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Abstract

Purpose: The purpose of our study was to retrospectively
evaluate and categorize temporal changes in MRI
appearances of the prostate in patients who underwent
focal therapy with MRI follow-up.
Methods: The Institutional Review Board approved this
retrospective study and waived the requirement for
informed consent. Thirty-seven patients (median age
61; 48–70 years) with low-to-intermediate-risk, clinically
organ-confined prostate cancer underwent focal ablation
therapy from 2009 to 2014. Two radiologists reviewed
post-treatment MRIs (n = 76) and categorized imaging
features blinded to the time interval between the focal
therapy and the follow-up MRI. Inter-reader agreement
was assessed (kappa) and generalized linear regression
was used to examine associations between an imaging
feature being present/absent and days between ablation
and MRI.
Results: Inter-reader agreement on MRI features ranged
from fair to substantial. Edema was found present at
earlier times after ablation (median 16–25 days com-
pared to MRIs without edema, median 252–514 days), as
was rim enhancement of the ablation zone (18–22.5 days
vs. 409–593 days), a hypointense rim around the ablation
zone on T2-weighted images (53-57.5 days vs.
279–409 days) and the presence of an appreciable abla-

tion cavity (48.5–60 days vs. 613–798 days, all
p < 0.05). Enhancement of the ablation zone/scar
(553–731 days vs. 61.5–162 days) and the formation of
a T2-hypointense scar were found to be present on later
MRI scans (514–553 days vs. 29–32 days, one reader).
Conclusions: The MRI appearance of the prostate after
focal ablation changes substantially over time. Identifi-
cation of temporal patterns in the appearance of imaging
features should help reduce image interpretation vari-
ability and errors when assessing post-therapeutic scans.
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The majority of men with prostate cancer in the devel-
oped world have their disease diagnosed at an early
stage, when it is still clinically localized. Prostate MRI
has become an important part of the standard of care in
identifying target lesions for guided biopsy [1], in staging
prostate cancer [2], in active surveillance [3], and in the
detection of recurrent cancer [4]. For patients with
localized disease, conservative management approaches,
such as active surveillance, or minimally invasive ap-
proaches, such as focal ablation, may be appealing op-
tions [5–7]. As compared to the more traditional
treatments for localized disease—radical prostatectomy
and radiation therapy—the major advantage of focal
therapy is that it offers the possibility of achieving local
cancer control with less morbidity and with possibly a
higher rate of preservation of erectile, urinary, and rectal
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function [6]. Another advantage of focal therapy is that it
does not prevent further treatment with radical prosta-
tectomy (RP), radiation therapy (RT), or repeated focal
therapy if the disease is not controlled. However, focal
therapy for prostate cancer is still considered an emerg-
ing approach that requires further technical refinement
and clinical development.

One of the factors preventing broad adoption of focal
therapy is the lack of established criteria for determining
treatment success and conducting post-treatment
surveillance. Traditional surveillance based on monitor-
ing of prostate-specific antigen (PSA) levels is not easily
applicable after focal therapy due to the variable
amounts of prostate tissue remaining in situ [8, 9]. An-
other possible means of follow-up, prostate biopsy, is
prone to sampling error; furthermore, it is not infre-
quently associated with morbidity and would therefore
reduce the main appeal of focal therapy, which is its
minimally invasive nature [10, 11]. Imaging, which is
elemental in the post-treatment follow-up of many other
solid cancers, may offer a solution.

Magnetic resonance imaging (MRI) is already com-
monly used in both pre- and post-treatment assessments
of men with prostate cancer. In men who undergo focal
therapy, it may be used not only to direct the therapy but
also to assess the extent of prostate ablation and to de-
pict post-treatment complications, if present. A few re-
ports have suggested that MRI, along with PSA
monitoring, could be successfully implemented in the
follow-up of focal therapy in men with prostate cancer
[12–14], and a recent consensus report recommended
MRI as an ideal imaging method for follow-up of pa-
tients after focal therapy [15]. However, interpretation of
MRI after ablation is based on the radiologist’s experi-
ence [16], and as to our knowledge, there are no estab-
lished MRI criteria for defining normal post-treatment
appearances.

The purpose of our study was to retrospectively
evaluate and categorize temporal changes in MRI
appearances of the prostate in patients who underwent
focal therapy with MRI follow-up. By describing ex-
pected chronological changes within the prostate as seen
on MRI, we aimed to begin developing standardized
terminology that radiologists could use to reduce image
interpretation variability and errors.

