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Purpose: To prospectively evaluate in a canine model contrast mate-
rial–enhanced ultrasonography (US) for guiding and mon-
itoring radiofrequency (RF) ablation of the entire prostate,
with urethral and vascular cooling to protect the surround-
ing structures.

Materials and
Methods:

After approval by the institutional animal use and care
committee, an RF electrode was used to ablate the entire
prostate in 15 dogs. During ablation, pulse-inversion har-
monic US was performed by using an endocavitary probe
after an intravenous bolus injection (0.04 mL/kg) and infu-
sion (0.015 �L/kg/min) of a US contrast agent. In group 1
(n � 4), no cooling protection was used during ablation. In
group 2 (n � 5), urethral and bladder protection was
provided by inserting a 12-F catheter infused with cold
saline (8°C � 4 [standard deviation]) at a rate of 100
mL/min. In group 3 (n � 6), further protection of the
neurovascular bundles (NVBs) was provided by infusing
cold saline (8°C � 4) into the iliac arteries at a rate of 50
mL/min by means of catheterization of the femoral artery.
Pathologic findings among the three groups were com-
pared by using the Wilcoxon rank sum test.

Results: The average volumes of prostate ablation achieved in the
three groups were 96.6%, 91.9%, and 92%. Contrast-
enhanced pulse-inversion harmonic US allowed visualiza-
tion and monitoring of urethral and NVB blood flow during
the ablation. Without protection, damage to the urethra
and the NVB was demonstrated at both US and pathologic
examination. There was highly significant difference in
urethral damage between groups with and the group with-
out urethral cooling (P � .002), while intraarterial cooling
demonstrated a nonsignificant trend toward a decreased
NVB damage (P � .069).

Conclusion: Contrast-enhanced US can guide RF ablation of the entire
prostate. Infusion of cold saline provides effective protec-
tion for the urethra during such procedures. The applica-
tion of intraarterial cooling did not provide a significant
improvement in the protection of the NVB in this small
study.
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Pathologic specimens from radical
prostatectomies demonstrate that
prostate cancer is multifocal in

85% of patients (1–4). Given the multi-
focal nature of prostate cancer, treat-
ment of localized prostate cancer re-
quires destruction of the entire gland.
Radiation therapy and radical prosta-
tectomy are effective treatments, but
are associated with substantial morbid-
ity (1–5). To minimize the complica-
tions of therapy for prostate cancer,
several alternative treatments for local-
ized prostate cancer have emerged (6).
During the past 2 decades, the use of
brachytherapy for the treatment of
prostate cancer has increased markedly
(7). More recently, several minimally
invasive therapies have been investi-
gated for an in situ treatment of pros-
tate cancer, including cryosurgical abla-
tion (8), interstitial laser therapy (9),
high-intensity focused ultrasound (10),
and microwave coagulation (11). These
procedures are performed transperine-
ally, transurethrally, or transrectally.
The common goal of these therapies is
the destruction of the entire prostate
and the tumor tissue within.

Radiofrequency (RF) thermal abla-
tion has been used experimentally and
clinically for the treatment of hepatic
and other tumors (12). A major chal-
lenge to clinical use of RF therapy is the
inability to distinguish viable tissue and
tumor from necrotic tissue during abla-
tion. Lack of such definition may lead to
overtreatment or undertreatment. Al-
though ultrasonography (US) is used for
guiding needle placement, conventional
gray-scale and Doppler imaging cannot

reliably depict residual viable tissue and
tumor.

Our preliminary animal study has
demonstrated that contrast material–
enhanced US imaging can be used to
guide and monitor RF ablation of the
entire prostate gland (13). To minimize
the possibility of injury to the adjacent
structures during the ablation of the en-
tire prostate and to avoid damage to
critical structures, including the urethra
and bladder and neurovascular bundles
(NVBs), protective methods need to be
explored. Thus, the objective of our cur-
rent study was to prospectively evaluate
in a canine model contrast-enhanced US
for guiding and monitoring RF ablation
of the entire prostate, with urethral and
vascular cooling to protect the sur-
rounding structures.

