MR-thermography. In

terms of treatment time, Ghai et al. reported a median “magnet

time” (MRI to recovery room) of 256 minutes, and a median

ablation time of 125 minutes for MRgFUS (10). Meanwhile,

complete procedure times for US-guided HIFU are lower, with

studies reporting periods <120 minutes (11, 20, 34).
MR-Guided TULSA: Technique

MRI-guided TULSA was developed in 2012 as a potential

new means of MR-guided FT for PCa (2). Figure 3 demonstrates

the TULSA-PRO device (A), as well as an intra-procedural MRI

of the TULSA-PRO device in situ in a patient undergoing MRI-

guided TULSA (B). TULSA utilizes a transurethral approach to

deliver prostate ablative therapy, rather than a transrectal one

(35). Although initial TULSA studies tested whole-gland

ablation, partial gland and focal/segmental therapies have been

performed more recently (2). Similar to MRgFUS, TULSA takes

advantage of MRI for PCa localization, as well as MR

thermometry to monitor and guide prostate tissue ablation

(35). The TULSA-PRO device provides rectal and urethral

cooling during treatment (2, 35). For the TULSA-PRO device,

a rigid ultrasound applicator incorporates a linear array of 10

independent ultrasound transducers (36). These transducers

emit high-intensity US energy in a directional, rather than

focused, manner directly into the adjacent prostate. This

configuration allows US beams to interact with a large volume

of tissue, resulting in shorter treatment times and more

consistent thermal ablation areas (36). During the procedure,

the ultrasound applicator is positioned within the prostatic

urethra, with a safety margin of 3 mm between the

transducers and the sphincter at the prostate apex (36). The

target prostate volume is heated to ≥55°C to achieve acute

thermal coagulation under MRI-guidance. High-intensity

ultrasound energy is delivered to the prostate target area via
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rotation of the ultrasound applicator with simultaneous MRI

thermometry feedback control (Figure 4). Maximum prostate

temperatures are maintained <100°C to avoid tissue

carbonization and boiling. Following treatment, contrast-

enhanced MRI is acquired to assess the non-perfused volume

(36). Prior to commencement of the procedure, a suprapubic

catheter is placed, for continuous bladder drainage and to avoid

prostate movement between treatment planning and real-time

MRI thermometry. The suprapubic catheter is generally left in

place for up to 2 weeks following TULSA to avoid acute urinary

retention secondary to thermally induced edema (36).
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MR-guided TULSA: Clinical performance

A prospective pilot feasibility and safety study (proof-of-

principle) performed by Chopra et al. assessed the use of focal

MR-guided TULSA in 8 individuals with Gleason ≤7 PCa (≤

cT2a disease, 2 men with GG1 disease, 4 with GG2 disease and

remaining 2 individuals with GG3 disease) prior to radical

prostatectomy (35). Focal 180° angular sector volumes within

the posterior region of the prostate gland were targeted for

treatment, with a target boundary placed at a safety margin of at

least 6 mm from the prostate capsule. No significant
BA

FIGURE 3

(A) Photograph of the TULSA-PRO device. (B) T2-weighted sagittal intraprocedural MRI demonstrating the TULSA-PRO device in situ within the
urethra, as well as an intra-rectal balloon for cooling. (Images provided by Dr Sandeep Arora, Yale School of Medicine).
FIGURE 4

Completion of TULSA procedure. Clockwise ablation of the whole gland with real time dose on the left and cumulative dose on the right. The
thermal map demonstrates gradient temperatures. (Image provided by Dr Steven Raman, University of California, Los Angeles).
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periprocedural events occurred, and the treatment was well

tolerated by all patients. To compare findings at MRI to

whole-mount histologic examination, spatial targeting

accuracy was assessed, defined as the radial distance between

the 55°C isotherm and the target boundary, and measured at

every degree along the target boundary. The mean targeting

accuracy was -1.0 mm ± 2.6 mm, which suggested a tendency for

undertreatment. Histologic examination revealed a continuous

region of thermal coagulation. Excellent spatial correspondence

was seen between the spatial heating pattern and pattern of

thermal damage in gland. Furthermore, at prostatectomy, the

surgeon reported normal structure and consistency of the

exterior of the prostate gland, and no evidence of thermal

effects on surrounding structures.

