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ABSTRACT

This study aimed to evaluate the performance of the hybrid deformable image registration (DIR) method in com-
parison with intensity-based DIR for pelvic cone-beam computed tomography (CBCT) images, using intensity and
anatomical information. Ten prostate cancer patients treated with intensity-modulated radiation therapy (IMRT)
were studied. Nine or ten CBCT scans were performed for each patient. First, rigid registration was performed
between the planning CT and all CBCT images using gold fiducial markers, and then DIR was performed. The
Dice similarity coefficient (DSC) and center of mass (COM) displacement were used to evaluate the quantitative
DIR accuracy. The average DSCs for intensity-based DIR for the prostate, rectum, bladder, and seminal vesicles
were 0.84 + 0.05, 0.75 + 0.05, 0.69 = 0.07 and 0.65 + 0.11, respectively, whereas those values for hybrid DIR
were 0.98 + 0.00, 0.97 + 0.01, 0.98 + 0.00 and 0.94 + 0.03, respectively (P < 0.05). The average COM displace-
ments for intensity-based DIR for the prostate, rectum, bladder, and seminal vesicles were 2.0 + 1.5, 3.7 + 14,
7.8 + 22 and 3.6 + 12 mm, whereas those values for hybrid DIR were 0.1 + 0.0, 0.3 & 02, 02 + 0.1 and
0.6 + 0.6 mm, respectively (P < 0.05). These results showed that the DSC for hybrid DIR had a higher DSC value
and smaller COM displacement for all structures and all patients, compared with intensity-based DIR. Thus, the
accumulative dose based on hybrid DIR might be trusted as a high-precision dose estimation method that takes
into account organ movement during treatment radiotherapy.
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INTRODUCTION
Development of the intensity-modulated radiotherapy (IMRT) tech-
nique has enabled the tailoring of dose distributions to complex target
shapes and allowed us to increase the dose to the planning target vol-
ume (PTV) and decrease the dose to organs at risk [1-6]. However,
the intricate dose distribution is more susceptible to position and

anatomy uncertainties of the tumor and normal tissues during the

course of treatment radiotherapy [7-10]. Previous studies have
shown that pelvic anatomy such as the prostate, rectum, bladder, or
seminal vesicles change during the course of radiotherapy [11-15].
These interfraction variations in prostate IMRT cause dosimetric
effects [16].

In order to estimate the accumulative dose over the treatment
days, deformable image registration (DIR) has been used. Previous
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studies have reported that to evaluate the dose delivered to the tar-
gets and organs at risk (OARs) in the set-up and anatomical change,
DIR is required in order to calculate the accumulative dose on the
reference image [using repeat computed tomography (CT) or cone-
beam CT (CBCT) images] [17-20]. If a CBCT image is acquired
for patient set-up for each fraction, we can calculate the accumula-
tive dose using repeated CBCT images with no additional exposure
for the patient.

Commercial DIR software [including MIM Maestro (MIM
Software Inc, Cleveland, USA), Velocity (Varian Medical Systems,
Palo Alto, USA) and RayStation (RaySearch Laboratories, Stockholm,
Sweden] is available for use in clinical practice to calculate the accumu-
lative dose using CBCT images [21-23]. In these software packages,
an intensity-based DIR algorithm (ie. DIR without structural informa-
tion) is commonly used. It is expected that this DIR would not result
in good registration accuracy when the deformation is large or when
the boundaries between structures are not clear [24, 25]. It is expected
that the pelvic region would have larger interfractional organ motion
than other clinical sites (e.g. the head and neck region) [26]. To
improve DIR accuracy, hybrid DIR has been recently developed and
implemented in RayStation [27]. This has the potential to improve
DIR accuracy, even with large interfractional organ motion [28]. Till
now there has been no data showing the performance of hybrid DIR
between planning CT and CBCT for the pelvic region.

In this study, we evaluated the performance of commercially
available hybrid DIR between planning CT and CBCT in compari-
son with intensity-based DIR for the pelvic region.

MATERIAL AND METHODS
Patient data and image materials

This study received approval from our institutional reviewer board
(2015-1-167). Ten prostate cancer patients treated with IMRT in our
hospital were studied. No additional selection criteria were used. All
patients had gold fiducial markers implanted in the prostate for daily
set-up correction according to our clinical IMRT protocol. In addition,
prior to the acquisition of the treatment planning CT images and 30
min before the daily IMRT, each patient urinated to ensure the bladder
was in the same state. In addition, the patients emptied their bowels
just before the daily IMRT. Details are described elsewhere [29].

