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Abstract
Purpose To quantitatively assess 12-month prostate volume (PV) reduction based on T2-weighted MRI and immediate post-
treatment contrast-enhanced MRI non-perfused volume (NPV), and to compare measurements with predictions of acute and
delayed ablation volumes based on MR-thermometry (MR-t), in a central radiology review of the Phase I clinical trial of MRI-
guided transurethral ultrasound ablation (TULSA) in patients with localized prostate cancer.
Materials andmethods Treatment dayMRI and 12-month follow-upMRI and biopsywere available for central radiology review
in 29 of 30 patients from the published institutional review board-approved, prospective, multi-centre, single-arm Phase I clinical
trial of TULSA. Viable PVat 12 months was measured as the remaining PVon T2-weighted MRI, less 12-month NPV, scaled by
the fraction of fibrosis in 12-month biopsy cores. Reduction of viable PVwas compared to predictions based on the fraction of the
prostate covered by the MR-t derived acute thermal ablation volume (ATAV, 55°C isotherm), delayed thermal ablation volume
(DTAV, 240 cumulative equivalent minutes at 43°C thermal dose isocontour) and treatment-day NPV. We also report linear and
volumetric comparisons between metrics.
Results After TULSA, the median 12-month reduction in viable PV was 88%. DTAV predicted a reduction of 90%. Treatment
day NPV predicted only 53% volume reduction, and underestimated ATAVand DTAV by 36% and 51%.
Conclusion Quantitative volumetry of the TULSA phase IMR and biopsy data identifies DTAV (240CEM43 thermal dose boundary)
as a useful predictor of viable prostate tissue reduction at 12 months. Immediate post-treatment NPV underestimates tissue ablation.
Key Points
• MRI-guided transurethral ultrasound ablation (TULSA) achieved an 88% reduction of viable prostate tissue volume at 12
months, in excellent agreement with expectation from thermal dose calculations.

• Non-perfused volume on immediate post-treatment contrast-enhanced MRI represents only 64% of the acute thermal ablation
volume (ATAV), and reports only 60% (53% instead of 88% achieved) of the reduction in viable prostate tissue volume at 12
months.

•MR-thermometry-based predictions of 12-month prostate volume reduction based on 240 cumulative equivalent minute thermal
dose volume are in excellent agreement with reduction in viable prostate tissue volume measured on pre- and 12-month post-
treatment T2w-MRI.

Keywords High-intensity focused ultrasound ablation . Prostate cancer . Interventional magnetic resonance imaging .

Thermometry . Biopsy, needle

* David Bonekamp
d.bonekamp@dkfz-heidelberg.de

1 Department of Radiology (E010), German Cancer Research Center
(DKFZ), Im Neuenheimer Feld 280, 69120 Heidelberg, Germany

2 Department of Urology, University Hospital Heidelberg,
Heidelberg, Germany

3 Department of Urology, University of Western Ontario (UWO),
London Health Sciences Center, Victoria Hospital, London, ON,
Canada

4 Department of Urology, Beaumont Health System, Royal Oak, MI,
USA

5 Department of Radiology, Beaumont Health System, Royal Oak, MI,
USA

6 Clinical Science, Profound Medical Inc., Toronto, ON, Canada

European Radiology (2019) 29:299–308
https://doi.org/10.1007/s00330-018-5584-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-018-5584-y&domain=pdf
http://orcid.org/0000-0002-4811-0087
mailto:d.bonekamp@dkfz-heidelberg.de


Abbreviations
AS Active surveillance
ATAV Acute thermal ablation volume
DSC Dice similarity coefficient
DTAV Delayed thermal ablation volume
MR-t MR-thermometry
MRI Magnetic resonance imaging
NPV Non-perfused volume
PCa Prostate cancer
PSA Prostate-specific antigen
PV Prostate volume
RPE Radical prostatectomy
TULSA Transurethral ultrasound ablation
UA Ultrasound applicator

Introduction

In the developed world, prostate cancer (PCa) is the most com-
monly diagnosed solid cancer among men, and remains a lead-
ing cause of cancer death [1]. Prostate-specific antigen (PSA)
screening has shifted many diagnoses towards low-grade PCa
[2]. For patients with presumed clinically insignificant disease,
traditional treatment options such as radical prostatectomy (RP)
and whole-gland radiotherapy are associated with undue risk of
side effects [3]. Conversely, while active surveillance (AS) can
spare or delay themorbidity of treatment [4, 5], patient selection
for AS is not optimal and a published 15-year follow-up study
demonstrated that more than half of AS patients eventually
undergo radical treatment [5].