While multiple studies with the TULSA-PRO device have

assessed subtotal gland ablation, there have been few recent

studies assessing outcomes following sectoral FT. Ramsay et al.

performed a prospective safety and feasibility study in 5

individuals with Gleason ≤7 PCa (≤ cT2a disease) (9). Each

individual underwent focal MR-guided TULSA treatment of

angular sectors with inclusion of the capsule, followed by radical

prostatectomy. Comparison of MRI to whole-mount histology

demonstrated a mean spatial target accuracy was -1.5 mm ± 2.8

mm, based on the radial distance between the 55°C isotherm and

the target boundary, again suggesting a slight tendency for

undertreatment. Overall, the trial found that MR-guided

TULSA can thermally coagulate angular sectors with inclusion

of the capsule in prostate gland volumes up to 70 cc (9).

Anttinen et al. performed a prospective, single-center, Phase

I trial assessing lesion-targeted FT TULSA followed by robot-

assisted laparoscopic prostatectomy after 3 weeks in 6

participants (8 lesions) with MRI-visible, biopsy-confirmed

histologically significant (≥GG2 disease or GG1 >6 mm, >50%

in any core, or >2 positive biopsy cores) localized PCa (37, 38).

Of the 6 patients, 1 had GG1, 2 had GG2, 2 had GG3, and 1 had

GG4 disease. Target ablations were successful in all patients,

with target treatment volumes of 7-19 mL and treatment radii

measuring up to 33.6 mm. No significant treatment-related

complications occurred. No difference in quality of life

outcomes between baseline and 3 weeks post-TULSA, and all

patients had normal continence at 3 weeks. Non-perfused

volumes determined with MRI covered the ablation targets

and increased 36% at 3 weeks, which correlated with necrotic

areas at histology. Mean histological demarcation between the

inner border demonstrating complete necrosis and the outer

border demonstrating thermal injury was 1.7 ± 0.4 mm.

Coagulation necrosis extended to the level of the capsule,

except at the neurovascular bundles, where a safety margin of

3 mm was used. At prostatectomy, histopathology demonstrated

no viable malignancy within the ablated targets (37, 38).

A prospective, multi-center Phase I safety and feasibility trial

by Chin et al. across 3 tertiary referral centers assessed whole

gland MR-guided TULSA ablation (with the intent of preserving
Frontiers in Oncology 09
10% residual viable prostate gland at capsule) in 30 individuals

with low- and intermediate-risk PCa (≤ cT2a disease; 24 with GG1

and 6 with GG2 disease) (36). There were no major

periprocedural adverse events or rectal injuries; adverse events

included hematuria (43%), urinary tract infections (33%), acute

urinary retention (10%), and epididymitis (3%). Mean thermal

ablation accuracy and precision, referring to mean and standard

deviation of the spatial distance between the 55°C isotherm to the

target prostate boundary during treatment and the target prostate

boundary defined during treatment planning, were 0.1 mm ± 0.4

mm and 1.3 mm ± 0.4 mm, respectively. Quality of life outcomes

returned to pretreatment baseline at 3 months, and symptoms

improved compared to baseline in 17 patients. Erectile function

decreased initially, but it returned to pretreatment baseline at 12

months based on median International Index of Erectile Function

scores. Of 20 individuals with erections sufficient for penetration

at baseline, 17 remained at 12 months. Median PSA decreased

87% from baseline (5.8 ng/mL) to 1 month (0.8 ng/mL) and

remained stable at 12 months (0.8 ng/mL). At 12-month follow-

up, 9/29 (31%) patients had a positive 12-core transrectal, US-

guided biopsy for csPCa (GG1 >10mm, GG2 >3 mm, or any GG3

disease), while 16/29 patients had a positive biopsy for any disease

(36). A subsequent study completed 3 years of follow-up in 22

individuals from the original study (39), during which no new

serious or severe adverse events were reported. Erectile function

and PSA levels were also stable at 3 years. Overall, 10/29 (34%)

participants had csPCa at 3 years, including 19 men who had

repeat biopsy at the 3-year mark, and 10 men who only completed

biopsy at 12 months (39).

A recent multi-center prospective trial by Klotz et al. at 13 sites

included 115 men with low- to intermediate-risk PCa (≤ cT2b

disease; 43 with GG1, 69 with GG2, and 3 with GG3 disease)

undergoing MRI-guided whole gland TULSA (to the prostate

capsule) (40). Of note, 14/115 individuals were reported to have

intraprostatic calcifications <10 mm at screening, however, the

precise method of screening was not reported. Periprocedural

adverse events included genitourinary infection (4%), urethral

stricture (2%), urinary retention (2%), urethral calculus with pain

(1%), and urinoma (1%) which all resolved at the 12-month follow-

up. No severe adverse events or rectal injuries were reported.

