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Abstract

Introduction: We report a case study of the application of contrast-
enhanced ultrasonography (CEUS) for intraoperative monitoring
of thermal ablation of a single focus of prostate cancer.
Methods: A patient presented with biopsy-proven, solitary-focus,
low-risk prostate cancer and was recruited into a clinical trial of
interstitial laser thermal focal therapy. Multiparametric magnet-
ic resonance imaging (MRI) was used to locate the single domi-
nant focus, and photothermal ablation was performed at the tumour
site under the guidance of transrectal ultrasonography. Transrectal
CEUS using systemic bolus injections of the intravascular contrast
agent Definity was performed immediately before, several times
during and on completion of therapy. Lesions observed on CEUS
were compared with treatment effect as measured by tissue devas-
cularization on 1-week gadolinium (Gd)-enhanced MRI.
Results: Baseline images showed CEUS contrast-agent signal
throughout the prostate. During and after treatment, large hypocon-
trast regions were observed surrounding the treatment fibres, indi-
cating the presence of an avascular lesion resulting from photother-
mal therapy. Lesion size was found to increase during the delivery
of thermal energy. Lesion size measured using CEUS (16 x 11 mm)
was similar to the 7-day lesion measured using Gd-enhanced
T,-weighted MRI.

Condusion: Focal therapy for prostate cancer requires both com-
plete treatment of the dominant tumour focus and minimal mor-
bidity. The application of CEUS during therapy appears to provide
an excellent measure of the actual treatment effect. Hence, it can be
used to ensure that the therapy encompasses the whole target but
does not extend to surrounding critical structures. Future clinical
studies are planned with comparisons of intraoperative CEUS to
Gd-enhanced MRI at 7 days and whole-mount pathology samples.
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Résume

Introduction : Nous décrivons un cas d’application de la technique
d’échographie de contraste pour la surveillance peropératoire pen-
dant I’ablation thermique d’un cancer de la prostate a foyer unique.

Méthodologie : Le patient présentait un cancer de la prostate a faible
risque et a foyer unique confirmé par biopsie et a été inscrit a
un essai clinique portant sur la thérapie thermique interstitielle
par laser. Aprés une épreuve d’IRM a parametres multiples en vue
de localiser le foyer dominant unique, on a procédé a une abla-
tion photothermique guidée par échographie transrectale. On a
effectué une échographie transrectale a I'aide d’injections bolus
intravasculaires de I’agent de contraste Definity immédiatement
avant I’ablation, de méme que plusieurs fois pendant 'interven-
tion et a la fin de celle-ci. Les Iésions observées lors de I"échogra-
phie de contraste ont été comparées a I'effet du traitement, tel que
mesuré par la dévascularisation tissulaire lors d’une épreuve d’'IRM
avec injection de Gd une semaine plus tard.

Résultats : Les images initiales montrent le signal de I’agent de
contraste dans toute la prostate. Pendant et apres le traitement, de
grandes zones d’hypocontraste ont été observées autour des zones
de traitement, indiquant la présence d’une Iésion avasculaire
causée par la thérapie photothermique. La taille de la [ésion sest
accrue pendant la libération de I’énergie thermique. La taille de
la lésion, telle que mesurée par échographie de contraste (16 x
11 mm) n’avait pas changé une semaine plus tard lors de I'épreuve
d’IRM T, avec injection de Gd.

Conclusion : La thérapie focale appliquée a la prostate requiert le
traitement complet du foyer tumoral dominant et une morbidité
minimale. Le recours a I’échographie de contraste durant le traite-
ment semble un excellent moyen de mesurer I'effet réel du traite-
ment. On peut donc I'utiliser pour assurer que le traitement englobe
toute la zone cible sans s’étendre aux structures adjacentes.
D’autres études cliniques comparant les résultats a ceux de I'IRM
avec injection de Gd aprées 7 jours et des échantillons anato-
mopathologiques in toto sont prévues.