Situations where the patient’s decision for RP or AS is
marginal call for minimally invasive treatments capable of
achieving local disease control with a more favourable side-
effect profile. Of several minimally invasive ablative treat-
ments [6–13], prostate HIFU is the best evaluated [14].
However, HIFU is typically performed using transrectal ultra-
sound monitoring [15], which has limited ability to assess
conformal treatment of targeted tissue and treatment bound-
aries. Live MRI monitoring during thermal therapy proce-
dures has the potential to reduce over- or under-treatment by
precisely localizing prostate cancer as demonstrated in MRI-
guided biopsy [16–20], by providing real-time quantitative
temperature measurement using MR thermometry (MR-t)
[21] for treatment control and thermal dosimetry [6, 13, 22,
23], and by facilitating immediate post-treatment contrast-
enhanced imaging for evaluation of treatment effect.

MRI-guided transurethral ultrasound ablation (TULSA) is
a minimally invasive ablation technique that uses real-time
MR-t to directly monitor and actively control treatment-
relevant thermal energy deposition in an automated feedback
algorithm, for conformal ablation of targeted prostate tissue
[24–26]. MRI-guided TULSA has been evaluated in a pro-
spective, multi-centre, safety and feasibility Phase I study for

localized prostate cancer [26]. The published study included
treatment-day volumetric measurement of the prostate, and
assessment of linear precision and accuracy of the agreement
between the treatment planning volume (boundary within
which treatment is intended) and the thermometric isocontour
recorded during the procedure at which at least 55° Celsius is
reached, the acute target ablation volume (ATAV). Assessment
of immediate post-procedure contrast-enhanced MRI
(CE-MRI) allowing the determination of non-perfused
volume (NPV) and 12-month MRI was only performed
qualitatively.

The purpose of this study was to perform a quantitative
analysis of viable prostate tissue volume reduction at 12
months after MRI-guided TULSA using T2-weighted MRI
corrected for the previously unreported degree of fibrosis in
biopsy cores, with a comparison with treatment-day predictors
of ablation extent. This analysis quantitatively assessed if 12-
month volume reduction confirmed predictions of viable tis-
sue ablation by immediate post-treatment NPV, MR-t derived
ATAV and delayed target ablation volume (DTAV) derived
from MR-t calculations of thermal dose.

Materials and methods

Patients and TULSA technique

Details of the Phase I TULSA trial have been reported previous-
ly in Chin et al [26]. Briefly, it was a prospective, multi-centre,
single-arm Phase I clinical trial of the safety and feasibility of
prostate ablation in patients with localized PCa (NCT01686958,
DRKS00005311). The study was ethics-approved and per-
formed at three tertiary referral centres, with written informed
consent from all patients. Thirty patients were included between
March 2013 and March 2014, aged ≥ 65 years, presenting with
biopsy-proven organ-confined PCa, clinical stage T1c-T2a (N0,
M0), PSA ≤ 10 ng/ml, Gleason score (GS) 3+3 (n=24) or 3+4
(n=6), and no prior PCa treatment. Patients underwent MRI-
guided TULSA, followed immediately with a post-
interventional CE-MRI, and at 12 months underwent follow-
up 12-core transrectal ultrasound-guided biopsy and MRI.
MRI was performed using 3T MRI systems (Magnetom Trio,
Siemens, Erlangen, Germany) with posterior and anterior multi-
channel phased-array coils, using sequences described in Table
1. Biopsy data were processed at a central laboratory (Bostwick
Laboratories, Glen Allen, VA, USA), with individual cores
quantified for the length and percentage of non-malignant pros-
tate tissue, adenocarcinoma and percentage of fibrosis.

