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ABSTRACT
Objectives. To explore the use of magnetic resonance imaging (MRI) with gadolinium enhancement as a
noninvasive method to image the extent of ablation after minimally invasive treatment. Minimally invasive
methods for ablating prostatic tissue have emerged as a viable option in the treatment of prostate disease.
As these devices enter the mainstream of patient care, imaging methods that verify the exact location,
extent, and pattern of the ablation are needed.
Methods. Nineteen patients with prostate cancer were evaluated. All received some type of minimally
invasive treatment, post-treatment gadolinium-enhanced MRI sequences, and radical retropubic prostatec-
tomy for histopathologic evaluation. Visual comparisons of gadolinium defects and areas of coagulation
necrosis as seen on histopathologic evaluation were made by us. Volumetric and two-dimensional area
measurements of the ablation lesions were also compared for correlation between the MRI and histopatho-
logic results.
Results. Gadolinium-enhanced MRI could be matched to histopathologic findings by visual comparison in
17 of the 19 cases. Surgically distorted histopathologic specimens and a small periurethral lesion caused 2
patients to have MRI and histopathologic results that could not be matched. Complete volumetric measure-
ments were available for 16 of the 19 patients and correlated strongly (r � 0.924). The two-dimensional area
data for all patients also showed significant correlation (r � 0.886).
Conclusions. Correlation with histopathologic findings showed gadolinium-enhanced MRI to be useful for
determining the location, pattern, and extent of necrosis caused within the prostate by minimally invasive
techniques. Gadolinium-enhanced MRI gives the urologist a useful tool to evaluate the effectiveness of new
minimally invasive therapies.

Numerous minimally invasive methods for ab-
lating prostatic tissue have emerged in the

past decade as legitimate alternatives to surgical
treatment. Used mainly for treating benign pros-
tatic hyperplasia and prostate cancer, such meth-
ods are now being studied in the treatment of other
prostate diseases and other malignancies.1–5 Mini-
mally invasive procedures use recent technologic
advances in thermal and cryogenic therapy, as well
as unique ideas in chemical and enzymatic use.

Methods using thermal energy to cause tissue ab-
lation include transurethral microwave thermo-
therapy,6–8 transurethral needle ablation,9–11 in-
terstitial laser coagulation,12,13 high-intensity
focused ultrasonography,14–16 and water-induced
thermotherapy.1,17 Cryosurgical ablation of the
prostate (CSAP) methods use either argon gas or
liquid nitrogen to freeze prostatic tissue.3,4,18 There
is special interest in these minimally invasive tech-
niques, because they are expected to substantially
decrease patient recovery time, procedure and
post-procedure costs, and morbidity.2

As these devices proceed through the develop-
mental phase to clinical use, methods for verifying
the location, pattern, and volume of ablation be-
come vital to the correct implementation of mini-
mally invasive procedures. The urologist needs to
have objective evidence that the vendor’s claims for
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a device are true before treating patients. Human
histopathologic results are the best absolute
method for ascertaining the extent of ablation
within the prostate. However, removal of the pros-
tate for pathologic analysis is not practical in pa-
tient care. A noninvasive, prostate-preserving
method for determining the extent of ablation will
be needed as these devices enter clinical practice.
The use of magnetic resonance imaging (MRI) with
gadolinium enhancement, as defined by Larson et
al.,19 has been described as a noninvasive method
to image the extent of ablation after minimally in-
vasive treatment. MRI demonstrating areas void of
gadolinium enhancement are characteristic of no
blood flow and indicate necrosis. This study
sought to verify the ability of MRI with gadolinium
to determine the location, pattern, and volume of
ablation caused by minimally invasive devices in
the prostate in a noninvasive manner. We com-
pared the gadolinium-enhanced MRI results with
the matched histopathologic findings of patients
treated with various minimally invasive ablative
techniques.

MATERIAL AND METHODS

A total of 19 patients with prostate cancer were evaluated in
this unique study. All had undergone a type of minimally
invasive treatment, magnetic resonance imaging with gadolin-
ium enhancement, and radical retropubic prostatectomy dur-
ing a previous study. The post-treatment MRI scans were com-
pared with the whole mount specimen for each patient. The
appropriate institutional review board or ethics committee
approved each of the studies in which surgery was performed.
MRI scans and histopathologic results were taken from studies
using CSAP, two different transurethral microwave thermo-
therapy devices, and water-induced thermotherapy. The pa-
tient data included in this study are the only known data of its
kind. The details of each study are given only in summary here
because the specific results of each method were not the focus
of this study. This study used the patient data available to us to
show the correlation of MRI to histopathologic evaluations of
minimally invasive procedures and was not meant to be a
comparison of the relative effectiveness of the minimally in-
vasive procedures.