Planning CT images of each patient were acquired within the 14
days before treatment. All planning CT images were obtained with a
Light Speed RT16 unit (GE Medical Systems, Waukesha, WI). The
kV on-board imager (OBI) version 1.5 system integrated in a model
23EX linear accelerator (Varian Medical Systems, PaloAlto, CA) was
used to acquire CBCT images. Full-fan mode with a half bow-tie filter
was used for acquisition of all CBCT images (pelvic mode) [30].
Each CBCT image was acquired on the first treatment day and then
approximately every 4 days (a total of 9-10 scans per patient). For
this study, an experienced radiation oncologist contoured the pros-
tate, the rectum, the bladder, and the seminal vesicles on the planning
CT and on each CBCT scan.

Deformable image registration
Before performing DIR, all the CBCT images were rigidly registered
in the corresponding planning CT image by matching the gold

fiducial makers, using Eclipse. In clinical practice, we did manual
rigid registration between the CBCT images and the planning CT
image by matching the gold fiducial markers, using Eclipse. Then, we
exported all the CBCT images, which had already been registered, to
RayStation. This is because DIR can only be performed on image sets
that already have a rigid registration in RayStation version 4.5.1
(RaySearch Laboratories, Stockholm, Sweden). Then, all CBCT
images were deformed to the corresponding planning CT images,
using hybrid intensity and structure-based DIR (the ANACONDA
algorithm) implemented in RayStation. This algorithm combines
image information (ie. intensities) with anatomical information as pro-
vided by contoured image sets [27]. This algorithm is based on a
mathematical formula in which the registration is a non-linear opti-
mization problem. The object function was (i) to maintain image simi-
larity, (ii) to keep the image grid smooth and invertible, (iii) to keep
the deformation anatomically reasonable when structures are present
and (iv) a penalty term when structures are used [23]. In the process
of DIR optimization, the weight ratio between image intensity and
contour information is same weight (ie. 0.5 vs 0.5), which is
default in RayStation. To evaluate the effect of an approach that
combines the intensity-based and anatomical information-based
approaches for the improvement of DIR accuracy, two different
DIR parameter settings were employed. One setting used only the
whole body structure as controlling region of interest (ROI) for DIR.
This setting assumes that this registration uses the intensity-based
approach (ie. intensity-based DIR). The other setting used the pros-
tate, rectum, bladder, seminal vesicles, and body structures as con-
trolling ROIs for DIR, assuming that this registration is based
on both the intensity-based and anatomical information-based
approaches (i.e. hybrid DIR). DIR was performed between the
planning CT and each CBCT to obtain the deformation vector
field (DVF). Then, the DVFs were applied to contours of the
prostate, rectum, bladder, and seminal vesicles on each CBCT to
validate the level of DIR accuracy.

Evaluation of DIR accuracy
A Dice similarity coefficient (DSC), which measures the overlap
between each pair of contours, was used to quantitatively evaluate the
DIR accuracy [31]. The DSC ranges from zero to one (indicating no
overlap and a perfect agreement, respectively) and is calculated using:

‘/reference N Vdeformed
Vieference + Vdeformed
2

Dice similarity coeffcient =

where Vieerence ad Vgeformed are the volumes of the contour on the
planning CT and the contour deformed from the CBCT on the
planning CT, respectively.

In addition, center of mass (COM) displacement between the
planning contour and the deformed contour was used to validate
the DIR accuracy for the deformed organ contour. The evaluated
structures were the prostate, the rectum, the bladder, and the sem-
inal vesicles. A paired t-test was used with JMP, version 11.2.0, soft-
ware (SAS Institute, Cary, NC) to test whether the Dice similarity
coefficient and COM distance of the hybrid DIRs were significantly
higher than that of intensity-based DIRs (P < 0.0S).
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Fig. 1. Dice similarity coefficient between the manual contour on the planning CT and the deformed contour by two different
DIR methods for each patient in the prostate, rectum, bladder, and seminal vesicles, respectively.