The TULSA procedure has also been described previously
in Chin et al [26]. Briefly, the therapeutic ultrasound applica-
tor (UA, Fig. 1) of the TULSA-PRO device (Profound
Medical Inc., Toronto, ON, Canada) is inserted into the pros-
tate through the urethra of an anaesthetised patient, and the
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patient is advanced into the MRI. A robotic positioning sys-
tem holds and translates the UA for MRI-guided alignment
with the targeted prostate tissue. T2w images are used to pre-
scribe target boundaries for each element. Ultrasound ablation
of the target volume is delivered in a continuous 360° rotation
of the UA under real-time MR-t guidance and control, where
each of the ten 5-mm elements emits directional, but not fo-
cused, high-intensity ultrasound directly into the adjacent
prostate. During energy delivery, segmented echo-planar im-
ages (EPI) are acquired dynamically (12 images every 5.9 s;
Table 1) and used to calculate MR-t by the proton resonance
frequency shift method [21]. MR-t is immediately displayed
(Fig. 2) and used by a feedback algorithm to adjust the fre-
quency and power of each UA element, and the rate at which
the positioning system rotates the UA, thereby depositing heat
according to the treatment plan. Post-treatment CE-MR im-
ages were acquired following weight-adjusted intravenous in-
jection of standard institutional gadolinium-based contrast
agent (0.1 mmol/kg).

Boundaries of the treatment plan prostate volume (PVTP,
Fig. 1D, red) were delineated in consensus by the attending
urologist and board-certified radiologist on T2w oblique-
axial MR images acquired transverse to the UA and
aligned with each transducer element. In accordance with
the investigative goals of safety and feasibility in this
Phase I trial, the target prostate volume (TPV, Fig. 1D,
cyan) boundary was defined with a 3-mm margin inside
the PVTP prostate boundary. The TPV was the intended
extent of immediately lethal ≥ 55 °C heating defining the
ATAV [24, 25, 27]. The 3-mm margin allows assessment
of the extent of post-interventional delayed cellular ne-
crosis beyond the ATAV. Delayed necrosis is expected to
correspond with the DTAV, defined by a thermal
isoeffective dose [28] of at least 240 cumulative equiva-
lent minutes at 43 °C (CEM43), a widely accepted pre-
dictor of the extent of thermal coagulation [29, 30].
DTAV has not been reported for patients undergoing
TULSA, but based on preclinical data and validated sim-
ulations [31–33], DTAV was expected to extend 1.3 ±
0.5 mm (maximum 3 mm) past the ATAV for a predicted
10 ± 3% sparing of residual viable prostate tissue along
the gland’s periphery [26]. Figure 2 illustrates the calcu-
lation of acute and delayed ablation volumes from
intraprocedural MR-t.

Central radiology assessment

Central radiology (CR) review was performed at the German
Cancer Research Centre (DKFZ, Heidelberg, Germany) using
customized semi-automatic contouring software by the
MEVIS Fraunhofer Institute, based on MeVisLab (MeVis
Medical Solutions AG, Bremen, Germany) [34] and the med-
ical imaging toolkit (MITK, www.mitk.org) [35]. ProstateTa
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Fig. 2 Calculation of acute and delayed ablation volumes from intra-
procedural MR temperature mapping. Real-time MR temperature
mapping for a 65-year-old patient with Gleason 6 prostate cancer, initial
PSA of 4.98 ng/ml and 12-month PSA of 0.2 ng/ml. During treatment,
EPI images in 12 axial planes covering the ten transducer elements and
adjacent slices are acquired every 5.9 s, and immediately used to calculate
temperature maps in the prostate and surrounding tissue for automated
feedback control and for display to the treating physician. Top row:
Current temperature distribution at one time point during treatment, on
the 6 planes where heat was actively delivered, with ultrasound
propagation in the direction indicated by the black line. Outer black
overlay indicates prostate boundary delineated by treating radiologist