MINIMALLY INVASIVE PROCEDURES
Nineteen men with prostate cancer, who had been previ-

ously scheduled to undergo radical prostatectomy as their pri-
mary treatment, participated in four separate studies. Five
men were treated with the CRYOcare system (Endocare, Ir-
vine, Calif) in a study using only a single probe in each lobe to
evaluate the ablative temperature for cryosurgery.18 Five men
received treatment from the ProstaLund system (ProstaLund,
Lund, Sweden) in a study designed to evaluate temperatures
and heating patterns.20 Five men were treated with the Targis
system (Urologix, Minneapolis, Minn) during its early devel-
opment phase. The treatment consisted of a single 60-minute
session. The details of standard Targis system treatments can
be found elsewhere.5 Four men were treated with the Ther-
moflex water-induced thermotherapy system (Argomed,
Cary, NC). Various temperatures, balloon circumferences,
and treatment times were used in that study. MRI sequences
were performed 6 to 8 days after treatment in all studies. Rad-

ical prostatectomy was performed 2 to 6 weeks after treatment
in all studies.

MRI WITH GADOLINIUM SEQUENCES
In all studies, similar MRI sequences with gadolinium en-

hancement were performed. Different MRI machines were
used, but similar pulse sequences were obtained in each case.
Standard T1-weighted and T2-weighted MRI sequences were
performed. Also, a fast spoiled gradient recalled echo se-
quence was performed. This fast T1-weighted sequence was
obtained in about 30 seconds and was repeated before and
after gadolinium enhancement with a dynamic series of im-
ages at 1, 2, 3, and 4 minutes. Usually on the third or fourth
minute of this sequence, the gadolinium-perfusion defect
identifying the areas of necrosis was most conspicuous. Pros-
tatic calculi showed as areas of decreased signal on this se-
quence as well. Therefore, it was important to have the initial
unenhanced sequence as a baseline to compare with the gad-
olinium-enhanced images. All patients were examined 6 to 8
days after receiving minimally invasive treatment with the
MRI sequences described above.

HISTOPATHOLOGIC EVALUATION
All prostates removed by radical retropubic prostatectomy

were fixed in 10% buffered formalin. Serial transverse tissue
sections of approximately 5 to 8 mm thickness were prepared
from the prostatic apex to the base. Sections were exposed to
graded alcohols and xylene, embedded in paraffin, cut in
5-�m slices, stained with hematoxylin-eosin, and examined
by light microscopy with prostatic mapping.

COMPARISON OF MRI AND HISTOPATHOLOGIC RESULTS
A three-part method was used to compare the results of MRI

with gadolinium sequences and the histopathologic evalua-
tion. Transverse MRI scans were visually compared with the
corresponding whole mount transverse cuts. Areas of gadolin-
ium defect (no blood flow) were compared with the areas of
coagulation necrosis with respect to the size, shape, and dis-
tinct characteristics. Volumetric measurements of necrosis
were taken from the MRI scans and histopathologic results.
The volume of perfusion defect in the prostate was calculated
using a modified prolate sphere volume formula (anteropos-
terior � transverse � longitudinal � 0.5236). These estimates
were compared with the volume of necrosis seen at pathologic
evaluation and calculated by the same prolate sphere volume
formula. The volume of necrosis was determined by the same
formula used to determine the volume of perfusion defect. The
third part of the comparison was comparing the two-dimen-
sional areas of similar lesions in the MRI scans versus those
measured in the whole mount cuts. In this part, either the area
of the largest lesion or another comparable and identifiable
lesion was used. Statistical comparisons were made by calcu-
lating the correlation coefficient between MRI-derived data
and histopathologic-derived data; scatter plots of data are
shown in Figures 1 and 2.

RESULTS

VISUAL COMPARISON

The relationship of gadolinium defects in MRI
scans to areas of necrosis seen on histopathologic
evaluation was confirmed with the qualitative anal-
ysis conducted by us. Of the 19 patients, 17 pre-
sented with gadolinium defects that were remark-
ably similar to the areas of coagulation necrosis in
terms of shape, size, and distinct characteristics.
One patient, treated with CSAP, presented with



gadolinium defects but no similar areas of coagu-
lation necrosis could be seen in the histopathologic
evaluation because of the distortion owing to sur-
gical retrieval of the prostate. Another patient,
treated with the Targis system, showed a small
periurethral lesion in the histopathologic evalua-
tions, but no gadolinium defect was seen in the
MRI sequences. Visual comparisons were more ac-
curate with large and complete lesions. Irregular
lesions and different angles of imaging and his-
topathologic cutting made visual comparisons
more difficult to assess. As the two examples show
(Figs. 3 and 4), the general size and shape of gad-
olinium defects (Figs. 3A and 4A) represent the
areas of necrosis seen during subsequent his-
topathologic review (Figs. 3B and 4B). Distinct
characteristics were identified on both MRI scans
and histopathologic slides.