RESULTS

Figure 1 shows the DSCs in intensity-based DIR and hybrid DIR
for the prostate, rectum, bladder, and seminal vesicles in 10 patients.
For intensity-based DIR, the DSCs varied widely with patients for
all structures. On the other hand, for hybrid DIR, there were small
variations in DSC among patients for all structures. Figure 2 shows
the average DSCs over all cases. The average DSCs for intensity-
based DIR for the prostate, rectum, bladder, and seminal vesicles
were 0.84 + 0.05, 0.75 + 0.05, 0.69 + 0.07 and 0.65 + 0.11,
respectively, whereas those values for hybrid DIR were 0.98 + 0.00,
0.97 + 0.01, 0.98 + 0.00 and 0.94 =+ 0.03, respectively. These results
showed that hybrid DIR had a higher DSC value than intensity-
based DIR for all structures. Table 1 shows the summary of the
COM distance for each structure. Average COM displacements for
intensity-based DIR for the prostate, rectum, bladder, and seminal
vesicles were 3.1 + 1.5, 4.1 + 14, 79 + 2.2 and 3.6 + 1.2 mm,
whereas those values for hybrid DIR were 0.1 + 0.0, 0.3 + 0.2,
0.2 + 0.1 and 0.6 + 0.6 mm, respectively (P < 0.05). These results
showed that hybrid DIR had smaller COM displacements than
intensity-based DIR for all structures. Figure 3 shows an example
case of deformed structures using two DIR algorithms (Patient 2).
By visual inspection, hybrid DIR could deform the rectum and blad-
der accurately, compared with intensity-based DIR [DSC of rectum:
0.65 (intensity-based DIR) vs 0.96 (hybrid DIR); DSC of bladder:
0.49 (intensity-based DIR) vs 0.99 (hybrid DIR)].

DISCUSSION
We evaluated the performance of hybrid DIR between the planning
CT and the CBCT for the pelvic region, compared with intensity-
based DIR.
Maria et al. evaluated DIR accuracy between the planning CT
and CBCT images for the pelvic region using DSC [24]. They
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Fig. 2. Average dice similarity coefficient
between the manual contour on the planning CT
and the deformed contour by two different DIR
methods for all ten patients for prostate, rectum,
bladder, and seminal vesicles.

reported that the DSCs for the rectum and bladder using intensity-
based DIR were ~0.7, which is comparable with the result of this
study for intensity-based DIR (e.g. bladder DSC = 0.69). Since it is
crowded with soft tissue such as rectum, prostate, seminal vesicles
and bladder in the pelvic region, it was difficult to deform despite
organ variations (volume changes) using the intensity-based DIR.
Compared with intensity-based DIR, hybrid DIR obtained high-
er DSCs and smaller COM displacements. Since hybrid DIR could
use anatomical information (i.e. the manual contouring on the plan-
ning CT and on each CBCT), hybrid DIR might have higher DIR
accuracy than intensity-based DIR in the pelvic region, even though
there can be large interfractional organ motion. It should be noted
that DSC can only evaluate the amount of overlapping volume, and
COM displacement can only evaluate the displacement between
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Table 1. Summary of center of mass displacement with a standard deviation (mm) for prostate, rectum, bladder, and seminal

vesicles
Patient number Prostate Rectum Bladder Seminal vesicles
Intensity Hybrid Intensity Hybrid Intensity Hybrid Intensity Hybrid

1 1.5 0.2 2.7 0.1 7.7 0.1 3.9 0.2

2 4.5 0.1 2.8 0.2 12.6 0.1 3.8 12

3 3.7 0.1 2.7 0.3 6.4 0.1 3.0 0.3

4 2.7 0.2 4.1 0.2 7.1 0.3 3.4 1.6

S 22 0.1 44 0.3 8.2 0.2 3.9 0.4

6 S.1 0.1 7.2 0.2 8.1 0.1 2.7 0.2

7 22 0.1 5.0 0.3 4.7 0.2 5.6 0.2

8 S.5 0.1 52 0.4 6.2 0.2 S.4 0.3

9 1.1 0.1 33 0.1 7.9 0.2 1.4 0.4

10 3.1 0.2 3.7 0.7 9.7 0.1 3.1 14

Average 31+1S5 0.1 £0.0 41+14 03+£02 79 +22 02 +0.1 3.6+12 0.6 + 0.6
Bladder’s ROI Rectum’s ROI

Reference ROI
on planning CT)

' /W b

Q/ Target ROI

\ A (on CBCT)
deformed ROI

Reference ROI
(on planning CT)

