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Objective: We aim to test the hypothesis that neuro-
vascular bundle (NVB) displacement by rectal hydrogel
spacer combined with NVB delineation as an organ at
risk (OAR) is a feasible method for NVB-sparing stereo-
tactic body radiotherapy.

Methods: Thirty-five men with low- and intermediate-
risk prostate cancer who underwent rectal hydrogel
spacer placement and pre-, post-spacer prostate MRI
studies were treated with prostate SBRT (36.25Gy in
five fractions). A prostate radiologist contoured the NVB
on both the pre- and post-spacer T2W MRI sequences
that were then registered to the CT simulation scan for
NVB-sparing radiation treatment planning. Three SBRT
treatment plans were developed for each patient: (1)
no NVB sparing, (2) NVB-sparing using pre-spacer MR,
and (3) NVB-sparing using post-spacer MRI. NVB dose
constraints include maximum dose 36.25Gy (100%),
V34.4 Gy (95% of dose) <60%, V32Gy <70%, V28Gy
<90%.

INTRODUCTION

Men undergoing all forms of definitive therapy for prostate
cancer experience a decline in erectile function following
treatment.! In the Monitoring, Surgery or Radiotherapy
for Prostate Cancer (PROTECT) randomized trial,!
approximately half of men developed radiation-induced
erectile dysfunction (RiED).

Results: Rectal hydrogel spacer placement shifted NVB
contours an average of 3.1 + 3.4 mm away from the pros-
tate, resulting in a 10% decrease in NVB V34.4 Gy in non-
NVB-sparing plans (p < 0.01). NVB-sparing treatment
planning reduced the NVB V34.4 by 16% without the
spacer (p < 0.01) and 25% with spacer (p < 0.001). NVB-
sparing did not compromise PTV coverage and OAR
endpoints.

Conclusions: NVB-sparing SBRT with rectal hydrogel
spacer significantly reduces the volume of NVB treated
with high-dose radiation. Rectal spacer contributes to
this effect through a dosimetrically meaningful displace-
ment of the NVB that may significantly reduce RIiED.
These results suggest that NVB-sparing SBRT warrants
further clinical evaluation.

Advances in knowledge: This is a feasibility study
showing that the periprostatic NVBs can be spared
high doses of radiation during prostate SBRT using a
hydrogel spacer and nerve-sparing treatment planning.

While our mechanistic understanding of post-radiotherapy
rectal and urinary toxicity is well established, that of
post-radiotherapy sexual dysfunction is less clear. The
penile bulb is frequently contoured as an avoidance struc-
ture for external beam radiotherapy planning. A range of
doses was implicated in studies that showed a correlation
between penile bulb dose and toxicity.”” However, radi-
ation to the penile bulb has not definitively been demon-
strated as a cause of RiIED.***1° A number of single and
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multi-institution series reported new onset erectile dysfunc-
tion after radiotherapy that was unexplained by dose-volume
relationship analyses of the corpus spongiosum (penile bulb),

corpora cavernosa, or crura.9’11

Conversely, the urological literature has consistently identified
damage to peripheral neurovascular bundles (NVB) surrounding
the prostate as a contributor to urinary incontinence and erec-
tile dysfunction.'? A recent meta-analysis reported improved
urinary and erectile function with nerve-sparing versus non-
nerve-sparing prostatectomy in men with prostate cancer -
without a detriment to disease-specific outcomes for patients
with prostate-confined disease.'>'* Furthermore, the extent
of nerve-sparing surgery has been correlated with signifi-
cant differences in functional outcomes. One surgical series
reported functional preservation in 28% of men undergoing
unilateral, and 72% of men undergoing bilateral, nerve-sparing
prostatectomies.15

The causative relationship between erectile function and NVB
health may also be inferred from existing radiation oncology
literature.'®!” In one analysis, the probabilities of maintaining
erectile function after brachytherapy, external beam radio-
therapy, nerve-sparing prostatectomy and radical prostatec-
tomy were 0.76, 0.55, 0.25, and 0.13, respectively.’ These data
suggest an inverse relationship between functional outcomes
and larger and more aggressive fields of radiotherapy or
surgery.