VOLUMETRIC MEASUREMENTS

Volumetric data for 2 patients treated with the
Targis system were unavailable and were not in-

cluded in this comparison. One patient treated
with CSAP had a distorted histopathologic speci-
men due to surgery, which created a low volumet-
ric measurement. Including this patient (17 of 19
patients total), the volume of prostate ablation cal-
culated from the perfusion defects seen in the gad-
olinium-enhanced MRI scans correlated well (r �
0.879) with the volumetric measurements of ne-
crosis calculated by histopathologic analysis. Ex-
cluding the data from the CSAP patient with a sur-
gically distorted histopathologic specimen, the
correlation was even better (r � 0.924; Fig. 1).

TWO-DIMENSIONAL MEASUREMENTS

In the comparable two-dimensional areas of all
patients, the correlation between areas estimated
from the gadolinium perfusion defects and those
seen on the histopathologic slides was significant
(r � 0.886; Fig. 2).

COMMENT

MRI using gadolinium enhancement is becom-
ing a common technique in the study of prostate
cancer.21–26 Few reports on the use of MRI in pros-
tate evaluations after minimally invasive ablation
are available.27 Osman et al.28 stated that MRI is an
accurate noninvasive method to observe the heat
pattern distribution within the prostate by linking
it directly to the amount of ablation caused. Other
studies have reported similar results.19,22,29 A re-
cent study used gadolinium-enhanced MRI to im-
age predicted tumor ablation during laser thermal
ablation of renal tumors. The correlation coeffi-
cient between the ablation seen in gadolinium-
enhanced MRI and near real-time T1-weighted
thermal mapping was 0.55, showing a moderate
correlation 6 weeks after treatment. Histologic
comparisons to gadolinium-enhanced MRI were
performed on 1 patient with only minor correla-
tion. However, several months passed between the
removal of the tumors and gadolinium-enhanced
MRI; the study did conclude that enhancement is
the best method for assessing the percentage of
viable tumor at present.30

The results of this study verify the correlation
between MRI with gadolinium enhancement and
histopathologic results for determining the
amount of necrosis caused within the prostate by
minimally invasive techniques. The perfusion de-
fects seen on gadolinium-enhanced MRI scans are
an accurate representation of the ablation seen on
histopathologic whole mount slides. Volumetric
and two-dimensional area measurements also
showed strong correlation.

This study gives qualitative validity to the use of
MRI with gadolinium enhancement to demon-
strate ablation caused by minimally invasive treat-

FIGURE 1. Correlation of ablation volumes (r �
0.924). Only 17 of 19 patients had data available for
this comparison. Graph also excluded data from one
CSAP patient with a surgically distorted histopathologic
specimen. MRI-derived volumetric data correlated with
histopathologic-derived volumetric data.

FIGURE 2. Correlation of lesion area (r � 0.886). MRI-
derived areas of two-dimensional lesions correlated
with histopathologic-derived data.



ments. If MRI is a valid measurement of ablation, it
can be used to help understand the actions of the
treatments, make fair comparisons between de-
vices, and learn how to use these devices correctly.
Some of the discrepancies seen between the MRI
data and histopathologic findings can be attributed
to the timing of each method. MRI sequences were
performed 6 to 8 days after treatment, and swelling
and edema would have caused these measurements
to be larger. Necrosis near the urethra would be
difficult to analyze on histopathologic examination
because of tissue sloughing and absorption due to

the interval between treatment and removal of the
prostate. Difficult surgical removal of the prostate
altered the histopathologic data in 1 patient. Slight
differences in the slice registration may adversely
affect comparison of the MRI scans and the whole
mount histopathologic section.

Difficulty arose in the evaluation of CSAP pa-
tients because of the damage zone created by cryo-
surgical treatment.18 However, gadolinium defects
were not seen in the areas of viable tissue as deter-
mined by histopathologic evaluation.

The small number of patients in this study was a

FIGURE 3. (A) Histopathologic slide of prostate treated with transurethral microwave thermotherapy; area of
coagulation necrosis outlined in black. (B) Gadolinium-enhanced MRI scan; coagulation necrosis seen as dark area
void of enhancement.

FIGURE 4. (A) Histopathologic slide of prostate treated with transurethral microwave thermotherapy; area of
coagulation necrosis outlined in black. (B) Gadolinium-enhanced MRI scan; coagulation necrosis seen as dark area
void of enhancement.



result of the uncommon nature of the protocols
used. Patients who receive post-treatment MRI and
undergo subsequent prostatectomy are very few.
All such patients were included in this study, and
the results show that gadolinium-enhanced MRI
can be used to determine the amount, size, and
shape of ablation within the prostate caused by
minimally invasive devices.

CONCLUSIONS

The results of this study provide evidence that
MRI with gadolinium enhancement is a noninva-
sive method of verifying the location, pattern, and
extent of prostatic tissue ablation produced by
minimally invasive methods. Gadolinium-en-
hanced MRI correlated significantly with whole
mount histopathologic sections of the prostate.
Gadolinium-enhanced MRI gives the urologist a
tool to evaluate the usefulness of new minimally
invasive therapies and should be included in sub-
sequent studies. We recommend the use of gado-
linium-enhanced MRI in subsequent studies that
evaluate the effectiveness and function of new min-
imally invasive ablative therapies of the prostate.
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