(PVTP), inner black overlay indicates target boundary (TPV) defined by
a 3-mm safety margin within the prostate boundary. Middle row:
Cumulative maximum temperature for the completed treatment, with
temperatures above 43 °C overlaid on the corresponding magnitude EPI
image. The acute thermal ablation volume (ATAV, 55 °C isotherm) is
represented by the green to yellow transition in the temperature colour
scale. Bottom row: Thermal dose above 30 cumulative equivalent
minutes at 43 °C (CEM43) overlaid on the magnitude EPI image. The
delayed thermal ablation volume (DTAV, 240 CEM43 isocontour) is
represented by the transition from blue to green in the thermal dose
colour scale

Fig. 1 TULSA device, image-based positioning and therapy planning.
(a) Photograph of the transurethral therapeutic ultrasound applicator
(UA), which incorporates a linear array of ten independent ultrasound
transducers that emit directional, but not focused, high-intensity
ultrasound energy directly into the adjacent prostate. (b-d) Sagittal (b),
coronal (c) and axial (d) T2-weighted images used for treatment planning
demonstrate the UA after it was advanced to its treatment position using
the linear motion of the robotic positioning system. A passive endorectal
cooling device (ECD) thermally protects the rectum. Using the treatment

delivery console, boundaries of the treatment plan prostate volume
(PVTP, D, red) were delineated in consensus by the attending urologist
and board-certified radiologist on high-resolution T2w oblique-axial MR
images acquired transverse to the UA and aligned with each ultrasound
transducer element. In accordance with the investigative goals of the
Phase 1 trial, the target prostate volume (TPV, D, cyan) boundary was
defined with a 3-mm margin inside the PVTP prostate boundary, and
targeted to 55 °C for complete immediate ablation
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volume (PV) and non-perfused volume were measured using
T2w and subtracted CE-MRI on treatment day (PV0, NPVIPT)
and at 12 months (PV12M, NPV12M). DTAV was calculated
from the MR-t maps inside the 240 CEM43 isocontours.
These metrics were compared with treatment plans and previ-
ously reported ATAV (volume bounded by the 55 °C isotherm
of MR-t).

Statistical analysis

Residual volume of viable prostate tissue at 12 months was
measured as the remaining prostate volume (PV12M) less the
non-perfused volume at 12 months within the PV12M

(NPV12M), scaled by the fraction of fibrosis in biopsy cores
(F) to account for the expected presence of enhancing fibrous
tissue [36, 37]: (1-F) * (PV12M – NPV12M).

Using treatment-day MRI and MR-t data, the predicted
reduction of viable prostate tissue volume based on ther-
mal dose is the fraction of prostate volume covered by the
DTAV: (DTAV ∩ PVTP) / PVTP. Likewise, the predicted
reduction based on non-perfused volume is the fraction of
prostate volume covered by the NPVIPT: (NPVIPT ∩
PVTP) / PVTP. Differences in reduction between MR-t

and NPV estimates versus 12-month measurements were
assessed using paired t-tests.

Agreement between treatment-day volumetric contours of
NPV, DTAVand ATAV was assessed according to the follow-
ing three definitions: (a) linear accuracy and precision, defined
as in Chin et al [26] by the mean and standard deviation (SD)
of the distance between intended and measured boundaries
sampled at 1° polar increments; (b) volumetric over- and
under-targeting; and (c) region overlap measured by the
Dice Similarity Coefficient (DSC) [38].

Summary statistics are represented by the median and inter-
quartile range (IQR). PV measurements based on site-specific
treatment plans (PVTP) and CR assessment (PV0) were com-
pared using correlation (R2) and DSC.

Results

Delayed compared to acute ablation volume
and non-perfused volume

Comparison of treatment-day metrics of ablation accuracy is
presented in Table 2. DTAV exceeded ATAV by a median
volume of 10 cc (132% of ATAV), extending 2.0–2.4 mm

Table 2 Thermal ablation accuracy on treatment day (n=30)

Treatment-day ablation parameters Metric Median (IQR)

Treatment time
(ultrasound ablation time)*

36 (26–44) min

Prostate volume according
to treatment plan*

PVTP 44 (38–48) cc

Target prostate volume
(3-mm peripheral margin excluded)

TPV 31 (27– 34) cc

Acute thermal ablation volume
(within 55 °C isotherm on MR-t)

ATAV 31 (27–34) cc

Delayed thermal ablation volume
(within 240 CEM43 thermal
dose isocontour on MR-t)