Erections were maintained/regained in 69/92 (75%) of potent men

at 12 months. The primary endpoint of the study, a PSA reduction of

≥75%, was achieved in 110/115 (96%) of patients. Median PSA

decreased from 6.3 ng/mL at baseline to 0.5 ng/mL at 1 month, and

remained stable at 12 months, measuring 0.5 ng/mL. The median

prostate volume was reduced from 37 cc to 3 cc (Figure 5). At 12

months, 72/111 (65%) of individuals who underwent biopsy

demonstrated no evidence of any PCa. Of the remaining 39/111

with biopsy-detected PCa at 12 months, 22 had GG1, 11 had GG2, 3

had GG3, 2 had GG4, and 1 had GG5 (Gleason score 9-10) disease.

Predictors of persistent disease included intraprostatic calcifications,

suboptimal MRI thermal coverage of the targeted area, and positive

mpMRI findings at 12 months (40).
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Anttinen et al. performed a prospective, phase I, single-arm,

single-center trial assessed the role of salvage TULSA in 11

individuals with localized, histopathologically verified,

radiorecurrent PCa (7 with GG1, 1 with GG2, 1 with GG3,

and 2 with GG5 disease) (41). Whole-gland TULSA was

performed in 3 patients, while partial gland TULSA was

performed in 8 patients. Of note, 5/11 patients had fiducial

seeds in situ. Patients were followed for 12 months, and

underwent PSMA PET/CT, mpMRI, and TRUS-guided biopsy

at that point. Salvage TULSA was feasible in each patient, with

reported post-treatment adverse events of urinary retention and/

or infection in 4 patients. Patients reported a modest decline in

functional status, including a decrease in maximum flow rate of

24%. Median PSA decreased from 7.6 ng/mL at baseline to 0.23

ng/mL at 12 months (97% decrease), while median prostate

volume decreased by 55% at 12 months. At 12 months, 1 in-field

(partial gland TULSA) and 2 out-of-field (1 partial gland and 1

whole-gland TULSA) histopathologically confirmed recurrences

occurred. One patient with in-field recurrence following partial

gland TULSA successfully underwent repeat salvage

TULSA (41).

Makela et al. performed a retrospective, single center, phase I

trial assessing salvage TULSA in 8 patients (2 men with GG1, 2

with GG2, 1 with GG3 and 3 with GG5 disease) with fiducial

markers (18 intraprostatic gold seed fiducial markers) to a

control cohort of 13 patients who underwent salvage TULSA

without fiducial markers (42). Adverse events and functional

outcomes were comparable between the 2 cohorts. At 12

months, 11/18 fiducial markers disappeared via tissue

sloughing. The authors concluded that salvage TULSA for

radiorecurrent PCa in the presence of intraprostatic fiducial

gold markers was safe and feasible (42).

The use of MRI-guided TULSA has also been assessed for

benign prostatic hyperplasia (BPH) with lower urinary tract
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symptoms (43) A prospective, single-institution, single-arm

Phase I safety and feasibility trial enrolled 10 individuals with

refractory symptomatic BPH who were previously scheduled to

undergo transurethral resection of prostate (TURP). The

ablation was planned to cover the adenomatous tissue in the

transition zones, with as much extension into the bladder neck

as possible. Post-treatment, a total of 4 adverse events

(epididymal abscess, prolonged catheterization and UTI,

urinary retention) in 3 patients were noted, which resolved in

3 months. At 12 months, no urethral strictures were noted on

cystoscopy, and median increases in average flow rate and

voided volume were 67% and 20%, respectively. Pre-treatment

prostate volumes ranged from 31 mL to 81 mL, and median

planned ablation volume was 31 mL. Median prostatic volume

decreases at 12 months were 32.5 mL (33% reduction). Median

PSA decreased from 3.4 ng/mL at baseline to 1.8 ng/mL at 12

months (48% reduction) (43).