Applying the concept of nerve-sparing intervention to radio-
therapy requires accurate delineation of the at-risk NVB on
MRI and fusion between an MRI and the radiotherapy plan-
ning CT. Reproducibility and feasibility of this methodology has
previously been reported.'®' Two prospective vessel-sparing
radiotherapy treatment regimens that used MRI-angiogram to
delineate and avoid erectile vasculature reported 2-year erectile
preservation rates that were higher than historical controls, in
the range of 80-90% at 2-5 years.*>**

The recent use of hydrogel spacers placed between the rectum
and prostate to reduce rectal toxicity has also been correlated
with lower rates of post-IMRT erectile dysfunction.?* The precise
mechanism for this finding is unclear. One hypothesis includes
displacement of the relevant pelvic and prostatic nerve plexii
that traverse the lateral rectal surface. These compelling data are
hypothesis-generating and merit further evaluation.

Here we test the hypotheses that rectal hydrogel spacer displaces
the NVB away from the high-dose radiation delivered to the
prostate and when combined with delineation of the NVB as
an organ at risk (OAR) on MRI, NVB-sparing stereotactic body
radiotherapy (SBRT) is a feasible treatment planning technique
that does not compromise target coverage.

METHODS AND MATERIALS
This retrospective HIPAA compliant study was approved by the
Institutional Review Board with waiver of informed consent.
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Patient selection

Men with low- and intermediate-risk prostate cancer (cT1la-T2c,
GS <7, PSA <20) treated with stereotactic body radiotherapy
(SBRT) to 3625 cGy in five twice-weekly fractions after hydrogel
spacer placement were included in this study. We retrospectively
identified 50 consecutively treated men from 2015 to 2019 who
underwent a prostate MRI both before and after hydrogel spacer
placement and had organ-confined ¢T1-T2 disease on both
digital rectal exam and MRI. Of these, 35 had bilateral NVBs
that were visible on both pre- and post-spacer MRI as identified
by an expert prostate radiologist. Three Cybermark gold fidu-
cial markers (CIVCO Medical Instruments Co., Inc. Kalona, IA)
were implanted in the prostate at the time of spacer placement.
The gold markers were readily visible as hypointense punctate
spots on MRI.

Transrectal prostate biopsy was performed at least four weeks
prior to the first MRL. Men who received androgen depriva-
tion therapy (ADT) were not included in this study to avoid the
confounding effects of ADT on both tumor and benign prostate
tissue as seen on MRL.?

Prostate MRI studies were performed on 3.0T MRI unit with a
multi-channel external pelvic phased-array coil: Skyra (Siemens
Healthcare, Erlangen, Germany), Signa HDxt (GE Healthcare)
and Discovery MR750w (GE Healthcare). The protocol included
axial TIW, small FOV 3-plane T2W, axial 2 or 3 b-value DWI
(b-values included 0, 50, 1000 and 1500), dynamic axial post-
contrast gradient echo imaging (temporal resolution, 7s) and
reconstructed ADC map using a mono-exponential fit of the
b-50 and b-1000 images. Detailed MRI protocol parameters can
be found in Supplementary Material 1.

Image registration

An expert prostate radiologist contoured the bilateral NVB
structures on all T2W MRI sequences. Each NVB was
contoured along the cranio-caudal extent of the prostate. All
other target and OAR volumes were contoured on the CT
simulation scan as described in our previous publication and
Hannan et al.*%%

Both the pre-hydrogel spacer MRI and post-hydrogel spacer
MRI with NVB contours underwent rigid registration with the
CT simulation scan by aligning the posterior prostate wall of
the three studies. Fiducial markers were additionally utilized to
improve precision of the fusion between the two imaging studies,
particularly in cases where alignment along the cranial-caudal
axis was in question. After imaging registration, NVB contours
were limited only to the axial slices on which the PTV contour
was also present. If overlap was found between the PTV and NVB
structures, two additional PTVs were created: one excluding the
pre-spacer NVB volumes (PTVypgg) and another excluding the
post-spacer NVB volumes (PTVpqgr).