Materials and methods

Patients and techniques

This retrospective study was compliant with the Health
Insurance Portability and Accountability Act. Our
institutional review board approved the study and
waived the requirement for informed consent. We sear-
ched urology databases for the years 2009–2014 and
identified patients who met the following inclusion cri-
teria: (1) focal therapy performed at our institution for

biopsy-proven, organ-confined, low- to intermediate-risk
(Gleason score £ 3 + 4) prostate cancer; (2) availability
of at least one post-treatment MRI for review. Four
patients were subsequently excluded due to prior
androgen-deprivation therapy or prior radiotherapy, and
two other patients were excluded from analysis because
of several sequential treatments with overlapping abla-
tion zones; in addition, an outside follow-up MRI from
one other patient was excluded from analysis due to bad
image quality. Patients undergoing laser ablation
(n = 2) or photodynamic therapy (PDT, n = 3) were
not included to allow for a more homogeneous study
cohort. The final study cohort consisted of 37 men
(median age 61; 48–70 years); a total of 76 post-treat-
ment MRIs performed during the follow-up of the pa-
tients were included in the analysis. Most patients were
followed up with sequential MRI examinations; thus, 10
patients each had a single examination, 16 patients each
had two examinations, 10 patients each had 3 examina-
tions, and a single patient had 4 examinations included in
the analysis.

Focal ablation techniques used included cryoablation
(n = 12; 32.4%) and irreversible electroporation (IRE)
(n = 25; 67.6%).

MRI Technique and Interpretation

All MRIs were performed at field strengths of 1.5T
(n = 8) or 3T (n = 68) using a pelvic phased-array coil.
In 38 scans, an endorectal coil was additionally used.
Eighty-one of the examinations were performed at our
own institution, and 7 were acquired elsewhere. All MRI
examinations included at least a T1-weighted sequence in
transverse orientation (TR: 4.2 9 5.3 ms, TE:
1.3 9 1.2 ms, flip angle: 12�, matrix: 256 9 128–256 9

160, FoV: 16 9 16 cm, slice thickness: 3 mm) and T2-
weighted TSE sequences in axial and coronal orienta-
tions (TR: 3000–5900 ms, TE: 104–124 ms, matrix:
320 9 192–320 9 320, FoV: 14 9 14–16 9 16 cm, slice
thickness: 3–4 mm), with a small field of view covering
the prostate and the periprostatic region. For all but 10
MRI examinations, a T1-weighted dynamic contrast-
enhanced sequence covering the pelvis was also acquired
(TR: 3–4.2 ms, TE: 0.9–1.4 ms, flip angle: 30�, matrix:
256 9 160, FoV: 24 9 24 cm, slice thickness: 6 mm).

Two readers (AMH and AM), blinded to all clinical
information, independently reviewed all scans and eval-
uated the following qualitative MRI features: (1) pres-
ence of a post-treatment cavity, defined as a
circumscribed, non- or late-enhancing region; (2) pres-
ence of a scar, defined as a T2-weighted marked hy-
pointense, linearly shaped area; (3) visibility of a
circumscribed hypointense rim around the ablation zone
on T2-weighted images (‘dark rim’); (4) presence of fluid
in the ablation zone; (5) appreciable edema, defined as
diffusely hyperintense area on T2-weighted and diffu-
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sion-weighted images with a low b-value; (6) complex
fluid (hemorrhagic/proteinaceous fluid), defined as
hyperintense areas on T1-weighted images; (7) appre-
ciable rim enhancement around the ablation zone; and
(8) appreciable enhancement in the ablation cavity/scar
(see Fig. 1A–E for examples of some of these features).
These features were defined by two experienced radiol-
ogists prior to analysis (AMH and AM), who did not
participate as readers in the study. In addition, the
prostate volume (using the ellipsoid formula [17]) and the
maximal extent of the ablation zone on any plane were
measured on the T2-weighted images.