A subset of 9 patients from the prospective, multi-center

study by Chin et al. (36) who underwent TULSA to ablate 90% of

the prostate gland for localized PCa with lower urinary tract

symptoms associated with BPH were retrospectively assessed

(44). At 12 months post-TULSA, there was an overall

improvement in urinary symptom relief, quality of life, and

urinary continence. International Prostate Symptom Score

(IPSS) scores significantly improved from 16.1 ± 3.8 at baseline

to 6.3 ± 5.0 at 12 months, and IPSS quality of life also improved

from 2.8 ± 1.1 to 0.8 ± 1.0. Postvoid residual significantly

improved from 95.0 ± 117.5 mL at baseline to 62.5 ± 88.2m mL

at 12 months. Perfused prostate volume, measured on MRI,

demonstrated a 70% decrease to 13.6 mL at 12 months (44).

Similar to MRgFUS, MRI-guided TULSA has demonstrated

promising initial results as a safe and effective treatment option

in select low-intermediate risk PCa patients for both FT and

whole-gland ablation (36, 39, 40), and multiple registered trials
FIGURE 5

Post TULSA appearance. MRI appearance at baseline, immediate post treatment, at 3 and 12 months after ablation showing progressive
reduction in prostate volume (arrow). (Image provided by Dr Steven Raman, University of California, Los Angeles).
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are currently recruiting or in progress assessing the efficacy of

TULSA for PCa and BPH (45). Acceptable oncologic profiles

and reasonable quality of life outcomes have been reported thus

far (36, 39, 40). Mean procedure times of TULSA of 161 minutes

(range 104-218 minutes) have been reported (35). Of note, the

use of CT for screening of prostate calcifications was not clearly

stated in the major TULSA trials, and this may have resulted in

an increased number of patients with significant intraprostatic

calcifications affecting treatment efficacy. Furthermore, while

monitoring of PSA levels plays a vital role following whole-gland

treatment, MRI outperforms PSA in the detection of residual or

recurrent disease following FT (46, 47). These factors may play

an important role in the study design of subsequent TULSA

trials for focal prostate therapy.
Conclusion

MRgFUS and TULSA have shown reasonable oncological

and functional results in the treatment of low- to intermediate-

risk PCa. Recent Phase II MRgFUS trials have shown better

oncologic outcomes than the published results for focal

ultrasound guided HIFU and may therefore justify the

additional costs associated with MRI guidance. While initial

studies on TULSA have focused on subtotal gland ablation,

recent trials assessing oncological outcomes following angular

sector therapy have shown promise. Overall, the recent major

trials for MRgFUS and TULSA support the use of these

techniques for focal therapy in appropriately selected patients

with low-intermediate risk PCa patients, and ongoing studies
Frontiers in Oncology 11
are warranted to support their implementation. In addition,

TULSA may have a larger role to play in management of

BPH symptoms.
Author contributions

All authors contributed to the article and approved the

submitted version.
Conflict of interest

SG was the Principal Investigator of Phase II study ‘Focal

ExAblate MR-Guided Focused Ultrasound Treatment for

Management of Organ-Confined Intermediate Risk Prostate Cancer’.

The remaining author declares that the research was conducted

in the absence of any commercial or financial relationships

that could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Zini C, Hipp E, Thomas S, Napoli A, Catalano C, Oto A. Ultrasound- and
MR-guided focused ultrasound surgery for prostate cancer. World J Radiol (2012)
4:247. doi: 10.4329/WJR.V4.I6.247

2. Galgano SJ, Planz VB, Arora S, Rais-Bahrami S. MR-guided high-intensity
directional ultrasound ablation of prostate cancer. Curr Urol Rep (2021) 22:3.
doi: 10.1007/S11934-020-01020-Y

3. Epstein JI, Egevad L, Amin MB, Delahunt B, Srigley JR, Humphrey PA. The
2014 international society of urological pathology (ISUP) consensus conference on
Gleason grading of prostatic carcinoma: Definition of grading patterns and
proposal for a new grading system. Am J Surg Pathol (2016) 40:244–52.
doi: 10.1097/PAS.0000000000000530

4. Eastham JA, Boorjian SA, Kirkby E. Clinically localized prostate cancer: AUA/
ASTRO guideline. J Urol (2022) 208:505–7. doi: 10.1097/JU.0000000000002854

5. Ehdaie B, Tempany CM, Holland F, Sjoberg DD, Kibel AS, Trinh Q-D, et al.
MRI-Guided focused ultrasound focal therapy for patients with intermediate-risk
prostate cancer: a phase 2b, multicentre study. Lancet Oncol (2022) 23:910-8.
doi: 10.1016/S1470-2045(22)00251-0

