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Abstract

Purposes: The aim of this study was to evaluate a dual marker-based and soft-tis-
sue based image guidance for inter-fractional corrections in stereotactic body radio-
therapy (SBRT) of prostate cancer.

Methods/Materials: We reviewed 18 patients treated with SBRT for prostate can-
cer. An endorectal balloon was inserted at simulation and each treatment. Planning
margins were 3 mm/O mm posteriorly. Prior to each treatment, a dual image guid-
ance protocol was applied to align three makers using stereoscopic x ray images
and then to the soft tissue using kilo-voltage cone beam CT (kV-CBCT). After treat-
ment, prostate (CTV), rectal wall, and bladder were delineated on each kV-CBCT,
and delivered dose was recalculated. Dosimetric endpoints were analyzed, including
V3625 Gy for prostate, and Do o3 . for bladder and rectal wall.

Results: Following initial marker alignment, additional translational shifts were
applied to 22 of 84 fractions after kV-CBCT. Among the 22 fractions, ten fractions
exceeded 3 mm shifts in any direction, including one in the left-right direction, four
in the superior-inferior direction, and five in the anterior-posterior direction. With
and without the additional kV-CBCT shifts, the average V3425 gy of the prostate for
the 22 fractions was 97.6 + 2.6% with the kV x ray image alone, and was
98.1 + 2.4% after applying the additional kV-CBCT shifts. The improvement was
borderline statistical significance using Wilcoxon signed-rank test (P = 0.007).
Doos cc Was 458 +£ 6.3 Gy vs. 451 + 49 Gy for the rectal wall; and
495 + 8.6 Gy vs. 49.3 £ 7.9 Gy for the bladder before and after applying kV-
CBCT shifts.

Conclusions: Marker-based alignment alone is not sufficient. Additional adjustments
are needed for some patients based kV-CBCT.
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1 | INTRODUCTION

Stereotactic body radiation therapy (SBRT) is a promising treatment
regimen for localized prostate cancer because of the low «/f ratio of
the prostate adenocarcinoma.® Several recent SBRT studies showed
local control rates and toxicity profiles were comparable to the con-
ventional dose regimen of 2 Gy per fraction (2 Gy/Fx).2° It has been
reported that with a prescription dose of 7.25 Gy/Fx or higher in
SBRT treatment planning, margins are usually 5 mm or smaller to spare
the surrounding organs at risk such as rectum, urethra, and bladder.®
The high-dose conformity of SBRT plans imposes a stringent require-
ment to the management of inter- and intra-fractional variations.

Intra-fractional motion can be managed with use of an endorec-
tal balloon.*® However, it may introduce a large prostate inter-frac-
tion motion, rotation, and deformation. Jones et al. reported that
69% of fractions required insertion adjustments of the endorectal
balloon to reduce prostate rotation and deformation.® They recom-
mended to acquire two Cone-Beam Computed Tomography (CBCTs)
for each patient: one after insertion and the other after adjustment.
With daily Image-guided Radiation Therapy (IGRT) to correct transla-
tional setup error and inter-fractional motion of the prostate, uncor-
rected prostate rotation became a predominant impact on the dose
delivered to the prostate. With 2-, 3-, and 5-mm Planning Target
Volume (PTV) margins, Amro et al. showed that only 39%, 65%, and
84% of 26 patients had adequate dose coverage to the prostate
without rotation correction, respectively.’

With a tight planning margin, we implemented a two-step (dual)
IGRT protocol for patients receiving prostate SBRT treatment with
endorectal balloon. The dual IGRT protocol involved with a marker-
based kV x ray guidance and six dimensional (6D) corrections using a
robotic couch, and a soft-tissue based kV-CBCT with 3D transla-
tional corrections. Using a dosimetric analysis, the aim of this study
was to evaluate whether the dual marker-based and soft-tissue
based IGRT protocol is sufficient to achieve adequate Clinical Target

Volume (CTV) coverage.

2 | MATERIALS AND METHODS

Eighteen patients treated with five-fraction SBRT for prostate cancer
were included in this study. Patients were implanted with three gold
fiducial markers at apex, left and right base of their prostate glands.
A total of 84 daily dose fractions were included in the dosimetric
analysis (six fractions were not included due to incomplete imaging
of the anatomical volume). In 22 of 84 fractions, additional transla-
tional corrections guided by kV-CBCT were applied after the kV x
ray guided 6D shifts. These 22 fractions were separately analyzed to

evaluate dosimetric differences between with and without the addi-
tional kV-CBCT shifts after the 6D kV x ray guided shifts.