Statistical analysis

For each reader, generalized linear regressions were
used to examine associations between days from abla-
tion to MRI and individual quantitative and qualitative
MRI features with identity and logit link function,
respectively; considering some patients had multiple
MRI examinations, the generalized estimating equa-
tions (GEE) method was performed with an indepen-
dent correlation structure and a robust covariance
matrix. For continuous size and volume measurement
on MRI, the absolute difference and 95% CI were
estimated for every 30-day increase in time interval. For
presence of edema by reader 1, due to a complete sep-
aration where all MRIs with edema had shorter interval

from ablation than MRIs without edema, Firth’s
penalized maximum likelihood estimation was per-
formed. Inter-reader agreement was assessed using
kappa statistics and the intraclass correlation coefficient
(ICC) for qualitative and quantitative features, respec-
tively. The 95% confidence intervals of kappa and ICC
were estimated using the bootstrap method. Kappa (j)
values were interpreted as follows: 0.00–0.20, slight
agreement; 0.21–0.40, fair agreement; 0.41–0.60, mod-
erate agreement; 0.61–0.80, substantial agreement; and
0.81–1.00, almost perfect agreement. A test with
p value < 0.05 was considered statistically significant.
All statistical analyses were performed in software
packages SAS 9.4 (SAS Institute Inc., Cary, NC, USA)
and R version 3.1 (The R Foundation for Statistical
Computing).

Results

Patient characteristics

Of the 37 men included in this study, 26 (70.3%) had
prostate cancer with a Gleason score of 3 + 3 and 11
(29.7%) had a Gleason score of 3 + 4. Clinical stage
prior to ablation treatment was T1c in all patients and
the mean pre-treatment prostate-specific antigen (PSA)
value was 6.17 (range 0.83–22.82 ng/mL). For all MRI
examinations included, median time between ablation
and MRI was 187 (range 8–1859 days).

Fig. 1. A–E Illustrative examples for the following MRI
features: A extensive edema after ablation with inclusion of
the right levator ani muscle, B rim enhancement around the

ablation zone, C, D hypointense rim around the ablation zone
on T2-weighted images (‘dark rim’), and E scarring after
ablation at the right side of the prostate.
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Inter-reader agreement

Inter-reader agreement on qualitative imaging features
ranged from fair (ablation zone enhancement,
j = 0.219) to substantial (rim enhancement,
j = 0.781), with most features showing moderate or
substantial agreement (see Table 1). Agreement was high
(ICC = 0.911) with regard to prostate volume mea-
surement and moderate (ICC = 0.719) with regard to
the length of the ablation zone.

Qualitative imaging features

Table 2 lists the associations between the presence or
absence of qualitative imaging features and the time
between ablation and MRI, and Fig. 2A, B illustrates the
distribution of the MRI features along the time axis for
both readers. Supplementary Table 1 illustrates the fre-
quencies of features being present/absent in the first three
months vs. later after ablation.

For both readers 1 and 2, the presence of edema on
MRI was found at the shortest median time interval of
16–25 days (reader 1 and 2) after ablation, compared to
MRIs without edema (median 252–514 days,
p < 0.001), followed by rim enhancement of the ablation
zone (18–22.5 vs. 409–593 days), a hypointense rim

around the ablation zone on T2-weighted images
(53–57.5 vs. 279–409 days), and the presence of an
appreciable ablation cavity (48.5–60 vs. 613–798 days, all
p < 0.05 when comparing to the feature being absent).
Features present on later MRI scans were enhancement
of the ablation zone (or scar) itself (553–731 vs.
61.5–162 days; p < 0.03) and the formation of a T2-
hypointense scar (514–553 vs. 29–32 days after ablation);
however, the latter feature was only statistically signifi-
cant for reader 1, with a borderline p value of 0.05 for
reader 2.

The presence of complex fluid was only found to be
significantly associated with the time after ablation for
reader 2 (median of 108 days). The presence of fluid in
the ablation zone was not found to be associated with
time for either reader.

Quantitative imaging features

Prostate volume was not found to change significantly
over time after ablation for either reader, though a trend
toward a slight increase over time was visible (see Ta-
ble 3). For reader 1, a slight decrease of the ablation zone
length over time was found to be statistically significant
(p < 0.001), but this did not hold true for reader 2
(p = 0.364).

Table 1. Inter-reader agreement on qualitative and quantitative imaging features

Reader 1 Reader 2

No Yes

Qualitative features Kappa (95% CI)
Presence of cavity
No 18 (24%) 3 (4%) 0.663 (0.454, 0.828)
Yes 8 (11%) 47 (62%)

Presence of scar
No 32 (42%) 5 (7%) 0.711 (0.546, 0.862)
Yes 6 (8%) 33 (43%)

Dark rim
No 43 (57%) 5 (7%) 0.624 (0.412, 0.782)
Yes 8 (11%) 20 (26%)

Fluid in ablation zone
No 39 (51%) 10 (13%) 0.392 (0.166, 0.598)
Yes 11 (14%) 16 (21%)