Materials and Methods

The animal protocol used in this project
was approved by our institutional ani-
mal use and care committee, and all
husbandry and experimental studies
were compliant with the National Insti-
tutes of Health Guide for Care and Use
of Laboratory Animals (http://oacu.od
.nih.gov/regs/guide/guidex.htm). This
study was supported in part by GE
Healthcare, Oslo, Norway, who pro-
vided the lipid-based US contrast agent,
Sonazoid. The authors of this article had
sole control of the data generated by
this study and the information provided
for publication.

RF Ablation System
An RF generator (Cool-tip; Valleylab,
Boulder, Colo) was used for prostate
ablation. A single electrode with a 1- or
2-cm exposed RF tip was used to deliver
the RF energy. The 17-gauge electrode
is internally cooled with 4°–8°C water
circulated by a hydraulic pump. To com-

plete the electrical circuit, a standard
grounding pad was affixed to a well-
shaved back of the subject.

US Contrast Agent and Imaging Protocols
The contrast agent Sonazoid (GE
Healthcare, Oslo, Norway) consists of
encapsulated microbubbles of a perflu-
orobutane gas with a mean diameter of
3 �m. Transrectal US examination was
performed by using an Elegra (Siemens
Medical Solutions, Issaquah, Wash) scan-
ner. An endocavitary probe (6.5EC10; Sie-
mens Medical Solutions) along with a
needle-guide attachment was used to
guide insertion of the electrode. Gray-
scale pulse-inversion harmonic mode
was used with a transmission frequency
of 2.8 MHz (ie, receiving at 5.6 MHz)
during intravenous bolus injection (0.04
mL/kg) and infusion (0.015 �L/kg/min)
of the contrast agent. The mechanical
index was kept below 0.4 to minimize
microbubble destruction. Contrast-
enhanced imaging of the prostate in
each dog was achieved with a bolus in-
jection of the contrast agent before RF
ablation, continuous infusion during the
RF ablation, and a follow-up bolus injec-
tion after completion of the ablation.

Animal Model
Fifteen adult male mongrel dogs (weight,
20–33 kg) were divided into three
groups. Prior to the experiments, the
animals were anesthetized with 2%–4%
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Advances in Knowledge

� The feasibility of contrast-en-
hanced US for guiding and moni-
toring radiofrequency thermal
ablation of the entire prostate in a
canine model has been demon-
strated.

� Cooling techniques for protecting
the urethra and the neurovascular
bundles during radiofrequency
ablation have been developed and
tested.

Implication for Patient Care

� Radiofrequency thermal ablation
of the entire prostate guided with
contrast-enhanced US may pro-
vide a minimally invasive method
for an alternative treatment of
prostate cancer.
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isoflurane via an endotracheal tube.
Cardiac and respiratory parameters
were monitored throughout the proce-
dures. An intravenous fluid channel was
established through an 18-gauge angio-
graphic catheter placed in a forelimb
vein for contrast material injection.

In group 1, four dogs were studied
to demonstrate whole prostate ablation
with contrast-enhanced US guidance. In
our previous experiments (13), we no-
ticed that the increased periurethral
blood flow due to hyperemia seemed to
act as a natural heat sink. We hypothe-
size that this may protect the urethra
during thermal ablation of the prostate
gland. Therefore, no additional protec-
tive cooling measure was taken for
group 1 dogs to validate our hypothesis.

