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ABSTRACT

Keywords:

PURPOSE: To compare the dose accumulation for bladder and rectum by deformable image regis-
tration (DIR) and direct addition (DA) of dose volume histogram parameters in magnetic resonance
image—guided adaptive brachytherapy (IGABT). Two DIR algorithms, contour- and intensity-
based, also have been analyzed.

METHODS AND MATERIALS: Patients (n = 21) treated with IGABT for carcinoma cervix un-
der the IntErnational study on MRI-guided BRachytherapy in locally Advanced CErvical cancer
protocol were analyzed. Each patient underwent two HDR-BT applications, 1-week apart with
two fractions of 7 Gy each delivered per application. For each application, magnetic resonance im-
aging, volume delineation, reconstruction, treatment planning (BT1 and BT2), and dose evaluation
were carried out. BT1 and BT2 images were registered using an intensity-based DIR, followed by
deformable dose accumulation (DDA), which was then compared with DA. To compare the
intensity-based DIR to other DIR approaches, nine patients were further evaluated using an in-
house contour-based DIR algorithm for bladder dose accumulation.

RESULTS: Mean (+£standard deviation; range) percentage variation between DA and DDA was
found to be 2.4% (£3.3;—1.8, 11.5) and 5.2% (£+5.1;—1.7, 16.5) for the rectum and bladder, respec-
tively. The differences between the DA and DDA were found to be statistically significant for both
rectum (p = 0.008) and bladder (p = 0.0003). Intensity-based DIR algorithm resulted in a larger
mean deviation between DDA and DA as compared with contour-based DIR, although statistically
insignificant (p = 0.32). The difference between DDA and DA was 2.4 £ 2.0% and 1.3 &+ 1.2%, for
intensity- and contour-based DIR, respectively.

CONCLUSIONS: DA of dose volume histogram parameters provides a good estimate to the dose to the
organs at risk; DIR based on image intensities may lead to systematic underestimation of dose due to
implausible DIR. © 2015 American Brachytherapy Society. Published by Elsevier Inc. All rights reserved.
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Recent advances in magnetic resonance (MR) image—
based brachytherapy (BT) have brought a paradigm shift
in the radiotherapeutic management of cervical cancer.
Mono-institutional series have shown promising results in
favor of MR-image based BT in terms of increased local
control and reduced toxicities (1—4). An ongoing multicen-
tric collaborative trial, IntErnational study on MRI-guided
BRachytherapy in locally Advanced CErvical cancer
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(EMBRACE), will reveal more information on the dose—
effect relationship on local control and morbidity using
image-guided adaptive brachytheraphy (IGABT; www.
embracestudy.dk).

Georg et al. (5) investigated a possible correlation
between the dose volume parameters Docys, Dicms, and
Do e (minimal dose to the most irradiated 2, 1, and
0.1 cm?, respectively) and morbidity for rectum and urinary
bladder. There are a range of uncertainties in the process of
IGABT which have been systematically reported, including
contouring (6, 7), applicator reconstruction (8—10), planning
(11), interfraction variation (12), and overall uncertainties
(13). Many groups have been working and reporting on these
uncertainties and possible solutions. One of the uncertainties
is deformation of organs (14) which has an impact on the
dose accumulation in organs at risk (OARs). These clinical
uncertainties may introduce uncertainties in establishing
the dose—response relationship.

In a fractionated brachytherapy schedule, the absolute
dose to OAR volumes is derived by adding dose volume
histogram (DVH) parameters from each fraction. The un-
derlying assumption is that the high-dose region is located
in the exact same part of the organ in each BT fraction. This
approach has previously been called the ‘“worst case
assumption” in the European Group of Curietherapie and
the European Society for Therapeutic Radiology and
Oncology recommendations because DVH parameter addi-
tion will overestimate the dose if the high-dose region
moves to a new location (15).