Introduction

Prostate cancer is widely believed to be the most com-
mon cancer in men and the third most common cause of
cancer-related death in men." Many patients now present
with low-grade and low-volume disease that offers mini-
mal risk of morbidity or mortality. Focal ablative therapy,
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a new paradigm of treatment designed for selec-
tive therapeutic destruction of only the region of
malignant tumour tissue within the prostate,
may be a viable treatment alternative for these
patients.>* A histological analysis of over 900 pros-
tatectomy specimens removed for prostate cancer
suggests that a solitary dominant lesion is the
source of extracapsular disease in over 80% of
patients and is thus the likely source of extracap-
sular spread.* Destruction of this single site is there-
fore likely to significantly decrease the risk of pro-
gression and increase cancer control with minimal
side effects. Focal ablative therapy offers the abil-
ity to preserve the healthy areas of the prostate
while posing less risk of damage to intra- and
periprostatic critical structures, therefore reducing
perioperative morbidity compared with the stan-
dards of care (i.e., radical prostatectomy or radio-
therapy) and does not preclude further therapy
should it be required.

Critical to the success of focal ablative thera-
py is the ability to monitor the intended ablative
damage in real time to ensure that the entire tumour
target is destroyed while unaffected prostate and
periprostatic critical structures are spared. This is
most easily done with diagnostic imaging. Contrast-
enhanced ultrasonography (CEUS) using intravas-
cular microbubble agents has been developed to
aid in diagnosing disease by defining regions of
abnormal blood perfusion or vascular filling pat-
terns, and as a method for local delivery of drugs.’
CEUS has also been used to assess treatment
response for ablative therapies such as radiofre-
quency ablation®® and high-intensity focused ultra-
sonography, ' typically several days after the ther-
apy. Tissue changes following radiofrequency
ablation of canine prostates® have been monitored
10-15 minutes after completion of therapy. In these
applications, the avascular volume created by the
ablative therapy manifests as an area of absence of
ultrasonography signal on CEUS.

Blood flow monitoring during focal ablative ther-
apy with real-time CEUS is potentially beneficial
because it allows the implementation of a longer
treatment period and/or adjustments to planned
energy or power delivery schemes for regions of
the prostate associated with incomplete loss of
blood flow signal, which is likely an indicator of
incomplete tumour ablation. To date in the many
preclinical and few clinical applications of focal
ablative therapy, magnetic resonance imaging (MRI)
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or computed tomography with or without con-
trast agents have been used to assess treatment com-
pleteness."'? These approaches take place days
to weeks after the initial procedure, creating the
need for a repeat visit for those patients who may
be offered further ablation. This can potentially
be prevented with optimum ablation at the time of
the initial procedure. We report on the use of CEUS
to monitor the progression of focal interstitial laser
thermal therapy for prostate cancer, in real time.
This approach provides the opportunity to adjust
treatment delivery to ensure coverage of the
planned target volume while minimizing treatment-
related morbidity to vital surrounding structures.

Methods

Interstitial laser thermal therapy with monitoring
of treatment response using real-time transrectal
CEUS was performed on our patient as part of a
12-patient clinical trial testing the safety of using
MRI-targeted, ultrasonography-guided interstitial
laser thermal therapy for the focal treatment of
prostate tumours. The treatment protocol, includ-
ing the use of microbubble CEUS, was approved
by the institutional review board of the hospital.

The patient presented with biopsy-proven,
solitary-focus, low-risk prostate cancer (Gleason
grade 6, 1 core of 11 positive, with 5% tumour
volume in this biopsy) and received multiparamet-
ric (T,- and diffusion-weighted) MRI to locate the
tumour. Apparent diffusion coefficient maps were
generated from the diffusion-weighted images and
interpreted as described previously.” Image sets
from MRI were imported into the brachytherapy-
planning software program VariSeed (Varian, Inc.)
and the prostate and tumour were manually traced.