The distance between the geometric center of each NVB and the
CTV was recorded.

2 of 8 birpublications.org/bjr

Br J Radiol;94:20200433


http://birpublications.org/bjr
www.birpublications.org/doi/suppl/10.1259/bjr.20200433/suppl_file/Supplementary Material.docx

Neurovascular bundle sparing prostate radiation with hydrogel spacer

Treatment planning

RapidPlan Knowledge Based Planning (Varian Inc., Palo Alto)
was used to design three VMAT SBRT plans for each patient:
one without NVB sparing, using RTOG 0938 target coverage
and OAR constraints alone; and two with additional NVB
dose-limiting constraints planned on the pre- and post-spacer
NVB contours. During planning, the structures PTV, PTVpgg,
and PTVpogr were all subject to the same RTOG 0938 target
coverage requirements in each respective plan (i.e. 95% of each
PTV received 100% of the prescription dose). Rectum, bladder,
and bowel OAR treatment planning parameters were followed as
defined in RTOG 0938 across all NVB-sparing and non-NVB-
sparing plans. Rectum, bladder, and bowel OAR contours for all
treatment plans were derived from the post-hydrogel CT simu-
lation scan.

Dose constraints for NVB-sparing treatment plans were as follows
for each NVB: maximum dose 36.25 Gy, V344 (95%) <60%, V3,
<70%, V,5 <90%. The V32 (88% of prescribed dose) <70% was
extrapolated from Cassidy et al that used a NVB constraint of V,
(88% of prescribed dose) <70% based on 1.8 Gy fractions.'® The
V344 and V,g constraints were implemented in our NVB-sparing
plans to ensure sharp high-dose fall-off around the NVB.

Priority weighting of NVB sparing objectives in the RapidPlan
treatment planning system was optimized by the planner to
facilitate maximal NVB sparing without compromising PTV
coverage or exceeding dose constraints to the rectum, bladder,
and bowel. DVH end points for PTV and OAR volumes were
compared using a two-tailed paired ¢-test.

It should be noted that all three treatment plans for each patient
were performed on the same CT-simulation scan with hydrogel
spacer in place. This was done so that anatomy and doses to the
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different NVB contours could be evaluated independent of rectal
anatomy that would have changed pre- to post-spacer placement.

Statistical analysis

One-way analysis of variance (ANOVA) was used to evaluate
NVB dosimetric means variation in pre- and post-hydrogel
spacer imaging studies, with and without NVB-sparing treat-
ment planning parameters. Comparisons between two groups
was evaluated with a student t test. Continuous variables were
summarized with means and standard deviations and shown
to approximate a normal distribution with a Shapiro-Wilk
normality test. Analysis was performed in Office Suite Excel
2019 (Microsoft Corporation, Redmond, WA) and SPSS (IBM,
Armonk, NY).

RESULTS

Thirty-five patients (65 £ 7.2 years) met inclusion criteria and
were included in the analysis. Ten men had low-, and 25 had
intermediate-risk, prostate cancer. All patients underwent MRI-
based pre- and post-hydrogel spacer NVB delineation. There was
no difference in NVB volume based on laterality. Pre- and post-
hydrogel spacer NVB volumes were 1.64 + 0.81cc and 1.71 +
0.89 cc (mean, standard deviation), respectively. Three treatment
plans were created for each patient as described above. A repre-
sentative axial slice of CT and MRI of the three different plan
derivations with isodose lines are shown in Figure 1.