In group 2, five dogs were studied to
demonstrate whole prostate ablation
with the addition of protective cooling
of the urethra. Cooling of the urethra
and bladder was achieved by means of
catheterization of the urinary bladder
with a 12-F three-way Foley catheter
and continuous circulation of cold saline
by using a hydraulic pump (Valleylab) to
provide continuous cooling at the flow
rate of 100 mL/min. The temperature of
the circulated saline from a 500-mL bot-
tle was maintained at 8°C � 4 (standard
deviation) and was monitored with a
thermometer. To achieve the desired
saline temperature, the bottle of saline
was placed in an ice-filled container and
the temperature was adjusted by adding
250–500 mL of alcohol to the ice con-
tainer. The added alcohol absorbs the
heat from the saline and lowers the sa-
line temperature rapidly. Use of saline
for urethral cooling should not affect
conductivity of the RF ablation, since
the saline does not enter the prostate
tissue.

In group 3, six dogs were studied to
demonstrate whole prostate ablation
with additional protective cooling of the
urethra and the NVBs. Cooling of the
NVB was achieved by means of cathe-
terization of the iliac artery with a 6-F
angiographic catheter. The insertion
procedure was performed with a femo-
ral artery puncture and US guidance.
The catheter was advanced to the aortic
bifurcation and the catheter tip was vi-

sualized with conventional US imaging.
Confirmation of the position was per-
formed with an injection of a small
amount of the US contrast agent, when
necessary. The catheter, located at the
aortic bifurcation, was infused with cold
saline (8°C � 4) at a flow rate of 50
mL/min when the area of ablation ap-
proached 1 cm from the NVBs.

Imaging and Ablation Protocol
On baseline transrectal gray-scale im-
ages, the prostate volume was calcu-
lated by means of measurements made
transversely and sagittally in the antero-
posterior, transverse, and cephalocau-
dal dimensions by using an ellipsoid for-
mula (D.A.M., J.B.L., in consensus,
both with 23 years of US imaging expe-
rience). Transverse images were also
acquired throughout the prostate at
5-mm intervals, starting from the base
to the apex before and after ablation.
These images were recorded on the
hard drive of the US unit and S-VHS
videotapes for later analysis.

RF ablation of the entire prostate
was performed sequentially in the (a)
mid gland, (b) base, (c) apex, and (d)
contrast-enhanced residual viable areas
of the gland. On the basis of our previ-
ous findings, RF ablation of the targeted
region was achieved during 5–12 min-
utes by using power settings of 5–30 W
(13). These ablation parameters were
adjusted so that a larger area of ablation
was achieved in the mid portion of the
gland and a smaller area was produced
at the base and apex of the gland. Abla-
tions were performed by using an elec-
trode with a 2-cm tip; however, an elec-
trode with a 1-cm exposed tip was used
for precise targeted ablation of small
residual areas of enhancing (ie, viable)
tissue to more completely ablate the en-
tire prostate. After each RF ablation, a
sufficient interval (10–15 minutes) was
allowed for cooling of the ablated site
before contrast-enhanced imaging was
performed to assess the ablation area.
The end point of the procedure was de-
termined according to findings of con-
trast-enhanced imaging, that is, abla-
tion was continued until all intraparen-
chymal enhancement was gone.

The presence of perfused (ie, con-

trast-enhanced) periurethral tissue and
a persistent flow in the NVBs were as-
sessed visually at real-time pulse-inver-
sion harmonic US. This was performed
during infusion and after bolus injection
of the contrast agent (J.B.L., D.A.M., in
consensus). A semi-quantitative assess-
ment of the residual viable tissue was
obtained (J.B.L. and S.Y.C. in consen-
sus; S.Y.C. had 10 years of US imaging
experience) from the postablation con-
trast-enhanced US sections by using dig-
ital imaging analysis software (ImageJ;
National Institutes of Health, Bethesda,
Md). The imaging volume was calcu-
lated by adding the cross-sectional area
on each section and multiplying it by the
section thickness (5 mm).