Intensity-based DIR

deformed ROI

Hybrid DIR

Fig. 3. Typical example of rectum and bladder structures
based on each DIR (Patient 2). Purple lines: the manual
bladder structure on planning CT; green lines: the manual
structure on CBCT; yellow lines: the structure deformed
by DIR; orange lines: the manual rectum structure on
planning CT.

two structures. That is, it is not well known whether the hybrid
DIR can perform the image within the structure accurately.
Wognum et al. evaluated hybrid DIR accuracy on CT images of
ex vivo porcine bladders with radiopaque fiducial markers [32].
Their result showed that the contour-based DIR had higher DSC
than intensity-based DIR, but the spatial accuracy as assessed from
the markers was low for both algorithms. In this study, we only
focused on comparison between intensity-based and hybrid DIR.

Contour-based DIR, which used only contour information without
image intensity, might have a similar DSC value and displacement
of COM. However, hybrid DIR has the potential for improving the
spatial DIR accuracy, compared with contour-based DIR. In order
to clarify the spatial DIR accuracy for hybrid DIR, further studies
are needed.

CONCLUSION
This study evaluated the hybrid DIR algorithm for pelvic CBCT
images. Hybrid DIR had a higher DSC value and smaller COM
displacement for all structures and all patients, compared with
intensity-based DIR.

FUNDING
This study was supported in part by the Japan Society for the
Promotion of Science Grant-in-Aid for Young Scientists (B)
(15K19199).

CONFLICT OF INTEREST

There is no conflict of interest with regard to this manuscript.

REFERENCES

1. Webb S. Optimization by simulated annealing of 3-dimensional
conformal treatment planning for radiation-fields defined by a
multileaf collimator. Phys Med Biol 1991;36:1201-26.

2. Ling CC, Burman C, Chui CS, et al. Conformal radiation treat-
ment of prostate cancer using inversely-planned intensity-
modulated photon beams produced with dynamic multileaf
collimation. Int ] Radiat Oncol Biol Phys 1996;35:721-30.

3. Burman C, Chui CS, Kutcher G, et al. Planning, delivery, and
quality assurance of intensity-modulated radiotherapy using



10.

11.

12.

13.

14.

1S.

16.

dynamic multileaf collimator: a strategy for large-scale imple-
mentation for the treatment of carcinoma of the prostate. Int |
Radiat Oncol Biol Phys 1997;39:863-73.

Nutting CM, Convery DJ, Cosgrove VP, et al. Reduction of
small and large bowel irradiation using an optimized
intensity-modulated pelvic radiotherapy technique in patients
with prostate cancer. Int J Radiat Oncol Biol Phys 2000;48:
649-56.

Zelefsky MJ, Fuks Z, Happersett L, et al. Clinical experience
with intensity modulated radiation therapy (IMRT) in prostate
cancer. Radiother Oncol 2000;55:241-9.

Schulze D, Liang J, Yana D, et al. Comparison of various online
IGRT strategies: the benefits of online treatment plan re-
optimization. Radiother Oncol 2009;90:367-76.

Convery DJ, Rosenbloom ME. Treatment delivery accuracy in
intensity-modulated conformal radiotherapy. Phys Med Biol
1995;40:979-99.

Yan D, Lockman D, Brabbins D, et al. An off-line strategy for
constructing a patient-specific planning target volume in adap-
tive treatment process for prostate cancer. Int | Radiat Oncol
Biol Phys 2000;48:289-302.

Ghilezan M, Yan D, Liang J, et al. Online image-guided inten-
sity-modulated radiotherapy for prostate cancer: how much
improvement can we expect? A theoretical assessment of clinical
benefits and potential dose escalation by improving precision
and accuracy of radiation delivery. Int | Radiat Oncol Biol Phys
2004;60:1602-10.

Unkelbach J, Oelfke U. Incorporating organ movements in
IMRT treatment planning for prostate cancer: minimizing
uncertainties in the inverse planning process. Med Phys 2005;
32:2471-83.

Roeske JC, Forman JD, Mesina CF, et al. Evaluation of changes
in the size and location of the prostate, seminal vesicles, blad-
der, and rectum during a course of external beam radiation ther-
apy. Int ] Radiat Oncol Biol Phys 1995;33:1321-9.