6. Hoffman KE, Penson DF, Zhao Z, Huang LC, Conwill R, Laviana AA, et al.
Patient-reported outcomes through 5 years for active surveillance, surgery,
brachytherapy, or external beam radiation with or without androgen deprivation
therapy for localized prostate cancer. JAMA (2020) 323:149–63. doi: 10.1001/
JAMA.2019.20675

7. Morash C, Tey R, Agbassi C, Klotz L, McGowan T, Srigley J, et al. Active
surveillance for the management of localized prostate cancer: Guideline
recommendations. Can Urol Assoc J (2015) 9:171–8. doi: 10.5489/CUAJ.2806
8. Hamdy FC, Donovan JL, Lane JA, Mason M, Metcalfe C, Holding P, et al. 10-
year outcomes after monitoring, surgery, or radiotherapy for localized prostate
cancer. N Engl J Med (2016) 375:1415–24. doi: 10.1056/NEJMOA1606220

9. Ramsay E,Mougenot C, StaruchR, BoyesA, KazemM,BronskillM, et al. Evaluation
of focal ablation of magnetic resonance imaging defined prostate cancer using magnetic
resonance imaging controlled transurethral ultrasound therapy with prostatectomy
as the reference standard. J Urol (2017) 197:255–61. doi: 10.1016/J.JURO.2016.06.100

10. Ghai S, Finelli A, Corr K, Chan R, Jokhu S, Li X, et al. MRI-Guided focused
ultrasound ablation for localized intermediate-risk prostate cancer: Early results of
a phase II trial. Radiology (2021) 298:695–703. doi: 10.1148/RADIOL.2021202717

11. Ahmed HU, Dickinson L, Charman S, Weir S, McCartan N, Hindley RG,
et al. Focal ablation targeted to the index lesion in multifocal localised prostate
cancer: a prospective development study. Eur Urol (2015) 68:927–36. doi: 10.1016/
J.EURURO.2015.01.030

12. Ghai S, Perlis N. Beyond the AJR: MRI-guided focused ultrasound focal
therapy for intermediate-risk prostate cancer. AJR Am J Roentgenol (2022).
doi: 10.2214/AJR.22.28413

13. Tan N,Margolis DJ, Lu DY, King KG, Huang J, Reiter RE, et al. Characteristics
of detected and missed prostate cancer foci on 3-T multiparametric MRI using an
endorectal coil correlated with whole-mount thin-section histopathology. AJR Am J
Roentgenol (2015) 205:W87–92. doi: 10.2214/AJR.14.13285

14. Priester A, Natarajan S, Khoshnoodi P, Margolis DJ, Raman SS, Reiter RE,
et al. Magnetic resonance imaging underestimation of prostate cancer geometry:
Use of patient specific molds to correlate images with whole mount pathology.
J Urol (2017) 197:320–6. doi: 10.1016/J.JURO.2016.07.084
frontiersin.org

https://doi.org/10.4329/WJR.V4.I6.247
https://doi.org/10.1007/S11934-020-01020-Y
https://doi.org/10.1097/PAS.0000000000000530
https://doi.org/10.1097/JU.0000000000002854
https://doi.org/10.1016/S1470-2045(22)00251-0
https://doi.org/10.1001/JAMA.2019.20675
https://doi.org/10.1001/JAMA.2019.20675
https://doi.org/10.5489/CUAJ.2806
https://doi.org/10.1056/NEJMOA1606220
https://doi.org/10.1016/J.JURO.2016.06.100
https://doi.org/10.1148/RADIOL.2021202717
https://doi.org/10.1016/J.EURURO.2015.01.030
https://doi.org/10.1016/J.EURURO.2015.01.030
https://doi.org/10.2214/AJR.22.28413
https://doi.org/10.2214/AJR.14.13285
https://doi.org/10.1016/J.JURO.2016.07.084
https://doi.org/10.3389/fonc.2022.1069518
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Alabousi and Ghai 10.3389/fonc.2022.1069518
15. le Nobin J, Rosenkrantz AB, Villers A, Orczyk C, Deng FM, Melamed J, et al.
Image guided focal therapy for magnetic resonance imaging visible prostate cancer:
Defining a 3-dimensional treatment margin based on magnetic resonance imaging
histology Co-registration analysis. J Urol (2015) 194:364–70. doi: 10.1016/J.JURO.
2015.02.080