Pathologic Assessment
After the RF ablation procedure, the
animals were sacrificed with intrave-
nous injection of 100 mg/kg sodium
pentobarbital (Euthasol; Virbac AH,
Fort Worth, Tex). The entire prostate
was excised and serially sliced by using
a custom-made gantry slicer. The spec-
imen was precisely sliced at equidistant
5-mm intervals beginning at the apex
and continuing to the base of the pros-
tate (ie, corresponding to the trans-
verse images obtained in vivo). A thor-
ough gross inspection of the surround-
ing structures, including urethra,
urinary bladder, and rectum, was per-
formed (J.B.L.) to evaluate for injury or
burns.

After slicing was completed, an as-
say with triphenyltetrazolium chloride
(TTC) was performed to determine tis-
sue viability (14). This made it easier to
distinguish small residual viable pros-
tatic tissue from coagulative tissue. By
using a 1% TTC solution with pH 7.8 at
room temperature, viable tissue stained
dark purple-red while nonviable tissue
remained pale. After 90 minutes of TTC
incubation, the slices were digitally pho-
tographed alongside a ruler for later
measurements. The volume of each
prostate was calculated by adding the
cross-sectional area of the prostate on
each specimen slice and multiplying it
by the slice thicknesses (5 mm). The
irregularly shaped residual viable areas
of the TTC-stained specimens were
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measured in the same manner as the US
measurements by using software (J.B.L.).
The total prostate ablation volume was
calculated for each prostate as the total
prostate volume minus the total volume
of residual viable tissue.

Finally, all prostate slices were fixed
in 10% formalin and embedded in par-
affin blocks. The blocks were sectioned
with a whole-mount method and stained
with standard hematoxylin-eosin stain
for light microscopic assessment by a
pathologist (P.R.E., with 7-year pros-
tate pathology experience). By using
both TTC- and hematoxylin-eosin–stained
specimens, the urethra was divided into
quadrants and each quadrant was
scored as positive or negative (ie, com-
pletely normal tissues) for the presence
of thermal damage. Individual quadrant
scores were combined to determine an
overall score corresponding to the per-
centage of damage in each urethra (ie,
0, 0.25, 0.50, 0.75, or 1.0). Microscopic
evaluation of serial whole-mount slides
was used to assess damage of the NVBs.
For each NVB, if the microscopic struc-
tures of the nerve and adjacent vessels
of the NVB region were damaged, the
thermal damage was scored as positive.
The thermal damage scores for the two
NVBs in each dog were combined into
an overall NVB damage score for each
dog (ie, 0, 0.5, or 1.0).

Statistical Analysis
Since this was a pilot study, we had no
prior estimate of the expected variance
in our outcome measurement. The sam-
ple size for each group was set to five in
order to obtain preliminary data for fu-
ture studies. Because of technical diffi-
culties, one animal was lost from group
1 and an additional dog was included in
group 3. All measured volumes were
expressed as the mean (in cubic centi-
meters) plus or minus standard devia-
tion. The calculated prostate volumes
obtained with US were compared with
volumes determined from the patho-
logic measurements in absolute units
and percentages. The calculated vol-
umes of the residual viable tissue on
contrast-enhanced US images were
compared with the volumes obtained
from the TTC-stained gross pathologic

specimens. The percentage of the total
ablation achieved was determined. A
paired Student t test was used for statis-
tical comparison of gland size and abla-
tion volume between contrast-enhanced
US and pathologic evaluation. A P value
of less than .05 was considered to indi-
cate a statistically significant difference.