To minimize the position variations of the internal organs, the
patients were instructed to maintain a full bladder and empty rectum
before the simulation and treatments. Immediately before the acqui-
sition of the simulation CT and the daily imaging, an endorectal bal-
loon was inserted and filled with 80-100 cc air to immobilize the
prostate. Patients were setup in the supine position in a vac-lok bag
(Civco Medical Solution, Coralville, 1A, USA). After an initial laser
alignment to the patients’ skin tattoos, daily two-step IGRT protocol
was performed. First, a 6D shift was applied using a robotic couch
(ExacTrac, Brainlab, Feldkirchen, Germany) according to marker regis-
tration on the daily kV x ray images from ExacTrac. A kV-CBCT then
verified soft-tissue prostate localization. The additional 3D couch
translational shift was applied if deemed necessary, for instance, if
the shift at any of direction was larger than 2 mm. The additional
rotational shifts from the kV-CBCT were ignored since the CBCT
was not interfaced with the 6D robotic couch.

All patients were planned according to our in-house protocol
approved by our local institutional review board (IRB). Briefly, the
prostate (CTV) and seminal vesicle (SV) were delineated as the treat-
ment target, and rectum, urethra and bladder were delineated as
organs at risks (OAR) according to our protocol. We defined high-dose
avoidance zone (HDAZ) with 3 mm expansion of those OAR (Fig. 1).
PTVs included low-dose PTV (LD-PTV) and high-dose PTV (HD-PTV).
The LD-PTV was a 3 mm uniform expansion of the prostate CTV
(O mm posteriorly) and seminal vesicle in all directions. The HD-PTV
consisted of LD-PTV subtracting HDAZ. The prescription doses were
50 Gy to HD-PTV and 36.25 Gy to LD-PTV in 5 fractions. All treat-
ment plans were created in Pinnacle 9.0 (Philips, Fitchburg, WI, USA)
using volumetric modulated arc therapy (VMAT) (2 or 4 full arcs). The
planning dose constraints included >95% of the LD-PTV volume to
receive >36.25 Gy (V3425 Gy >95%) and >99% of the prostate CTV to
receive >36.25 Gy (V3425 gy 299%). For the HD-PTV, a mean dose of
50 Gy or higher was desired but had a lower priority than OAR con-
straints. Dose constraints for the anterior rectal wall included a maxi-
mum dose (Do o3 ) less than 50 Gy (Dg o3 <50 Gy) and maximum
dose to 1 cc of the anterior rectal wall (D4 ) less than 45 Gy (D4
<45 Gy). The maximum dose to 0.03 cc of the bladder was limited to
105% of prescription dose (Do o3 c <52.5 Gy). The maximum dose to
urethra was restricted to 50 Gy (Do o3 c <50 Gy).

On each daily verification kV-CBCT, the prostate (CTV), rectal bal-
loon, and bladder were retrospectively delineated by the attending
physicians. To remove the effect from inaccurate electron density
information in kV-CBCT, an external contour was created for both
planning CTs and daily kV-CBCTs in which a uniform electron density
of 1 g/cm® was assigned. To understand dosimetric differences
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Fic. 1. An example of prostate SBRT
contours, including high-dose avoidance
zone, prostate CTV, seminal vesicles,

bladder, urethra, and segmented rectum.
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selected patient (Fig. 2), we compared dose volume histograms (DVH)
(a) override all tissue with a uniform electron density of 1 g/cm3 (over-
ride all); (b) override the rectal balloon with electron density of 0 g/cm®
while other tissue with electron density of 1 g/cm® (override balloon);
(c) with heterogeneity dose calculation. The differences were less than
2%. To provide a reference for daily dose evaluation, the planning dose
was then recalculated with the uniform electron density. On daily kV-
CBCT, dose was calculated applying the original treatment plan with
the treatment iso-center. For the 22 fractions that had additional kV-
CBCT-guided shifts, to compare dosimetric outcomes with and without
additional kV-CBCT-guided shift, the dose was also calculated with the
beam iso-centers positioned prior to the kV-CBCT shifts.