NVB location

The distance between the pre- and post-hydrogel spacer NVB
geometric centers relative to the CTV geometric centers on the
prostate mid-gland axial slice were measured (Figure 2a). The
net NVB translation in the axial plane following spacer place-
ment was 3.1 £ 3.4mm posteriorly and 0.1 £ 3.2mm to the left
(Figure 2b). No systematic difference in translation of NVB

Figure 1. (a) CT axial slice showing CTV, PTV, hydrogel, and rectum contours with two gold fiducial markers. (b) Pre- and (c) post-
hydrogel T2W MRI with NVB contours. (d) Post-hydrogel TIW MRI identifying fiducial markers (white arrows). SBRT plan (e) with-
out NVB-sparing, and with NVB-sparing using (f) pre-hydrogel NVB contours and (g) post-hydrogel NVB contours. (h) Pre- and
post-hydrogel NVB overlaid on the CT simulation scan. CTV and PTV are in red, pre-hydrogel NVB in magenta and post-hydrogel
NVB in blue. Isodose lines in e-g: 100% - yellow, 95% - orange, 90% - dark green, 80% - pink, and 50% - light green.
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Figure 2. (a) NVB location plotted on prostate mid-gland, axial slice before and after spacer placement. (b) Net NVB translation

in mm in axial plane following spacer placement.

a

O NVB pre-spacer

4 NVB post-spacer 10 mm
Right Left
o
oo
=]
o B0 > =L
0, "By o 4d
hy, .
» ”’*f “E‘ &E?D o =
- » » » . ﬁ
. Posterior t b
a » 4 4

was evident between the left and right NVB structures, nor any
pattern of net lateral NVB translation.

NVB dosimetry

NVB Vg, V3, and V3,3, were significantly less after either, or
both, hydrogel spacer use and NVB-sparing treatment plan-
ning (Figure 3a). The greatest improvement in NVB dosimetry
occurred following hydrogel spacer placement and NVB sparing
treatment planning. NVB Vg, V3, and V344 were 98, 93, and
87% in the non-hydrogel spacer plans without NVB sparing,
compared with 91, 77, and 62% (p < 0.01) in the hydrogel spacer
plans with NVB sparing.

Plan evaluation revealed that when neither spacer placement nor
NVB-sparing strategies were employed, 10% of NVBs achieved

Anterior

Posterior

an V344 Gy of 70% or less (Figure 3b). The V34.4 <70%
increased to approximately 30% with either hydrogel spacer use
or NVB-sparing planning alone. When the two strategies were
combined, the percentage of NVB achieving V34.4 increased to
50%, demonstrating that the combination improved our dosim-
etric endpoints more than either strategy used alone.

PTV and OAR dosimetry

PTV coverage and OAR constraints were met for both NVB-
and non-NVB-sparing treatment plans (Table 1, Figure 4). A
non-significant 1.5% increase in the maximum PTV dose was
observed in NVB-sparing treatment plans. Attempts to further
spare the NVBs beyond that presented here resulted in addi-
tional PTV inhomogeneity and less rectal and bladder sparing.

Figure 3. (a) NVB dosimetry mean and standard deviations and (b) cumulative distribution of NVB V34.4 Gy from all NVB con-
tours (n = 70), using pre- and post-spacer NVB contours without and with NVB-sparing treatment planning. Statistically signifi-
cant differences in ANOVA comparison of mean volumes at each NVB dose level in Figure 3a are denoted by *=p < 0.01, **=<0.001.
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Table 1. PTV mean and standard deviation maximum, Dilcc,
and D95 doses (as % of prescription dose) without NVB-
sparing, and with NVB-sparing using pre-, and post-, spacer
NVB contours

PTV dosimetry comparison
PTV without
NVB-sparing PTVpre PTVpost
u o u o w o
Max 107.5 1.59 109.11 1.41 109 1.28
Dlcc 104.9 1.1 105.9 121 1057 | 0.99
D95 100.2 1.24 100.2 0.97 100.2 | 0.82
DISCUSSION

The results presented herein support the feasibility of NVB-
sparing with prostate SBRT following placement of a perirectal
hydrogel spacer in an effort to mitigate RiED. To our knowl-
edge, this is the first series to delineate the NVBs before and
after hydrogel spacer placement, and show a potentially clin-
ically significant measurable posterior shift in NVBs following
hydrogel spacer placement and reduction in dose delivered to
NVBs. This study builds on previous work that demonstrated
the feasibility of contouring the neurovascular structures in an
effort to minimize radiation dose to the NVBs hypothesized
to contribute to erectile function'®'? and others that demon-
strated improvement in erectile function after radiotherapy with
a hydrogel spacer.'**+?