Given the small sample size and our
ordinal method for scoring urethral and
NVB injury, the resulting data would not
be expected to conform to a normal dis-
tribution. Therefore, comparison of ure-
theral and NVB damage in the different
groups was performed with the non-
parametric Wilcoxon rank sum test.
For urethral damage, the primary goal
was to determine whether circulation of
cold saline in the urethra (groups 2 and
3) prevented urethral injury (compared
to group 1). An initial comparison of the
degree of urethral damage was per-
formed between groups 2 and 3 and
demonstrated that there was no signifi-
cant difference in urethral damage be-
tween these groups. We then pro-
ceeded to compare the degree of ure-
thral damage between dogs without
protection (group 1) and dogs with cool-
ing protection (groups 2 and 3). With
respect to NVB damage, the primary
goal was to determine whether intraar-
terial infusion of cold saline (group 3)
could prevent NVB injury (compared to
groups 1 and 2). An initial comparison
of the degree of NVB damage was per-
formed between groups 1 and 2 and
demonstrated that there was no signifi-
cant difference in NVB damage between
these groups. We then compared the
degree of urethral damage between
dogs without NVB protection (groups 1
and 2) and dogs with NVB protection
(group 3). A P value of less than .05 was
considered to indicate statistically sig-
nificant difference. All statistical analy-
ses were performed (F.F., E.J.H.) with
software (Stata 8.0; Stata, College Sta-
tion, Tex).

Results

Transrectal US was used successfully
to guide RF electrode placement with
a transrectal approach in all dogs.
Contrast-enhanced pulse-inversion

harmonic US depicted normal pros-
tate vasculature as a radial spoke-like
pattern from the periphery to the cen-
ter of the prostate, with uniform pa-
renchymal enhancement of the entire
gland. After ablation, the nonperfused
area of thermal ablation appeared as a
clear avascular hypoechoic defect
within contrast-enhanced hyperechoic
prostate parenchyma on contrast-
enhanced US image (Fig 1). Although
continuous intravenous infusion of
contrast material was useful for real-
time monitoring of the ablation, bolus
injection of contrast material provided
better enhancement and conspicuity
between the coagulative area and the
viable tissue (Figs 1, 2).

The use of contrast-enhanced pulse-
inversion harmonic US facilitated iden-
tification of residual perfused areas and
allowed for more precise deployment of
the RF electrode (particularly for tar-
geting small areas). The end point of the
ablation was chosen to be the absence
of substantial prostatic vasculature on
contrast-enhanced pulse-inversion har-
monic images with preservation of cap-
sular flow. It was noted that periurethral
and periprostatic blood flow increased dra-
matically duringRFablation,which reflects
hyperemia during thermal ablation
(Fig 2).

RF Ablation of Whole Prostate
In group 1, the mean volume of the
prostate was 9.99 cm3 � 5.8 (range,
1.37–13.85 cm3) (Table 1). The number
of ablations required for coagulation of
the entire prostate ranged from four to
nine (mean, 6.25) to accommodate the
size differences of the prostates. There
was no significant difference between
the volume of residual viable tissue
measured on pulse-inversion harmonic
images and those measured from TTC-
stained specimens (0.43 cm3 � 0.043 vs
0.41 cm3 � 0.291, P � .21). The average
volume of prostate ablation achieved was
96.6% based on the pathologic mea-
surements in this group (Table 1, Fig 3).
In group 2, the mean volume of the
prostate was 10.6 cm3 � 3.64 (range,
8.3–16.9 cm3). The number of ablations
required for coagulation of the entire
prostate ranged from four to eight
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(mean, 6.2), with an average volume of
prostate ablation achieved of 91.9%
(Table 2). In group 3, the mean volume
of the prostate was 12.5 cm3 � 3.05

(range, 7.9–16.1 cm3). The number of
ablations required for coagulation of the
entire prostate ranged from five to 10
(mean, 6.3). The average volume of

prostate ablation achieved in group 3
was 92% (Table 3, Fig 4).

There was a statistically significant
difference between the volume of the

Figure 1

Figure 1: Transversecontrast-enhancedpulse-inversionharmonicUSimages. (a) Imageof theprostateprior tocontrastmaterial injection. (b) Imageshowsuniformenhancementof
theprostaticparenchymawithaspoke-likeperfusionpatternafterbolus injection(0.04mL/kg)ofcontrastmaterial. (c) Imageafterablationof therightsideof theprostateshowsanavascular
nonperfusionarea(arrows), representinganRF-createdcoagulative tissue.Bloodflowof theurethralwallexistsandappearsnormal.Shadowingfromurethracatheter (arrowhead) isnoted.