The interstitial laser thermal therapy procedure
was performed under general anesthetic, with the
patient discharged home the same day. The patient
was placed in the lithotomy position. Using a
brachytherapy stabilizing apparatus with modified
template grid (model RTP6000, North American
Scientific, Inc.) and an ultrasonography system (Pro
Focus console with model 8848 transrectal probe,
BK Medical), the suspicious region identified by
MRI was registered to the ultrasounds using
VariSeed to enable targeted insertion of the treat-
ment probes to this site. The registration in Variseed
is limited to a rigid body registration. Therefore,
to account for variations in the shape of the prostate



between MRI and ultrasonography, the planned
target volume increased to 4 times the volume of
the traced tumour. Photothermal therapy was per-
formed with 2 Indigo Optima Lasers (Ethicon, Inc.),
each with a single source fibre delivering light at
the wavelength 830 nm."*" Each laser was operat-
ed in the adaptive monitoring mode, in which the
power of the laser is controlled by feedback of
the temperature at the laser probe tip. The initial
laser power was set at 15 W for each fibre and
the control temperature was set at 100°C. As the
temperature measured by the laser fibre probe
quickly increased to 100°C, the power delivered
by the laser quickly decreased and stabilized at
about 2 W. Treatment lasted 12 minutes in total,
delivering a total energy of 2.88 k]. Used separate-
ly, each laser fibre typically creates ellipsoid vol-
umes of coagulation 1.5 cm in length with a max-
imum diameter of 1.0 cm, and was therefore
sufficient to encompass the patient’s tumour vol-
ume (0.25 cm?). Three fluoro-optic thermometer
probes (Luxtron Corp.) were placed in the prostate;
1 at the expected ablation boundary to ensure com-
plete treatment of the target volume and 1 each
near the rectum and urethra to ensure temperatures
in these critical regions remained at safe levels.
CEUS was performed using several intravenous
bolus injections of 0.2 mL Definity followed by
a 10-mL saline flush. Continuous low mechanical
index CEUS was performed after insertion of all
probes but before laser therapy, at the 5-minute
time point during heating, immediately after heat-
ing, and 5 minutes after the end of heating, using
the same BK Medical ultrasonography system that
was used for needle guidance but with the system
set to contrast imaging mode with pulse inversion.
The volume of ablated prostate tissue was meas-
ured on pelvic T,- and gadolinium (Gd)-enhanced
T,-weighted MRI performed 1 week after treatment
using methods previously described for focal abla-
tion.'"* Magnetic resonance imaging scans were
imported and registered to similar anatomical fea-
tures in Variseed. The edge of the prostate was
traced on the T,-weighted series and intraprostat-
ic devascularized areas were identified by tracing
dark areas on the Gd-enhanced T,-weighted series.

Results

Based on the preoperative T,-weighted MRI and
apparent diffusion coefficient MRI, the patient’s
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tumour was found to be located in the midpos-
terior region of the prostate, with a volume of
0.25 cm?. Location of tumour in this region was
also confirmed with 12-core biopsy. There were
no other foci of tumour detected in the prostate.
Full treatment of the tumour target required the
insertion of 2 treatment fibres, separated by 10 mm
and positioned within the same axial plane.

Figure 1 (A) shows an axial ultrasound of the
midsection of the prostate after treatment fibres and
temperature sensors were inserted. Figure 1 (B-E)
shows contrast-enhanced ultrasounds each ac-
quired about 30 seconds after systemic injection
of a bolus of Definity. Images were acquired imme-
diately before laser thermal therapy (Fig. 1B), 5 min-
utes after the start of therapy (Fig. 1C), after the
completion of the 12 minutes of therapy (Fig. 1C)
and 5 minutes after the completion of the laser ther-
mal therapy (Fig. 1E). Before treatment, contrast
agent was observed throughout the prostate, with
some shadowing of the ultrasonography signal
caused by the fibres and catheters evident poste-
riorly. After treatment started, a large avascular zone
surrounded the 2 treatment fibres, about 14 mm in
maximum axial diameter, increasing to about 16 mm
at the end of treatment (length not shown). The
short anteroposterior axis of the lesion was about
11 mm in diameter, but difficult to determine accu-
rately because of the anterior shadowing of the sig-
nal. The microbubble contrast agent acts essential-
ly as an intravascular blood perfusion contrast, and
so the signal void indicates the presence of a grow-
ing avascular region during treatment.