Decades of clinical data have led investigators to generate
hypotheses regarding the etiology of RiED.>*!" We hypothe-
size that neurogenic, vasculogenic and psychogenic causes all
contribute. Yet, there remains a lack of a mechanistic insight,
including characterization of the dose-volume relationships and
functional RiED outcomes. Furthermore, the validity of extrap-
olating the dose-volume relationships and functional outcomes

Figure 4. Rectum and bladder organ at risk dosimetry with
and without NVB-sparing treatment planning.
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with differing radiation modalities including brachytherapy, 3D
conformal RT, IMRT and SBRT has not been proven.

Several recent erectile-function preserving radiation approaches
conducted with IMRT have sought to spare the internal pudendal
artery (IPA) and the adjacent pelvic nerve plexii in an effort
to limit RiED. Dosimetric feasibility of IPA sparing has been
demonstrated in conventionally fractionated,”® hypofraction-
ated*” and SBRT regimens.”” Only two single-arm series have
published clinical RiED outcomes, as discussed earlier.”>**

Sparing neurovascular tissue abutting the prostate (NVB) that are
subjected to near-prescription doses has not been clinically eval-
uated. One might hypothesize that the periprostatic neurovas-
cular tissue will benefit from dose-sparing treatment approach
given the proximity to high ablative doses of radiation during
SBRT. The ability of modern EBRT treatment techniques (e.g.
IMRT) to generate conformal dose distributions makes NVB-
sparing possible. At the same time, MRI acquired for cancer
staging enables accurate delineation of the NVBs. It is note-
worthy that several early brachytherapy studies that did not find
a relationship between NVB dose and erectile function relied on
CT approximation of the NVB rather than true MRI delineation
of the structure.”**=? The applicability of those conclusions to
present day EBRT techniques is unclear.

Two dosimetric studies of peri-prostatic NVB-sparing radio-
therapy with MRI-guided contours have been published. Cassidy
et al,, prescribing to 79.2Gy in 1.8Gy fractions, successfully
reduced Vyyp70 Gy by nearly 50% and Vg 60 Gy by 8.5%, at
the expense of PTV homogeneity.'® Compared with non-NVB
sparing plans, the maximum PTV point dose increased by 5Gy
and the Vpry105% rose from 6 to 66%. Ciabatti et al. successfully
completed NVB-sparing treatment planning using moderately
hypofractionated radiotherapy to a prescription dose of 67.5 Gy
in 2.7 Gy fractions and showed a more modest reduction in Vyp
60 Gy of 5%.%° A wide range of NVB-sparing is thus possible at
the cost of PTV-coverage and other OAR-sparing priorities.

The Vyvg 32Gy dose level in our series approximates 88% of
the prescription dose, similar to that reported by Cassidy and
Ciabatti.'®*® The Vyyg 32 Gy thus forms a reasonable basis of
comparison across the three studies. In the present study, NVB-
sparing approaches reduced Vyyp 32 Gy by 9% compared with
non-NVB sparing plans, independent of hydrogel spacer place-
ment. The Vv 32 Gy further decreased by 16% with the addi-
tion of a perirectal spacer. This improvement is greater still at
higher isodose levels: NVB-sparing planning with hydrogel
spacer placement reduces Vg 34.4 Gy by over 25%, while rectal
and bladder constraints were met by NVB-sparing radiotherapy
plans. The NVB-sparing plans resulted in a non-significant
maximum PTV dose increase of 1.5% compared with non-NVB
sparing plans.