Figure 2

Figure 2: Sequential transverse contrast-enhanced perfusion images show the progression of the thermal coagulative tissue size on the right side of the prostate
during 6 minutes of ablation at (a) 15, (b) 33, (c) 57, (d) 94, (e) 124, and (f) 360 seconds. Increasing echogenicity around the urethra is due to periurethral hyperemia
(arrows). Note the artifact (arrowhead) due to RF interference from the electrode.
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prostate gland measured at US and
that measured at pathologic examina-
tion in absolute terms (ie, in cubic
centimeters) in group 3 (P � .001).
However, no other statistically signif-

icant differences were found in any
groups with respect to comparisons of
US and pathologic measurements (in
absolute terms and in percentages,
P � .07).

RF Ablation with and without Cooling
Protection
No thermal damage to the bladder or
rectum was found at gross inspection.
Thermal damage to the urethral wall

Figure 3

Figure 3: (a) Transverse contrast-enhanced pulse-inversion harmonic US image after RF ablation in a dog without any cooling protection shows no contrast enhance-
ment of the urethra (arrowheads) and NVB (arrows). (b) Gross specimen shows thermal damage of the urethral wall (arrowheads) and NVB areas (arrows). (c) Histologic
slide shows partial damage to the urethral wall (arrows). (Hematoxylin-eosin stain; original magnification, �10.)

Table 1

US and Pathologic Measurements in Group 1 (n � 4)

US Measurements Pathologic Measurements
Dog
No.

Prostate
Volume (cm3)

Viable
Tissue (cm3)

Ablated
Tissue (cm3)

Total
Ablation (%)*

Prostate
Volume (cm3)

Viable
Tissue (cm3)

Ablated
Tissue (cm3)

Total
Ablation (%)*

1 12.74 0.33 12.41 97.41 (12.41/12.74) 12.87 0.30 12.57 97.67 (12.57/12.87)
2 11.99 0.76 11.23 93.66 (11.23/11.99) 12.87 0.69 12.18 96.64 (12.87/12.18)
3 13.85 0.14 13.71 98.99 (13.71/13.85) 12.92 0.12 12.80 99.07 (12.80/12.92)
4 1.37 0.12 1.25 91.24 (1.25/1.37) 1.53 0.11 1.42 92.81 (1.42/1/53)

* Data in parentheses are the numbers used to calculate the percentage.

Table 2

US and Pathologic Measurements in Group 2 (n � 5)

US Measurements Pathologic Measurements
Dog
No.

Prostate
Volume (cm3)

Viable
Tissue (cm3)

Ablated
Tissue (cm3)

Total
Ablation (%)*

Prostate
Volume (cm3)

Viable
Tissue (cm3)

Ablated
Tissue (cm3)

Total
Ablation (%)*

1 8.37 0.97 7.40 88.41 (7.40/8.37) 5.76 0.7 5.06 87.85 (5.06/5.76)
2 10.42 0.70 9.72 93.28 (9.72/10.42) 10.65 1.02 9.63 90.42 (9.63/10.65)
3 8.34 0.75 7.59 91.01 (7.59/8.34) 6.25 0.92 5.33 85.28 (5.33/6.25)
4 16.94 0.42 16.52 97.52 (16.52/16.94) 9.73 0.20 9.53 97.94 (9.53/9.73)
5 8.93 0.22 8.71 97.54 (8.71/8.93) 5.95 0.14 5.81 97.65 (5.81/5.95)

* Data in parentheses are the numbers used to calculate the percentage.
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and the NVB was demonstrated at con-
trast-enhanced pulse-inversion harmonic
US and pathologic assessment. For the
evaluation of urethral damage, there
was no statistically significant difference
between groups 2 and 3 (both with cool-
ing) (P � .14). A highly significant dif-
ference in urethral damage was found
between group 1 (without cooling) and
groups 2 and 3 (both with cooling) (P �
.002). For the assessment of NVB dam-
age, there was no statistically significant
difference between group 1 (no cooling)
and group 2 (with urethral cooling only)
(P � .079). Comparison of group 3
(with NVB cooling) with groups 1 and 2
(both without NVB cooling) failed to
demonstrate a significant level of NVB
protection (P � .069).