Figure 2 compares the axial CEUS image
acquired 5 minutes after the laser therapy to Gd-
enhanced (Fig. 2B) and T,-weighted (Fig. 2C) MRI
acquired 7 days after the procedure. Contours of
the prostate and lesion are shown on each image.
The avascular volume was measured to be 1.2 cm?
based on the Gd-enhanced MRI, significantly
larger than the planned tumour target. Like the
microbubble CEUS, the Gd-enhanced MRI also
provides blood perfusion contrast, with the absence
of signal indicating avascular tissue. In a previ-
ous preclinical study, we found that there was good
spatial correlation between photodynamic therapy—
induced hemorrhagic necrosis and unenhanced
regions on Gd-enhanced T,-weighted images."”
Therefore the Gd-enhanced MRI provides a rea-
sonable indicator of the shape and location of the
treatment-induced avascular lesion. The size of
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Fig. 1. Axial ultrasounds of the midsection of the prostate after
treatment fibres and temperature sensors have been inserted.

Standard axial image showing treatment fibres (T) and tempera- Fig. 2. Comparison of the axial low mechanical index contrast-enhanced
ture monitoring probes (S). Scale on lower leftis 10 mm in length ultrasound acquired 5 minutes after the laser therapy (A) to Gd-enhanced
(A). Contrast-enhanced low mechanical index images taken T-weighted magnetic resonance imaging (MRI) scan (B) and T,-weighted
about 1 minute after multiple bolus injections of 0.2 mL of Definity. MRI scan acquired 7 days after the procedure without an endorectal coil (C).
Images were acquired immediately before laser thermal therapy The prostate contour, shown in red, was traced from the T,-weighted MRI
(B), 5 minutes after the start of therapy (C), after the completion of scan, and the treatment effect contour, shown in blue, was traced from the
the 12-minute therapy (D) and 5 minutes after the completion of Gd-enhanced T,-weighted MRI scan. The positions of the fibres are evident
the laser thermal therapy (E). as white spots within the T,-weighted image.
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the avascular lesion is essentially identical on both
CEUS and Gd-enhanced MRI. A hyperemic zone
of about 2 mm surrounds the lesion in the Gd-
enhanced MRI scan, indicating inflamed, hyper-
emic, hemorrhaged and congested tissue, which
is a physiological response to tissue heating. This
has been previously observed in microwave ther-
mal studies of canine prostates.'

Discussion

We have demonstrated what is to our knowledge
the first application of microbubble CEUS as a
means of monitoring the progress of a thermally
coagulative therapy in prostate tissue during treat-
ment. Since the coagulative therapy shuts down
blood perfusion, treatment effect is evident by the
absence of CEUS signal, with strong contrast
between viable tissue and nonviable tissue.

Current active therapies for prostate cancer are
associated with significant morbidity. In patients
with low-risk disease, focal therapy for identified
localized tumours provides a promising alterna-
tive with maximal effect and minimal morbidity.
The efficacy of a focal therapy, such as interstitial
laser thermal therapy, would be improved if there
were methods of measuring the treatment response
during treatment. Such response monitoring would
ensure that the treatment fully encompassed the
planned target volume, while sparing vital criti-
cal tissue. Tissue temperature can be monitored
using MRI thermometry, providing 3-dimensional
maps of tissue temperature in real time. However,
such monitoring may be cost-prohibitive for most
treatment centres. Microbubble CEUS, however,
provides a measure of treatment effect in real time
using the same imaging platform used in guiding
the fibre placement. Consequently, therapy can
be adjusted as it progresses to ensure both safety
and efficacy. For example, in the case of laser ther-
mal therapy, if the coagulation boundary is near-
ing the rectum, laser power may be reduced to
avoid thermal damage. Furthermore, with real-
time CEUS, if it becomes apparent that the planned
number of treatment fibres will not cover the
planned target volume, the treatment may be sus-
pended briefly while additional source fibres are
inserted to cover this region.

For the current clinical trial, treatment effect
is measured by 7-day Gd-enhanced MRI, which
has been shown to provide excellent correspon-
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dence with histological measures of treatment
effect.’” Based on the example described here,
the coagulated lesion measured by intraopera-
tive CEUS appears to correspond well with the
lesion measured using Gd-enhanced MRI at 7 days,
suggesting that intraoperative CEUS provides a
promising measure of the actual treatment effect.
Further detailed studies are planned with more
patients to confirm this correspondence, and where
possible, to compare treatment effect measured
with CEUS to whole-mount pathology samples
of patients who subsequently undergo radical
prostatectomy.
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