Karsh et al. theorized that the unexpected improvement in
RiED with spacer use seen in the hydrogel spacer randomized
controlled trial was due to radiation sparing of erectile neurovas-
cular structures.”> Much of the historic data correlating penile
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bulb dose with RiED resulted in the extrapolation of dose-
volume relationships (and hence penile bulb constraints) that are
typically defined for doses above EQD2 50 Gy, but not at lower
doses discussed by Karsh et al.>®!3

While statistically significant differences in penile bulb expo-
sure to low-radiation doses may play a role in RiED,®’ we posit
that the contribution of other neurovascular structures to this
toxicity, such as the NVB that is typically subjected to near-
prescription doses, should be evaluated. The data presented in
this study demonstrate that a posterior shift in NVB position
occurs after spacer placement and that leveraging these favorable
anatomic changes to explore NVB-related mechanisms of erec-
tile function is feasible.

Another factor that contributes to successful NVB-sparing treat-
ment planning shown here are the smaller PTV expansions and
sharper dose fall-off around the target inherent to SBRT tech-
niques.*>> While multiple SBRT series in aggregate suggest
similar long-term erectile dysfunction rates between SBRT and
other EBRT techniques, reported 2-year RiED rates still range
broadly from 25-66%.***%% This may be due, in part, to varia-
tions in CTV-PTV expansion across series.

Hannan et al.”’, usinga 3mm CTV to PTV expansion, and Fuller
et al.*8, using 2 mm expansions, documented low 2-year ED rates
of 25 and 36%, respectively, after prostate SBRT. Tight margins
are not unreasonable given the typical sub-2 mm intrafraction
shifts typically observed during such treatments.”® The added
benefit of such small margins in sparing the adjacent NVB is
clear: Liss et al*® reported that 28 and 55% of visible NVB fall
within 5 and 10 mm radial expansions, respectively, around the
prostate.

Limitations of this work are those inherent to dosimetric feasi-
bility and retrospective studies. While clinical outcomes are
lacking, we demonstrated that the NVB can be successfully
spared high-dose radiation using NVB delineation techniques
and placement of rectal hydrogel spacer. Notably, contours of
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the NVB were performed by a single expert prostate radiol-
ogist. Reproducibility was not assessed in this study. Similar
NVB contouring techniques, however, have been well-described
by Cassidy et al."®!°, and a high-degree of reproducibility was
demonstrated amongst radiation oncologists who underwent
contouring instruction. As noted by previous studies, the gener-
alizability of this NVB-sparing technique is limited to men with
visible NVB classically located posterolateral to the prostate,
accounting for approximately half to two-thirds of men with
prostate cancer. 18,4041

Treatment planning was performed using the post-spacer CT
simulation scan, with pre- and post-hydrogel spacer NVB
contours from the respective T2ZW MRI sequences fused to the
CT. While this approach does not reflect the reality of NVB-
sparing treatment planning in spacer-naive anatomy (i.e. pre-
spacer rectum and pre-spacer bladder position), it does isolate
NVB location as the only altered variable across plans, allowing
us to compare the effect of NVB location on NVB sparing plan-
ning while maintaining constant the contribution of other OARs
to the final treatment plan.

Finally, given inter-fraction shifts in internal anatomy typical of
the pelvis, and the close abutment of NVBs with the PTV, day-
to-day variation in dose per fraction is more likely to affect the
NVB than other organs-at-risk. This variability cannot be evalu-
ated from the treatment plan. Comparison of planned NVB dose
with delivered NVB dose will therefore be of clinical interest
moving forward.

CONCLUSIONS

NVB-sparing SBRT with hydrogel spacer placement has the
potential to significantly reduce the high dose delivered to the
NVB. The spacer contributes to this effect by inducing a small
but dosimetrically meaningful NVB displacement in the poste-
rior direction. We believe that the described approach to offer
clinically meaningful reductions in RiED warrants prospective
clinical trials.
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