For the evaluation of daily target coverage, the prostate (CTV)
V3625 gy Was used since the planning goal on the HD-PTV coverage
was not a priority. The Dg o3 . of the rectal wall was used to evalu-
ate the daily dose toxicity. The rectal wall was created by placing a
2-mm thick ring just outside the rectal balloon surface on both daily
kV-CBCTs and planning CTs. The bladder Dg o3 . was used to evalu-
ate daily bladder dose.

Descriptive statistics were used for data analysis. The results
were expressed as mean + standard deviation. Wilcoxon signed rank
test was used to compare the daily dosimetric endpoints between
using the kV x ray guided shifts alone and with the additional kV-
CBCT guided shifts. Statistical significance was assigned at P < 0.05.

For the eighteen patients, all original treatment plans with homo-
geneity dose recalculation met planning constraints. The average
V3625 gy Of the prostate CTV was 100.0 & 0.0% (range: 99.99%—
100%), the average bladder Dgoz o« was 45.8 = 3.5 Gy (range:
38.7-51.8 Gy), and the average
42.1 &+ 3.1 Gy (range: 39.2-49.0 Gy).

Among 84 fractions, additional translational shifts were made

rectal wall Dgosz cc Was

at the discretion of the treatment team in 26% of the fractions
(22 of 84) for 50% of the patients (nine of 18). The specific
directional shifts from these 22 fractions are plotted in Fig. 3.
Among the 22 fractions, 10 fractions exceeded 3 mm shifts in any
direction, including one in the left-right direction, four in the
superior-inferior direction, and five in the anterior-posterior
direction.

For each of these 22 fractions, two separate plans were gener-
ated with and without the additional kV-CBCT-guided shifts. With
only kV x ray guided 6D corrections, the average Vgs25 6y Of the
CTV was 97.6 + 2.6%. After applying the additional kV-CBCT
guided shifts, the average Vzg25 gy increased to 98.1 + 2.4%. The
improvement was borderline statistical significance using Wilcoxon
signed rank test (P = 0.007). Figure 4(a) shows the details of CTV
coverage changes for 22 individual fractions before and after kV-

CBCT correction. For the OARs, a trend of decease in the
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maximum doses (Dgo3 ) Was observed but not statistically signifi-
cant for both the rectal wall and bladder. For instance, the average
Doo3 c Of the rectal wall was 45.8 + 6.3 Gy and 45.1 + 4.9 Gy,
respectively, before and after applying the additional shifts
(P = 0.41). The average Dg g3 . of bladder were 49.5 &+ 8.6 Gy and
49.3 4+ 7.9 Gy, respectively, before and after the additional shifts
(P =0.95).
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Fic. 3. A plot of detailed shifts in the left-right, inferior-superior,
and anterior-posterior directions for 22 fractions.

4 | DISCUSSION

In this study, we evaluated a dual marker-based and soft-tissue
based IGRT protocol in compensating inter-fraction error in prostate
SBRT. Our results demonstrate that, after marker-based kV x ray
guidance and 6D corrections, additional translational adjustments
based on soft-tissue alignment on kV-CBCT are needed in 26% of
the fractions (22 of 84), indicating that marker-based alignment
alone is not sufficient, CBCT-based soft-tissue alignment with
implanted marker guidance is superior to the marker alignment
alone.

Differences between the soft-tissue alignment using kV-CBCT
and the fiducial marker alignment using 2D kV x ray have been
reported in several studies.2®12? Using independent soft-tissue align-
ment and marker alignment for 36 patients in 286 images, Barney
et al. reported 28% of fractions had a difference greater than
5.0 mm at one or more dimensions.?® Using kV-CBCT for the soft-
tissue alignment and 2D kV projection images from the kV-CBCT for
the marker alignment for fifteen patients in 256 images, Moseley
et al. reported agreement within 3 mm between the two alignment
methods in 90.8%, 63.7%, and 64.1% fractions at the lateral, vertical,
and longitudinal directions.'? These results are in general agreement
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Fic. 4. Dosimetic endpoints of V3¢ 25 gy for the prostate CTV (a), rectal wall Do o3 cc (b), and bladder Dg o3 . (c) before and after CBCT

correction for the 22 fractions.

Fic. 5. For a selected patient, (a) an
axial planning image with two implanted
markers; (b) the corresponding axial kV-
CBCT image as (a); (c) marker-based
alignment of images (a) and (b); (d) soft-
tissue based alignment of image (a) and (b).
(Arrows indicate the misalignments).
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with our results, although we used two-step alignments instead of
two independent alignments.