16. Gelet A, Chapelon JY, Margonari J, Theillere Y, Gorry F, Souchon R, et al.
High-intensity focused ultrasound experimentation on human benign prostatic
hypertrophy. Eur Urol (1993) 23 Suppl 1:44–7. doi: 10.1159/000474679

17. Napoli A, Anzidei M, Ciolina F, Marotta E, Cavallo Marincola B, Brachetti
G, et al. MR-guided high-intensity focused ultrasound: current status of an
emerging technology. Cardiovasc Intervent Radiol (2013) 36:1190–203. doi: 10.1007/
S00270-013-0592-4

18. Guillaumier S, Peters M, Arya M, Afzal N, Charman S, Dudderidge T, et al.
A multicentre study of 5-year outcomes following focal therapy in treating
clinically significant nonmetastatic prostate cancer. Eur Urol (2018) 74:422–9.
doi: 10.1016/J.EURURO.2018.06.006

19. Reddy D, Peters M, Shah TT, van Son M, Tanaka MB, Huber PM, et al.
Cancer control outcomes following focal therapy using high-intensity focused
ultrasound in 1379 men with nonmetastatic prostate cancer: A multi-institute 15-
year experience. Eur Urol (2022) 81:407–13. doi: 10.1016/J.EURURO.2022.01.005

20. Feijoo ERC, Sivaraman A, Barret E, Sanchez-Salas R, Galiano M, Rozet F,
et al. Focal high-intensity focused ultrasound targeted hemiablation for unilateral
prostate cancer: A prospective evaluation of oncologic and functional outcomes.
Eur Urol (2016) 69:214–20. doi: 10.1016/J.EURURO.2015.06.018

21. Stabile A, Orczyk C, Hosking-Jervis F, Giganti F, Arya M, Hindley RG, et al.
Medium-term oncological outcomes in a large cohort of men treated with either
focal or hemi-ablation using high-intensity focused ultrasonography for primary
localized prostate cancer. BJU Int (2019) 124:431–40. doi: 10.1111/BJU.14710

22. Kasivisvanathan V, Rannikko AS, Borghi M, Panebianco V, Mynderse LA,
Vaarala MH, et al. MRI-Targeted or standard biopsy for prostate-cancer diagnosis.
N Engl J Med (2018) 378:1767-77. doi: 10.1056/NEJMOA1801993

23. Jolesz FA. MRI-Guided focused ultrasound surgery. Annu Rev Med (2009)
60:417–30. doi: 10.1146/ANNUREV.MED.60.041707.170303

24. Simon CJ, Dupuy DE, Mayo-Smith WW. Microwave ablation: principles
and applications. Radiographics (2005) 25 Suppl 1:S69-83. doi: 10.1148/
RG.25SI055501

25. Napoli A, Alfieri G, Scipione R, Leonardi A, Fierro D, Panebianco V, et al.
High-intensity focused ultrasound for prostate cancer. Expert Rev Med Devices
(2020) 17:427–33. doi: 10.1080/17434440.2020.1755258

26. Huber PM, Afzal N, Arya M, Boxler S, Dudderidge T, Emberton M, et al.
Focal HIFU therapy for anterior compared to posterior prostate cancer lesions.
World J Urol (2021) 39:1115–9. doi: 10.1007/S00345-020-03297-7

27. Siddiqui MM, Rais-Bahrami S, Turkbey B, George AK, Rothwax J, Shakir N,
et al. Comparison of MR/ultrasound fusion-guided biopsy with ultrasound-guided
biopsy for the diagnosis of prostate cancer. JAMA (2015) 313:390–7. doi: 10.1001/
JAMA.2014.17942

28. Ghai S, Louis AS, van Vliet M, Lindner U, Haider MA, Hlasny E, et al. Real-
time MRI-guided focused ultrasound for focal therapy of locally confined low-risk
prostate cancer: Feasibility and preliminary outcomes. AJR Am J Roentgenol (2015)
205:W177–84. doi: 10.2214/AJR.14.13098

29. Ghai S, Perlis N, Lindner U, Hlasny E, Haider MA, Finelli A, et al. Magnetic
resonance guided focused high frequency ultrasound ablation for focal therapy in
prostate cancer - phase 1 trial. Eur Radiol (2018) 28:4281–7. doi: 10.1007/S00330-
018-5409-Z