DTAV 42 (37–46) cc

Immediate post-treatment non-perfused
volume (Hypo-Intense on
contrast-enhanced MRI)

NPVIPT 19 (15–26) cc

Comparison of metrics
Median (IQR)

Spatial control of thermal
ablation within target
boundary:

ATAV to TPV

Extent of delayed thermal
ablation within prostate
volume:

DTAV to PVTP

CE-MRI for assessment
of acute treatment
accuracy:

NPVIPT to ATAV

CE-MRI for assessment
of delayed treatment
effect:

NPVIPT to DTAV

Ratio 99 (95–104) % 96 (92 –98) % 64 (58–79) % 49 (40–62) %

Linear agreement accuracy 0.1 (-0.3–0.4) mm* -0.3 (-0.7–0.0) mm -2.5 (-3.5– -1.8) mm -4.7 (-6.2– -4.2) mm

Linear agreement precision 1.3 (1.0–1.5) mm* 1.7 (1.5–2.1) mm 3.3 (2.6–4.3) mm 3.7 (3.2–4.6) mm

Over-estimated volume 0.6 (0.4–1.0) cc 1.5 (0.6–2.2) cc 0.6 (0.3–1.2) cc 0.1 (0.1–0.5) cc

Under-estimated volume 0.9 (0.2–1.3) cc 1.9 (1.3–3.4) cc 8.1 (5.9–11) cc 15 (12–22) cc

Dice similarity coefficient 0.94 (0.93–0.95) 0.92 (0.91–0.93) 0.78 (0.72–0.84) 0.70 (0.61–0.75)

Correlation (R2) 0.98 0.98 0.74 0.69

IQR inter-quartile range

*Previously reported by Chin et al [26]
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beyond the ATAV. NPVIPT, an indicator of acute necrosis [33],
was correlated to ATAVand DTAV, but systematically smaller
by median distances of 2.5 and 4.7 mm. In addition to the
previously assessed linear targeting accuracy and precision
of 0.1 ± 1.3 mm between ATAV and TPV [26], median
over- and under-targeted volumes were 0.6 ml and 0.9
ml, the median ratio of ATAV to TPV was 99%, and the
median DSC was 0.94 indicating a high degree of congru-
ence, concordant with the linear assessment. Examples of
the spatial control boundaries are shown in two different
patients in Fig. 3A and B.

Prostate volume reduction

Calculation of prostate volume reduction on 12-month follow-
up imaging is given in Table 3, together with volume reduc-
tion predicted by treatment day thermal dose (DTAV) and
NPVIPT. The calculated residual viable prostate volume at 12
months corrected for fibrosis was 4.8 ml (2.3–8.4 ml),
representing 12% (5–17%) of the baseline volume PV0. This
corresponded to a reduction of viable tissue volume at 12
months of 88% (83–95%). DTAV predicted a median (IQR)
prostate volume reduction of 90% (87–92%), while NPVIPT

predicted a reduction of 53% (43–57%). As demonstrated in

Fig. 4, the median difference between the DTAV prediction
and the measured reduction at 12 months was +3.7 cc (IQR -5
to +7 cc); a paired t-test was not significant (p = 0.12).
Between the NPVIPT prediction and the measured reduction
there was a larger difference of -17 cc (-23 to -13 cc); the
paired t-test was highly significant (p < 0.0001).

Baseline prostate volume measurements

Repeatability was high between baseline PV measurements
performed on treatment day by the local radiologist (PVTP)
and blinded retrospective assessment performed during cen-
tral radiology review (PV0), with R2 of 0.77, median DSC of
0.89, volume ratio of 100% and absolute difference of 0.0 ml.