Discussion

Because of the biologic nature of pros-
tate cancer and the complexity of the
clinical scenario, optimal management
of prostate cancer remains a subject of
debate. Given the high incidence of the
disease and the morbidities associated
with standard options, physicians and
patients continue to be interested in
minimally invasive treatment options.
We have evaluated a therapeutic strat-
egy for the treatment of prostate cancer
in situ—RF ablation of the whole pros-
tate guided and monitored with con-
trast-enhanced US imaging. Successful
components of this strategy include the
ability to control the size and shape of
the ablation so that precise destruction
is possible for a small organ like the
prostate. This is different compared to

the liver, where the size of thermal co-
agulation is seldom a limiting factor. In
addition, the presence of vital struc-
tures close to the area of ablation means
that the margin of ablation must be

known or monitored during ablation.
Inadvertent damage to adjacent vital
structures will limit the usefulness of
this strategy.

In our previous study, we optimized

Figure 4

Figure 4: (a) Transverse contrast-enhanced pulse-inversion harmonic US after RF ablation demonstrates
normal flow in the urethral wall (arrow) and the NVB areas (arrowheads) on both sides. (b) Pathologic speci-
men demonstrates preservation of the urethral wall (arrows) and the NVB areas (arrowheads) on both sides.
Histologic slides show normal appearance of the (c) urethral wall and (d) normal NVB region (N � nerve cell,
V � vessel). (Hematoxylin-eosin stain; magnification in c, �10; magnification in d, �40).

Table 3

US and Pathologic Measurements in Group 3 (n � 6)

US Measurements Pathologic Measurements
Dog
No.

Prostate
Volume (cm3)

Viable
Tissue (cm3)

Ablated
Tissue (cm3)

Total
Ablation (%)*

Prostate
Volume (cm3)

Viable
Tissue (cm3)

Ablated
Tissue (cm3)

Total
Ablation (%)*

1 13.98 0.86 13.12 93.85 (13.12/13,98) 10.05 0.29 9.76 97.11 (9.76/10.05)
2 9.88 0.65 6.58 93.42 (6.58/9.88) 7.00 0.38 6.62 94.57 (6.62/7.00)
3 7.92 0.56 7.36 92.93 (7.36/7.92) 5.05 0.26 4.79 94.85 (4.79/5.05)
4 14.25 0.43 13.82 96.98 (13.82/14.25) 11.27 0.69 10.58 93.88 (10.58/11.27)
5 16.14 2.46 13.68 84.76 (13.68/16.14) 10.62 2.30 8.32 78.34 (8.32/10.62)
6 12.91 0.73 12.18 94.35 (12.18/12.91) 10.57 0.69 9.88 93.47 (9.88/10.57)

* Data in parentheses are the numbers used to calculate the percentage.
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RF ablation, contrast agent injection,
and imaging parameters in contrast-en-
hanced transrectal US for guiding, mon-
itoring, and controlling thermal ablation
of the prostate (13). In our current
study, we demonstrate that contrast-en-
hanced US-guided RF ablation of the en-
tire prostate is technically possible (the
average volumes of prostate ablation
achieved in the three groups were
96.6%, 91.9%, and 92%, respectively).
Although periurethral blood flow serves
as a natural heat sink during the abla-
tion and provides partial protection of
the urethra, native periurethral flow is
inadequate for the preservation of the
urethra. Additional cooling protection,
by means of infusion of cold saline into
the urinary bladder, provides more pro-
tection and reduces the likelihood of
damage to the urethra from ablation
(P � .002). Infusion of cold saline via
the iliac arteries into the prostate blood
vessels did not provide a statistically sig-
nificant improvement in the protection
of the NVB in this small study (P �
.069).