30. Orihuela E, Pow-Sang M, Motamedi M, Cowan DF, Warren MM.
Mechanism of healing of the human prostatic urethra following thermal injury.
Urology (1996) 48:600–8. doi: 10.1016/S0090-4295(96)00233-6

31. Napoli A, Anzidei M, de Nunzio C, Cartocci G, Panebianco V, de Dominicis
C, et al. Real-time magnetic resonance-guided high-intensity focused ultrasound
focal therapy for localised prostate cancer: preliminary experience. Eur Urol (2013)
63:395–8. doi: 10.1016/J.EURURO.2012.11.002
Frontiers in Oncology 12
32. Tay KJ, Cheng CWS, Lau WKO, Khoo J, Thng CH, Kwek JW. Focal therapy
for prostate cancer with in-bore MR-guided focused ultrasound: Two-year follow-
up of a phase I trial-complications and functional outcomes. Radiology (2017)
285:620–8. doi: 10.1148/RADIOL.2017161650

33. Deniffel D, Perlis N, Ghai S, Girgis S, Healy GM, Fleshner N, et al. Prostate
biopsy in the era of MRI-targeting: towards a judicious use of additional systematic
biopsy. Eur Radiol (2022), 32:7544-54. doi: 10.1007/S00330-022-08822-3

34. Ahmed HU, Hindley RG, Dickinson L, Freeman A, Kirkham AP, Sahu M,
et al. Focal therapy for localised unifocal and multifocal prostate cancer: a
prospective development study. Lancet Oncol (2012) 13:622–32. doi: 10.1016/
S1470-2045(12)70121-3

35. Chopra R, Colquhoun A, Burtnyk M, N’djin WA, Kobelevskiy I, Boyes A,
et al. MR imaging-controlled transurethral ultrasound therapy for conformal
treatment of prostate tissue: initial feasibility in humans. Radiology (2012)
265:303–13. doi: 10.1148/RADIOL.12112263

36. Chin JL, Billia M, Relle J, Roethke MC, Popeneciu IV, Kuru TH, et al.
Magnetic resonance imaging-guided transurethral ultrasound ablation of prostate
tissue in patients with localized prostate cancer: A prospective phase 1 clinical trial.
Eur Urol (2016) 70:447–55. doi: 10.1016/J.EURURO.2015.12.029

37. Anttinen M, Mäkelä P, Suomi V, Kiviniemi A, Saunavaara J, Sainio T, et al.
Feasibility of MRI-guided transurethral ultrasound for lesion-targeted ablation of
prostate cancer. Scand J Urol (2019) 53:295–302. doi: 10.1080/21681805.2019.1660707

38. Mäkelä P, Anttinen M, Suomi V, Steiner A, Saunavaara J, Sainio T, et al.
Acute and subacute prostate MRI findings after MRI-guided transurethral
ultrasound ablation of prostate cancer. Acta Radiol (2021) 62:1687–95.
doi: 10.1177/0284185120976931

39. Nair SM, Hatiboglu G, Relle J, Hetou K, Hafron J, Harle C, et al. Magnetic
resonance imaging-guided transurethral ultrasound ablation in patients with
localised prostate cancer: 3-year outcomes of a prospective phase I study. BJU
Int (2021) 127:544–52. doi: 10.1111/BJU.15268

40. Klotz L, Pavlovich CP, Chin J, Hatiboglu G, Koch M, Penson D, et al.
Magnetic resonance imaging-guided transurethral ultrasound ablation of prostate
cancer. J Urol (2021) 205:769–79. doi: 10.1097/JU.0000000000001362

41. Anttinen M, Mäkelä P, Viitala A, Nurminen P, Suomi V, Sainio T, et al.
Salvage magnetic resonance imaging-guided transurethral ultrasound ablation for
localized radiorecurrent prostate cancer: 12-month functional and oncological
results. Eur Urol Open Sci (2020) 22:79–87. doi: 10.1016/J.EUROS.2020.10.007

42. Mäkelä P, Wright C, Anttinen M, Boström PJ, Blanco Sequeiros R. Safety
and efficacy of MRI-guided transurethral ultrasound ablation for radiorecurrent
prostate cancer in the presence of gold fiducial markers. Acta Radiol (2022).
doi: 10.1177/02841851221108292

43. Viitala A, Anttinen M, Wright C, Virtanen I, Mäkelä P, Hovinen T, et al.
Magnetic resonance imaging-guided transurethral ultrasound ablation for benign
prostatic hyperplasia: 12-month clinical outcomes of a phase I study. BJU Int
(2022) 129:208–16. doi: 10.1111/BJU.15523