Edema
No 42 (55%) 17 (22%) 0.525 (0.345, 0.689)
Yes 0 (0%) 17 (22%)

Complex fluid
No 25 (33%) 18 (24%) 0.411 (0.217, 0.608)
Yes 5 (7%) 28 (37%)

Rim enhancement
No 34 (52%) 1 (2%) 0.781 (0.593, 0.92)
Yes 6 (9%) 24 (37%)

Ablation zone enhancement
No 43 (66%) 12 (18%) 0.219 (- 0.022, 0.496)
Yes 5 (8%) 5 (8%)

Quantitative features ICC (95% CI)
Prostate volume 0.911 (0.865, 0.938)
Length of ablation zone 0.719 (0.599, 0.819)
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Table 2. Qualitative MRI features and time between ablation and MRI for both readers, univariate analysis

Qualitative features Time between ablation and MRI, days

Feature absent Feature present p value
Median (range), n Median (range), n

Reader 1
Presence of cavity 798 (153, 1859), 21 60 (8, 1092), 55 < 0.001
Presence of scar 29 (8, 713), 37 553 (162, 1859), 39 0.048
Dark rim 409 (8, 1859), 48 57.5 (15, 279), 28 < 0.001
Fluid in ablation zone 186 (8, 1673), 49 188 (14, 1859), 27 0.448
Edema 252 (27, 1859), 59 16 (8, 23), 17 < 0.001
Complex fluid 398 (10, 1859), 43 55 (8, 1673), 33 0.120
Rim enhancement 593 (153, 1859), 46 22.5 (8, 420), 41 0.036
Ablation zone enhancement 162 (8, 1859), 66 731 (174, 1557), 21 0.003

Reader 2
Presence of cavity 613 (153, 1673), 26 48.5 (8, 1859), 50 0.006
Presence of scar 32 (8, 1092), 38 514 (174, 1859), 38 0.050
Dark rim 279 (8, 1859), 51 53 (16, 593), 25 0.003
Fluid in ablation zone 174.5 (8, 1673), 50 205.5 (14, 1859), 26 0.744
Edema 514 (36, 1859), 42 25 (8, 398), 34 < 0.001
Complex fluid 461 (13, 1859), 30 108 (8, 1673), 46 0.024
Rim enhancement 409 (36, 1859), 51 18 (8, 299), 36 0.002
Ablation zone enhancement 61.5 (8, 1673), 59 553 (36, 1859), 28 0.026

Fig. 2. A–B Graphical illustrations of the temporal distribution of MRI features for reader 1 (A) and reader 2 (B).

Table 3. Quantitative MRI features and time between ablation and MRI (R1 = reader 1, R2 = reader 2; prostate volume in ml, length of ablation
zone in cm)

Quantitative features Mean ± SD, median
(range)

Size differencea (95% CI) per every 30-day increase in time between ablation
and MRI

p value

Prostate volume (R1) 38.5 ± 17.1, 36.5 (10, 82) 0.11 (- 0.10, 0.32) 0.323
Length of ablation zone

(R1)
3 ± 1.1, 2.9 (0.9, 6.7) - 0.021 (- 0.033, - 0.009) < 0.001

Prostate volume (R2) 42.3 ± 17.8, 39.5 (14, 99) 0.08 (- 0.12, 0.28) 0.441
Length of ablation zone

(R2)
3.1 ± 0.8, 3.2 (1.6, 5.5) - 0.004 (- 0.013, 0.005) 0.364

aSize difference is the estimated mean difference of sizes measured on MRI (size of longer time interval - size of shorter time interval)
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Discussion

Focal ablation of prostate cancer has emerged as a new,
more conservative treatment option for a subset of pa-
tients with less aggressive and localized disease [7, 18].
Although long-term oncological follow-up data are still
sparse, this new treatment approach seems to offer re-
duced morbidity compared to radical prostatectomy, as
the image-guided nature of focal therapy allows for
delivering treatment to the tumor region while sparing
surrounding critical structures such as the neurovascular
bundles (NVB), the urinary sphincter, the bladder neck,
and the rectum. Most importantly, initial ablation does
not preclude the later use of more radical surgery in
patients with, e.g., local recurrence or residual disease.
However, this less invasive approach requires continued
follow-up to avoid under-treatment and to identify dis-
ease in an early stage that still allows for additional
treatment (i.e., subsequent ablation, surgical resection).
The standard workup for recurrence or the proliferation
of cancer foci left untreated based on PSA measurements
has been found to be inconclusive, as patients undergo-
ing focal ablation retain a significant part of their pro-
static tissue [8, 9]. Repeated biopsy without suspicion of
recurrence or tumor growth, on the other hand, would
negate the concept of a less invasive approach and may
be prone to sampling error [10, 11].