Several studies”® indicated that utilizing an endorectal balloon
can effectively immobilize prostate and restrict rectal filling. The use
of endorectal balloon, however, may introduce a large inter-fraction
prostate motion and deformation.* Neither translational nor rota-
tional correction can resolve issues of organ deformation and organ
shape changes. Therefore, online adaptive replanning strategies®> ¢
may provide an optimal solution while maintaining tight planning
margins. Without online adaptive planning, alternative strategy is to
minimize inter-fractional prostate deformation and rotation. Instead
of inserting the rectal balloon, one can use the transperineal ultra-
sound to monitor intra-prostate motion. Instead of using implanted
markers as the surrogate of the prostate, one can directly align to
the prostate soft tissue.

One limitation of this study is no consideration of the intra-frac-
tional variation, although other studies have shown the effectiveness
of prostate immobilization with the use of rectal balloon.*”® A
recent prostate SBRT study also showed that the compensation of
intra-fractional motion on a beam-by-beam basis has very little
impact on the final dose parameters.'® Therefore, we believe that
the prostate motion between the two IGRT acquisition time delta is
negligible.

It has been reported that alignment to markers often results in a
larger rotation than with soft-tissue alignment.'”*® The detected
average rotation were 1.87° 4+ 2.60° (range: —6.10° to 8.14°),
1.31° + 1.55° (range: —2.26° to 5.70°) 0.51° 4+ 0.63° (range: —1.81°
to 1.98°) in yaw, roll, and pitch, respectively. Figure 5 shows an
example of marker-based alignment [Fig. 5(c)] compared to soft-tis-
sue alignment with implanted marker guidance [Fig. 5(d)]. Fig-
ures 5(a) and 5(b) are planning CT and kV-CBCT, respectively, to
display the marker locations prior to image fusion. In Fig. 5(c), a
greater misalignment of soft-tissue and bony structure rotation were
observed although the implanted markers were perfectly aligned.
From Fig. 5(d), under implanted marker guidance, the alignment of
the prostate was improved and the large body rotation was elimi-
nated. Meanwhile, the markers in Fig. 5(d) were a few mm misa-
ligned due to potential prostate deformation. It is worthy of noticing
that with a newly integrated 6D couch with kV-CBCT, we no longer
use this dual process but use implanted marker as guidance to align
prostate soft tissue in kV-CBCTs and in the planning CTs. In this
report, because of limited 6D corrections in current commercially
available treatment couch, prostate rotations are not fully compen-
sated, which could be one of the reasons for sub-optimal dose cov-
erage for the treatment targets. Once the confidence in soft-tissue
alignment is gained, the implanted markers can be totally eliminated,
which can avoid an invasive procedure while reducing the cost asso-
ciated with the procedure. The topic of whether the quality of KV-
CBCT is adequate for soft-tissue alignment to eliminate the implant
markers has been debated.!” Despite non-ideal dosimetric coverage,
our clinical outcome study for this group of patients reported a
favorable rate of biochemical control and acceptably low rate of
acute and long-term GU and Gl toxicities.2®

5 | CONCLUSIONS

Following alignment of fiducial markers with kV x ray, additional
translational shifts were detected by kV-CBCT and were clinically
applied in 22 of 84 daily fractions, which were distributed in 50% of
the observed patients. Our finding suggests that marker-based align-
ment alone may not be sufficient, and CBCT based soft-tissue align-
ment with implanted markers to guide soft-tissue alignment can
improve the tumor coverage for prostate SBRT. Future clinical out-
come studies are needed to confirm our observations. Another ongo-
ing study is to determine whether there is a correlation between the
fullness of the bladder and magnitude of the prostate rotation.

ACKNOWLEDGMENTS

This study was supported in part by the grant of United States Army
Medical Research and Material Command (USAMRMC, PC073349),
in part by a sub-award from The Johns Hopkins University with
funds provided by the National Cancer Institute, and in part by a
research grant from Siemens Medical Solutions. The authors thank
Chandana Reddy for the verification in statistical analysis.

CONFLICTS OF INTEREST

The authors have no relevant conflicts of interest to disclose.

REFERENCES

1. Ishiyama H, Teh BS, Lo SS, et al. Stereotactic body radiation therapy
for prostate cancer. Futur Oncol. 2011;7:1077-1086.