Discussion

This study extends the published clinical outcomes of the
Phase I TULSA trial [26] by presenting (a) a quantitative
analysis of prostate volume reduction based on the morpho-
logical 12-month follow-up MRI data corrected for fibrosis,
and (b) a quantitative assessment of the relationship of

Fig. 3 Synopsis of treatment plan, temperature monitoring, ablative
metrics and 12-month follow-up. Images from two patients: (a) A 69-
year-old patient with Gleason 6 prostate cancer, initial PSA of 8.41 ng/ml
and 12-month PSA of 0.7 ng/ml; (b) a 70-year-old patient with Gleason 6
prostate cancer, initial PSA of 7.49 ng/ml and 12-month PSA of 0.7 ng/
ml. From left to right: boundaries of target prostate volume (TPV) and
overall prostate volume (PVTP) superimposed on axial T2-weighted
planning images (left panels). Maximum temperature maps demonstrate
that the acute thermal ablation volume (ATAV, orange) closely matches

the TPV (second panels from the left). Thermal dose maps show a close
match of delayed thermal ablation volume (DTAV, 240 CEM43 isotherm,
green) and prostate boundary (middle panel). DTAV (green), ATAV
(orange) and non-perfused volume (NPV, magenta) contours are
overlaid on subtracted acute post-treatment contrast enhanced T1-
weighted (CE-MRI) images, together with TPV and PVTP (black) for
direct comparison (second panels from the right). Twelve-month
prostate volume contours (PV12, cyan) are overlaid on 12-month
follow-up T2-weighted axial images (right panels)
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immediate non-perfused volume and MR-t derived expected
ablation volume (DTAV) to measured tissue ablation at 12
months.

Important insights can be gained by examining these
additional factors. MRI-guided TULSA achieved an 88%
reduction of viable prostate tissue volume at 12 months,
in excellent agreement with the expected ablation volume
given by thermal dose calculated from MR-t. This vali-
dates the median 10% tissue sparing at the periphery pre-
dicted by simulations. DTAV extended 2.0 – 2.4 mm be-
yond the ATAV and had close agreement with the PVTP,
quantifying the margin of delayed tissue ablation beyond
the target boundary in individual patients, and confirming
the appropriateness of the 3-mm safety margin mandated
in this safety and feasibility study. These results affirm the
thermal cellular ablation relationships of previous pre-
clinical and treat-and-resect clinical studies of TULSA

[24, 25, 27, 30] and support their use in subsequent stud-
ies with more aggressive treatment margins.

NPV qualitatively appeared to follow the target bound-
ary, but quantitative analysis demonstrated a systematic
underestimation of tissue ablation. Non-perfused volume
on immediate post-treatment contrast-enhanced MRI rep-
resented only 64% of the ATAV, and predicted an only 53%
reduction in viable prostate tissue volume at 12 months.
This is anticipated by previous treat-and-resect studies: in
pre-clinical experiments with histological correlation [33],
the ablation boundary fell within the haemorrhagic zone of
hyper-enhancement surrounding the NPVIPT, and the
NPVIPT underestimated the extent of acute tissue necrosis
by 1–4 mm, compatible with the 1.8- to 3.5-mm underes-
timation of the ATAV observed in our study. As such, use
of the DTAV appears preferable for the prediction of tissue
ablation compared to NPV, while NPV provides functional

Table 3 Prostate volume
reduction at 12 months (n=29) Parameter Equation Median (IQR)

Treatment day predictors of 12-month prostate volume reduction

DTAV-predicted prostate volume reduction (cc) DTAV ∩ PVTP 39 (35–41) cc

DTAV-predicted residual prostate volume (% of baseline) 1–(DTAV ∩ PVTP

/ PVTP)

10 (8–13) %

DTAV-predicted prostate volume reduction (% of baseline) DTAV ∩ PVTP

/ PVTP

90 (87–92) %

NPV-predicted prostate volume reduction (cc) NPVIPT ∩ PVTP 20 (16–28) cc

NPV-predicted prostate volume reduction (% of baseline) NPVIPT ∩ PVTP

/ PVTP

53 (43–57) %

12-Month prostate volume reduction – central radiologist

Baseline prostate volume PV0 43 (39–47) cc

12-Month prostate volume (incl. NPVand fibrosis) PV12M 21 (18–24) cc

12-month NPV NPV12M 9 (6–12) cc

12-month Perfused Volume (incl. fibrosis) PV12M–NPV12M 11 (7.7–13) cc

12-month estimated fibrosis from biopsy cores F 54 (31–67) %

12-month residual prostate volume (1-F)*

(PV12M–NPV12M)