Serial MRI may offer a means of achieving practical
and effective post-treatment surveillance, as it can be
used to assess for recurrent/residual tumor non-inva-
sively and, when necessary, guide a targeted biopsy of a
suspicious area. Consequently, it has recently been en-
dorsed by an international consensus project [15].
However, assessment of prostate MRI in general, and
especially after ablation, is strongly dependent on the
individual radiologist’s experience [16, 19], and more-
over, because follow-up examinations may not be per-
formed at the same center where the patient was treated,
access to prior examinations may be limited. Although
the visible changes after focal ablation of the prostate
vary strongly, we found them to demonstrate temporal
patterns that might help the radiologist by establishing
what imaging features to expect after an ablation. For
example, we found that the presence of edema was found
present at earlier times after ablation (median time
intervals of 16 and 25 days after ablation, for the two
readers), often together with a rim of enhancement
around the ablation zone (likely due to reactive changes
of the surrounding tissue resulting from the induced
necrosis) [20]. This visibility of a hypointense rim around
the ablation zone on T2-weighted images was also found
at earlier times after ablation (median 53–57.5 days),
probably caused by (chronic) hemorrhage. The latter
finding aligns well with the study results reported by van
den Bos et al. [21], who correlated MRI findings at a
single time point 4 weeks after IRE with histopatholog-

ical workup after prostatectomy, and who reported a
‘‘central white necrotic zone surrounded by an outer,
dark red hemorrhagic zone’’ as a typical appearance of
the ablation zone on gross pathology. In our study, the
presence of the ‘dark rim sign’ seemed to co-occur tem-
porally with the formation of a clearly demarked abla-
tion cavity and possibly complex (hemorrhagic/
proteinaceous) fluid, whose presence as hyperintense
areas on T1-weighted images might possibly indicate
hemorrhage into the cavity at a later time after ablation
(given that the time interval after ablation extended to
108 days for reader 2). In the later stages of transfor-
mation after ablation, the development of scarring, de-
fined as hypointense, linearly shaped areas on T2-
weighted images, can be seen (median 514–553 days),
along with a discrete enhancement of the ablation zone
after application of a contrast agent (553–731 days).

The presence of fluid in the ablation area was not
found to be statistically significantly associated with the
time after ablation; the reason for this lie in the fact that
this imaging feature could be visible at different time
points for different reasons—e.g., after formation of an
ablation cavity or, for example, in case of involvement of
the urethra in the ablation zone.

Although prostate volume did not change signifi-
cantly over the course of the follow-up, a slight trend
toward an increase in volume over time was visible for
both readers; this increase might be due to the expected
recovery of the prostatic tissue. The lack of statistical
significance may reflect the fact that the ablation zo-
ne—and therefore the likelihood and degree of change in
prostate volume—differed between individual patients.
For one reader, the length of the ablation zone showed a
statistically significant slight decrease over time, which
probably relates to scarring.

Our study had a number of limitations. Due to the
uneven distribution of ablation techniques used, we were
not able to compare MRI findings between patients
treated with different methods. Given the different
mechanisms of action of IRE and cryoablation, future
studies investigating the different techniques separately
are certainly warranted, as the differences among the
biological changes induced by the different techniques
may also be reflected in the imaging features visible on
MRI. In addition, this study represents a retrospective
assessment of patients undergoing focal therapy for
prostate cancer as a minimally invasive form of treat-
ment, so correlation of MRI and histopathological fea-
tures was not possible. Finally, we included not only
MRI examinations obtained at our institution with a
standardized MR protocol, but also a few examinations
from outside institutions, if performed as dedicated
prostate MRI examinations. While we could not account
for differences between scans obtained at our institution
and those obtained elsewhere (e.g., due to differences in
MRI vendors), we believe the influences of such differ-
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ences were likely minimal since our study relied on the
qualitative assessment of imaging features on post-
treatment scans.

In conclusion, this study identified temporal patterns
in the appearance of MRI features during the follow-up
of patients who have undergone focal ablation for
prostate cancer. Radiologists’ awareness of these tem-
poral patterns could reduce image interpretation vari-
ability and errors, thus increasing the value of MRI in
post-ablation follow-up.
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