44. Elterman D, Li W, Hatiboglu G, Relle J, Zorn KC, Bhojani N, et al. Relief of
lower urinary tract symptoms after MRI-guided transurethral ultrasound ablation
for localized prostate cancer: Subgroup analyses in patients with concurrent cancer
and benign prostatic hyperplasia. J Endourol (2021) 35:497–505. doi: 10.1089/
END.2020.0511

45. NIH US National Library of Medicine ClinicalTrials.gov. Prostate cancer -
TULSA . Available at: https://clinicaltrials.gov/ct2/results?cond=Prostate
+Cancer&term=TULSA&cntry=&state=&city=&dist= (Accessed October 10,
2022).

46. Paxton M, Barbalat E, Perlis N, Menezes RJ, Gertner M, Dragas D, et al. Role
of multiparametric MRI in long-term surveillance following focal laser ablation of
prostate cancer. Br J Radiol (2022) 95:20210414. doi: 10.1259/BJR.20210414

47. Dickinson L, Ahmed HU, Hindley RG, McCartan N, Freeman A, Allen C,
et al. Prostate-specific antigen vs. Magnetic resonance imaging parameters for
assessing oncological outcomes after high intensity-focused ultrasound focal
therapy for localized prostate cancer. Urol Oncol (2017) 35:30.e9–30.e15.
doi: 10.1016/J.UROLONC.2016.07.015
frontiersin.org

https://doi.org/10.1016/J.JURO.
2015.02.080
https://doi.org/10.1016/J.JURO.
2015.02.080
https://doi.org/10.1159/000474679
https://doi.org/10.1007/
S00270-013-0592-4
https://doi.org/10.1007/
S00270-013-0592-4
https://doi.org/10.1016/J.EURURO.2018.06.006
https://doi.org/10.1016/J.EURURO.2022.01.005
https://doi.org/10.1016/J.EURURO.2015.06.018
https://doi.org/10.1111/BJU.14710
https://doi.org/10.1056/NEJMOA1801993
https://doi.org/10.1146/ANNUREV.MED.60.041707.170303
https://doi.org/10.1148/RG.25SI055501
https://doi.org/10.1148/RG.25SI055501
https://doi.org/10.1080/17434440.2020.1755258
https://doi.org/10.1007/S00345-020-03297-7
https://doi.org/10.1001/JAMA.2014.17942
https://doi.org/10.1001/JAMA.2014.17942
https://doi.org/10.2214/AJR.14.13098
https://doi.org/10.1007/S00330-018-5409-Z
https://doi.org/10.1007/S00330-018-5409-Z
https://doi.org/10.1016/S0090-4295(96)00233-6
https://doi.org/10.1016/J.EURURO.2012.11.002
https://doi.org/10.1148/RADIOL.2017161650
https://doi.org/10.1007/S00330-022-08822-3
https://doi.org/10.1016/S1470-2045(12)70121-3
https://doi.org/10.1016/S1470-2045(12)70121-3
https://doi.org/10.1148/RADIOL.12112263
https://doi.org/10.1016/J.EURURO.2015.12.029
https://doi.org/10.1080/21681805.2019.1660707
https://doi.org/10.1177/0284185120976931
https://doi.org/10.1111/BJU.15268
https://doi.org/10.1097/JU.0000000000001362
https://doi.org/10.1016/J.EUROS.2020.10.007
https://doi.org/10.1177/02841851221108292
https://doi.org/10.1111/BJU.15523
https://doi.org/10.1089/END.2020.0511
https://doi.org/10.1089/END.2020.0511
https://clinicaltrials.gov/ct2/results?cond=Prostate+Cancer&term=TULSA&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=Prostate+Cancer&term=TULSA&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://doi.org/10.1259/BJR.20210414
https://doi.org/10.1016/J.UROLONC.2016.07.015
https://doi.org/10.3389/fonc.2022.1069518
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Magnetic resonance imaging-guided ultrasound ablation for prostate cancer – A contemporary review of performance
	Introduction
	Transrectal MR guided focused ultrasound surgery (MRgFUS):
	Technique
	MRgFUS: Clinical Performance
	MR-Guided TULSA: Technique
	MR-guided TULSA: Clinical performance

	Conclusion
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