4.8 (2.3–8.4) cc

12-month residual prostate volume (% of baseline) (1-F)*

(PV12M–NPV12M)

/ PV0

12 (5–17) %

Prostate volume reduction based on 12-month imaging
follow-up (cc)

PV0–(1-F)*

(PV12M–NPV12M)

38 (31–45) cc

Prostate volume reduction based on 12-month imaging
follow-up (% of Baseline)

1–(1-F)*

(PV12M–NPV12M)

/ PV0

88 (83–95) %

Inter-radiologist repeatability

Ratio of baseline prostate volume, central radiologist
to treatment plan

PV0 / PVTP 100 (87–107) %

Difference in baseline prostate volume, central
radiologist to treatment plan

PV0–PVTP 0.0 (-5.8–2.7) cc

Dice similarity coefficient 0.89 (0.87–0.90)

Correlation (R2) 0.77

IQR inter-quartile range
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confirmation that conformal ablation has been achieved
independent from MR-t.

Additional accuracy metrics, including DSC and volumet-
ric over- and underestimation, closely followed the linear as-
sessment used for ATAV in the initial publication, confirming
the validity of these analyses for the newly examined vol-
umes. As an internal control, treatment-day volumetry was
in excellent agreement between on-site and central radiology
assessment, a mandatory precondition for successful compar-
ison of the derived metrics.

A strength of this study is patient-specific correction of
imaging-based measurements of volume reduction by fibrosis
fractions determined from biopsy cores at a central laboratory.
Previous studies of post-ablation prostate histopathology at
time points beyond 1 year have shown stromal fibrosis as
the most common finding in non-tumour post-HIFU biopsy
tissue; coagulative necrosis is less common and diminishes
with the progressive resorption of necrotic tissue over time;
varying amounts of acute, chronic or granulomatous inflam-
mation are found [36, 37]. Therefore, for precise assessment
of residual viable prostate tissue, it is important to account for
space-occupying predominantly fibrotic remnants of success-
fully treated tissue. Viable PV reduction of 88% reported here
is in accordance with early treatment effectiveness based on
biochemical assessment evaluated by Chin et al, who reported
a 12-month PSA of 0.8 ng/ml, representing a reduction of
86% (72–92%) from pre-treatment baseline values [26].

This study has several limitations. Assessment of tissue
necrosis was based primarily on imaging criteria, and not

directly correlated to histology; however, previous treat-and-
resect studies of MRI-guided TULSA describe the relation-
ships between imaging and histology used as the basis for this
Phase I study [25, 27]. The assessment of fibrosis may be
limited by biopsy sampling bias, and fibrosis assessment at
12 months may underestimate treatment effect if fibrosis has
been replaced by interval tumour growth, factors that may
have influenced the volumetric calculations. Here, histopath-
ological sections could not be obtained because long-term
follow-up without radical prostatectomy was necessary to as-
sess safety and secondary outcomes including quality of life
and oncological efficacy.

Conclusion

Quantitative assessment of treatment-day and 12-month
follow-up MR imaging from the Phase I study of MRI-
guided TULSA indicate a 12-month fibrosis-corrected
viable prostate volume reduction of 88%. The MR-
thermometry based 240 cumulative equivalent minute thermal
dose volume (DTAV) was identified as a useful predictor of
measured prostate volume reduction. Conversely, non-
perfused volume calculated from immediate post-treatment
CE-MRI systematically underestimated both ATAV and the
measured volume reduction. As predicted by previous simu-
lations, per-patient quantitative assessment confirmed a medi-
an 10% of untreated peripheral viable prostate tissue volume
remaining after treatment, both explaining residual disease on

Fig. 4 Comparison of volumetric prostate metrics. Box plots of the
difference between volumetric prostate metrics, comparing metrics
available on treatment day (a), and comparing treatment-day NPV and
DTAV as predictors of the 12-month volumetric assessment (b). NPV is
systematically smaller than ATAV (a). Measured viable prostate volume

reduction at 12 months is in good agreement with volume reduction
predicted by MR-thermometry based DTAV (b, left), while it is
systematically underestimated by immediate post-treatment NPV (b,
right)
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follow-up and supporting an extension of the treatment
boundary in the ongoing pivotal study.
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