2. Kim DWN, Straka C, Cho LC, Timmerman RD. Stereotactic body
radiation therapy for prostate cancer: review of experience of a mul-
ticenter phase 1/l dose-escalation Study. Front Oncol. 2014;4:1-7.

3. Katz AJ, Santoro M, Diblasio F, Ashley R. Stereotactic body radio-
therapy for localized prostate cancer: disease control and quality of
life at 6 years. Radiat Oncol. 2013;8:1-8.

4. Both S, Wang KKH, Plastaras JP, et al. Real-time study of prostate
intrafraction motion during external beam radiotherapy with daily
endorectal balloon. Int J Radiat Oncol Biol Phys. 2011;81:1302-1309.

5. Court LE, D’Amico AV, Kadam D, Cormack R. Motion and shape
change when using an endorectal balloon during prostate radiation
therapy. Radiother Oncol. 2006;81:184-189.

6. Jones BL, Gan G, Diot Q, Kavanagh B, Timmerman RD, Miften M.
Dosimetric and deformation effects of image-guided interventions
during stereotactic body radiation therapy of the prostate using an
endorectal balloon. Med Phys. 2012;39:3080.

7. Smeenk RJ, Louwe RJW, Langen KM, et al. An endorectal balloon
reduces intrafraction prostate motion during radiotherapy. Int J
Radiat Oncol Biol Phys. 2012;83:661-669.

8. Wang KKH, Vapiwala N, Deville C, et al. A study to quantify the effec-
tiveness of daily endorectal balloon for prostate intrafraction motion
management. Int J Radiat Oncol Biol Phys. 2012;83:1055-1063.

9. Amro H, Hamstra DA, McShan DL, et al. The dosimetric impact of
prostate rotations during electromagnetically guided external-beam
radiation therapy. Int J Radiat Oncol Biol Phys. 2013;85:230-236.

10. Barney BM, Lee RJ, Handrahan D, Welsh KT, Cook JT, Sause WT.
Image-guided radiotherapy (IGRT) for prostate cancer comparing kV
imaging of fiducial markers with cone beam computed tomography
(CBCT). Int J Radiat Oncol Biol Phys. 2011;80:301-305.



LI T AL

11.

12.

13.

14.

15.

16.

Deegan T, Owen R, Holt T, et al. Assessment of cone beam
CT registration for prostate radiation therapy: fiducial marker
and soft tissue methods. J Med Imaging Radiat Oncol. 2015;59:91—
98.

Moseley DJ, White EA, Wiltshire KL, et al. Comparison of
localization performance with implanted fiducial markers and
cone-beam computed tomography for on-line image-guided radio-
therapy of the prostate. Int J Radiat Oncol Biol Phys.
2007;67:942-953.

Ahunbay EE, Peng C, Holmes S, Godley A, Lawton C, Li XA. Online
adaptive replanning method for prostate radiotherapy. Int J Radiat
Oncol Biol Phys. 2010;77:1561-1572.

Feng Y, Castro-Pareja C, Shekhar R, Yu C. Direct aperture deforma-
tion: an interfraction image guidance strategy. Med Phys.
2006;33:4490.

Wu C, Jeraj R, Olivera GH, Mackie TR. Re-optimization in adaptive
radiotherapy. Phys Med Biol. 2002;47:3181-3195.

Wu QJ, Thongphiew D, Wang Z, et al. On-line re-optimization of
prostate IMRT plans for adaptive radiation therapy. Phys Med Biol.
2008;53:673-691.

17.

18.

19.

20.

WILEY—2%

Owen R, Kron T, Foroudi F, Milner A, Cox J, Duchesne G. Interfrac-
tion prostate rotation determined from in-room computerized
tomography images. Med Dosim. 2011;36:188-194.

Shang Q, Sheplan Olsen LJ, Stephans K, Tendulkar R, Xia P. Prostate
rotation detected from implanted markers can affect dose coverage
and cannot be simply dismissed. J Appl Clin Med Phys. 2013;14:4262.
Njeh CF, Parker BC, Orton CG. Implanted fiducial markers are no
longer needed for prostate cancer radiotherapy. Med Phys.
2017;44:6113-6116.

Kotecha R, Djemil T, Tendulkar RD, et al. Dose-escalated stereotac-
tic body radiation therapy for patients with intermediate- and high-
risk prostate cancer: initial dosimetry analysis and patient outcomes.
Int J Radiat Oncol Biol Phys. 2016;95:960-964.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.