Interapplication variations result in deformation of or-
gans, which may lead to uncertainties in dose accumulation
while directly adding the DVH parameters. To provide bet-
ter estimates of accumulated doses, deformable image
registration (DIR) algorithms have been introduced in the
recent past, to take into account the variation in the anat-
omy such as bladder filling and organ motion (16—18). In
the recent past, dose accumulation based on DIR has been
reported for the bladder (16); however, for the rectum, no
data have been reported yet, and in general, the literature
is sparse for multifractionated IGABT.

With an aim to estimate, compare, and report, the dose
accumulation for the bladder and rectum by DIR and direct
addition (DA) of DVH parameters in a multifractionated
high dose rate magnetic resonance image-guided adaptive
brachytheraphy schedule, we undertook this study.

Methods and materials
Patient material

An analysis of 21 patients treated with IGABT under the
EMBRACE protocol was carried out. The treatment proto-
col of EMBRACE including application, imaging, volume
delineation, planning, and dose evaluation was discussed
in our previous publication in detail (19). European Group
of Curietherapie and the European Society for Therapeutic

Radiology and Oncology guidelines for reporting (20, 21)
imaging, target volume delineation (21), and applicator
reconstruction (22) were followed. Total external beam
radiotherapy (EBRT) and BT dose was calculated in terms
of biological Equivalent dose (EQD?2) using o/f ratios of 3
and 10 Gy, for OARs and targets, respectively (21). We
aimed for a total Dgg for the HR CTV of at least 84-Gy
EQD2, which corresponds to 45 Gy of EBRT plus
4 x 7 Gy BT dose. The EQD2 dose to the OARs was limited
by dose constraints of total 90, 75, and 75 Gy for the bladder,
rectum, and sigmoid, respectively. Every patient had two ap-
plications, 1-week apart with two fractions of 7 Gy each
delivered per application. For each application, the patient
had undergone MR imaging (MR, MR5), volume delinea-
tion, applicator reconstruction, treatment planning (BT,
and BT,), and dose evaluation. For MR image acquisition,
the patients were transferred to an MRI unit (1.5 T, GE,
Signa, UK). Fast Spin Echo (FSE) T1 axial, FSE T2 axial,
para-coronal, and parasagittal sequences of 3—4 mm slice
thickness and 0—1 mm gap were obtained (23). As per
departmental protocol, FSE T2 axial images were used for
both target delineation and reconstruction. The same
sequence of images with dose distribution was later used
for DIR and deformable dose accumulation (DDA).

DDA using intensity-based DIR

The algorithm used in the present study for DIR is based
on an optimized derivative of Lucas—Kanade Optical Flow
(SmartAdapt; Varian Medical Systems, Palo Alto, CA,
USA) (24). The algorithm is solely driven by image inten-
sities and does not apply any constraints related to organ
contours or anatomic landmarks. In this article, this algo-
rithm is henceforth referred as ‘““intensity-based DIR.”

Initially, we performed a rigid registration based on the
applicator, followed by DIR of a region of interest, which
included the rectum and bladder separately, followed by
evaluation of organ wall alignment (only anterior rectal
and posterior bladder wall was considered). This evaluation
was based on how closely the organs were aligned in the
high-dose region (spatial location of D,.3), as they were
marked as a contour in this series of patients. No manual
adaptation of the anterior bladder wall or the posterior
rectal wall alignment, or the alignment in the longitudinal
(sup—inf) direction was carried out. In automatic DIR, even
if the alignment of the anterior rectal wall, posterior bladder
wall, and the whole organ rectum or bladder was not within
the criteria of (+/— 2 mm), no manual adjusting was car-
ried out. The manual adjustment of the deformation field
vectors was done, by aligning the organ walls with the help
of mouse-clicks only in the region of high dose, Djcps.
With dose gradients of for example 6% per mm in organ
walls, we considered that the intensity-based DIR method
would be associated with too large uncertainties if we eval-
uated D, 3 on organ walls which were >2 mm displaced.

To evaluate the impact of the registration on the dose accu-
mulation, we performed two registrations for each patient with
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