Beard CJ, Kijewski P, Bussiere M, et al. Analysis of prostate and
seminal vesicle motion: implications for treatment planning. Int
J Radiat Oncol Biol Phys 1996;34:451-8.

Antolak JA, Rosen II, Childress CH, et al. Prostate target vol-
ume variations during a course of radiotherapy. Int | Radiat
Oncol Biol Phys 1998;42:661-72.

Langen KM, Jones DT. Organ motion and its management. Int
J Radiat Oncol Biol Phys 2001;50:265-78.

Reddy NM, Nori D, Sartin W, et al. Influence of volumes of
prostate, rectum, and bladder on treatment planning CT on
interfraction prostate shifts during ultrasound image-guided
IMRT. Med Phys 2009;36:5604-11.

Peng C, Ahunbay E, Chen G, et al. Characterizing interfraction
variations and their dosimetric effects in prostate cancer radio-
therapy. Int ] Radiat Oncol Biol Phys 2011;79:909-14.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

Evaluation of DIR for pelvic CBCT images « 571
Wen N, Glide-Hurst C, Nurushev T, et al. Evaluation of the
deformation and corresponding dosimetric implications in pros-
tate cancer treatment. Phys Med Biol 2012;57:5361-79.

. Vestergaard A, Muren LP, Sondergaard J, et al. Adaptive plan

selection vs. re-optimisation in radiotherapy for bladder cancer: a
dose accumulation comparison. Radiother Oncol 2013;109:457-62.
Thor M, Andersen ES, Petersen JB, et al. Evaluation of an appli-
cation for intensity-based deformable image registration and
dose accumulation in radiotherapy. Acta Oncol 2014;53:1329-36.
Andersen ES, Muren LP, Sorensen T S, et al. Bladder dose
accumulation based on a biomechanical deformable image regis-
tration algorithm in volumetric modulated arc therapy for pros-
tate cancer. Phys Med Biol 2012;57:7089-100.

Kadoya N, Fujita Y, Katsuta Y, et al. Evaluation of various
deformable image registration algorithms for thoracic images.
J Radiat Res 2014;55:175-82.

Kirby N, Chuang C, Ueda U, et al. The need for application-
based adaptation of deformable image registration. Med Phys
2013;40:10.

Garcia-Molla R, de Marco-Blancas N, Bonaque J, et al
Validation of a deformable image registration produced by a
commercial treatment planning system in head and neck. Phys
Med 2015;31:219-23.

Thor M, Petersen JBB, Bentzen L, et al. Deformable image regis-
tration for contour propagation from CT to cone-beam CT scans
in radiotherapy of prostate cancer. Acta Oncol 2011;50:918-25.
Zambrano V, Furtado H, Fabri, et al. Performance validation of
deformable image registration in the pelvic region. J Radiat Res
2013;54:120-8.

Rasch C, Steenbakkers R, van Herk M. Target definition in
prostate, head, and neck. Semin Radiat Oncol 2005;15:136-45.
Weistrand O, Svensson S. The ANACONDA algorithm for
deformable image registration in radiotherapy. Med Phys 2015;
42:40-53.

Kadoya N, Nakajima Y, Saito M, et al. Multi-institutional valid-
ation study of commercially available deformable image registra-
tion software for thoracic images. Int ] Radiat Oncol Biol Phys
2016;96:422-31.

Takeda K, Takai Y, Narazaki K, et al. Treatment outcome of
high-dose image-guided intensity-modulated radiotherapy using
intra-prostate fiducial markers for localized prostate cancer at a
single institute in Japan. Radiat Oncol 2012;7:10S.

Kamath S, Song W, Chvetsov A, et al. An image quality com-
parison study between XVI and OBI CBCT systems. | Appl
Clin Med Phys 2011;12:376-90.

Dice L R. Measures of the amount of ecologic association
between species. Ecology 1945;26:297-302.

Wognum S, Heethuis SE, Rosario T, et al. Validation of deform-
able image registration algorithms on CT images of ex vivo por-
cine bladders with fiducial markers. Med Phys 2014;41:071916.



	Evaluation of the performance of deformable image registration between planning CT and CBCT images for the pelvic region: c...
	INTRODUCTION
	MATERIAL AND METHODS
	Patient data and image materials
	Deformable image registration
	Evaluation of DIR accuracy

	RESULTS
	DISCUSSION
	CONCLUSION
	FUNDING
	CONFLICT OF INTEREST
	REFERENCES