Cryoablation is a similar procedure
to thermal (ie, RF) ablation and has
been used clinically for the treatment of
prostate cancer (15–17). With this tech-
nique, five or six cryoneedles are inserted
into the prostate at same time to freeze the
gland. Multiple cryoneedles are used simul-
taneously, because the frozen tissue (ie,
the iceball) creates a shadowing artifact
that limits visualization of the surround-
ing tissue. Only the edge of the iceball
close to the US transducer can be im-
aged, which means that the size and
extent of the cryoablation area cannot
be precisely monitored with US imaging
(unlike the results for RF ablation pre-
sented here). In a large serial study (17)
of 106 patients undergoing percutane-
ous cryosurgery of prostate cancer,
postoperative impotence occurred in
87% of previously potent patients. This
could be related to poor control of the
extent of the frozen volume and a lack of
precise monitoring. Our results suggest
that RF ablation with contrast-enhanced
US monitoring may not have these limi-
tations.

Although we believe an advantage of
our study design is the direct compari-

son of US with pathologic assessment,
several limitations arise from the imme-
diate pathologic sectioning of the pros-
tate gland in our study. It is not known if
the thermally damaged urethra and
neurovascular tissue would have recov-
ered normal physiologic function. Addi-
tional animal studies will be necessary
to evaluate the long-term function of the
urethra and the NVB. Although we did
not measure temperatures in the ure-
thra and the iliac arteries, the more im-
portant issue is the pathologic and func-
tional assessment of whether these tis-
sues remain viable. We performed an
immediate pathologic evaluation in this
study. Future investigations will need to
correlate the degree of urethral cooling
with follow-up functional viability. We
note that in the nonprotected group 1
and the protected groups 2 and 3, the
average volume of ablation of the pros-
tate was 96.6% versus 91.9% and 92%,
which implies that cooling the urethra
and the NVB may increase the heat sink
effect throughout the gland and reduce
the targeted volume of the ablation. Fol-
low-up studies will be needed to deter-
mine whether this results in long-term
periurethral tumor recurrence.

The use of a single session for RF
ablation of the entire gland simplified
our study design, but may limit the util-
ity of the ablation technique. Cooling
and heating effects in a single session
may temporarily change the microcircu-
lation of the blood supply and limit the
detection of viable areas with use of
contrast-enhanced US. Therefore, mul-
tiple session of RF ablation may be nec-
essary to improve destruction of the en-
tire prostate without damaging the sur-
rounding vital structures.

The major challenge of whole pros-
tate ablation in situ is to protect the
surrounding vital structures. Our study
demonstrates that contrast-enhanced
US with urethral cooling technique al-
lows safe and complete ablation of the
prostate in an animal model. The appli-
cation of intraarterial cooling did not
provide a statistically significant im-
provement in the protection of the NVB
in this small study.

Practical application: Ideal image
guidance during an ablation procedure

includes clear delineation of the target
and the surrounding anatomy with real-
time and multiplanar capabilities. Our
study demonstrates a new method of
using contrast-enhanced US for pre-
cisely guiding and monitoring RF ther-
mal ablation of canine prostate. Con-
trast-enhanced US imaging can play a
key role in guiding RF ablation of the
entire prostate. Cold saline infusion
provides effective protection of the ure-
thra during thermal ablation. Compared
with current techniques, such as brachy-
therapy, cryoablation, and radical pros-
tatectomy, the predicted advantages of
RF thermal ablation of the whole pros-
tate by using contrast-enhanced US
guidance will be less invasive with a
more precise control of tumor destruc-
tion.
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