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Background and purpose: This work evaluates the accuracy of deformable dose accumulation for organs at
risk (OAR) in MR-guided prostate SBRT using an anthropomorphic deformable phantom.
Materials and methods: Six MR-guided prostate SBRT treatment courses were simulated using volumetric
OAR (bladder and rectum) information derived from actual patient data. Deformed OAR contours, geo-
metrical landmarks and GafChromic EBT3 film strips (1.25 � 2.0 cm2) placed at the surface of the OARs
were used to validate DIR-based dose accumulation in MRgRT. Two DIR methods were applied: an
intensity-based deformation (IB-D) applied to the whole image, and a contour-based deformation (CB-
D), resulting in a separate deformation and dose accumulation for each OAR.
Dosimetric accuracy was evaluated by quantifying the dose differences, and performing a gamma-

index analysis between measured and DIR-derived accumulated dose for both OARs. Geometrical accu-
racy was assessed by measuring the Dice similarity coefficient (DSC), Hausdorff distance (HDD) and resid-
ual distance error (RDE) for all markers at each fraction.
Results: CB-D resulted in an average dose deviation from film measurements for rectum and bladder sur-
faces of 0.6% and 0.3%, respectively. IB-D led to worse results resulting in an overall average dose accu-
mulation inaccuracy of 7.2% and 2.5% for rectum and bladder. CB-D also showed a higher geometrical
accuracy than IB-D with significantly higher DSC values and lower RDE and HDD deviations.
Conclusion: Empirical validation of dose accumulation in MR-guided SBRT for prostate cancer obtained a
good agreement with reference film measurements when using a contour-based DIR approach.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 141 (2019) 200–207
In-room image-guidance has become a cornerstone in radio-
therapy, both for assessing inter-fractional anatomical changes
and performing adaptive radiotherapy (ART) [1,2]. The position
and shape of target and critical organs may vary during the course
of radiotherapy and, in the absence of online plan adaptation, can
lead to differences between the planned and the actual delivered
dose distribution [3,4]. Recently, the potential of MR-guided radio-
therapy (MRgRT) for better visualization of inter-fractional
anatomical changes and online plan adaptation in prostate cancer
has been appraised [5,6]. Besides online plan adaptation, knowl-
edge of the inter-fractional changes that have taken place has also
drawn interest towards the evaluation of the accumulated dose
received by the target and critical organs during the course of
the treatment [7–9].

For an accurate determination of the cumulative total dose
delivered to the target volume and organs at risk (OAR), dose accu-
mulation over all fractions is required. Deformable image registra-
tion (DIR) allows voxel-to-voxel mapping between a baseline
reference image (MRI or CT) and subsequent images of deformed
tissues. Application of the deformation map to the dose distribu-
tion enables dose warping from all fractions to the reference image
and estimation of the total received dose. For this reason, DIR-
based dose accumulation methods have been developed and
explored during the last years [10–13]. However, performance
evaluation and estimation of the uncertainty in the accumulated
dose is essential prior to clinical implementation [7,14], especially
in the regions of high dose gradients, where small errors in the
deformation map can result in significant changes in the accumu-
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lated dose. This might be the case, for instance, with the dose
received by the rectum and bladder across all fractions in prostate
radiotherapy.

Anthropomorphic phantoms are valuable tools for the perfor-
mance evaluation of DIR-based dose accumulation because they
can be used for evaluating the entire process, including image
acquisition with possible distortion and noise, data transfer and
import, image registration and dose delivery [14]. The phantom
needs to represent the anatomy of a patient, be equipped with real-
istic organ densities visually distinguishable by the image modality
being employed and finally, be able to accommodate suitable
dosimeters and geometrical landmarks in clinically relevant loca-
tions. These phantoms should also offer controllable motion and
deformation, be able to reproduce different clinical situations and
suitable to perform reference measurements for DIR evaluation
[14].

In the past, validations of dose accumulation using CBCT images
of (numerical) phantoms were performed [15–21], but thus far no
empirical validation of dose accumulation for online adaptive
MRgRT has been reported. MRgRT introduces possible sources of
error such as spatial distortion of MR images, use of deformed elec-
tron density for dose calculation and variability in intensity levels
of MR images. An end-to-end test of dose accumulation perfor-
mance under these conditions is essential prior to clinical use.

Several groups have reported on DIR-based dose accumulation
in actual patients [16,22–25], but there is a lack of studies in the
literature validating DIR-based dose accumulation over a radio-
therapy treatment course involving realistic clinical situations. In
this study, such a validation for dose accumulation in MRgRT is
presented. For this purpose, an anthropomorphic, deformable and
multimodal phantom of the male pelvis was used [26] to simulate
actual clinical situations derived from previously treated patients.
Six stereotactic body radiotherapy (SBRT) treatment courses for
prostate cancer were simulated using all five fractions, and the
accuracy of the final accumulated dose in critical organs assessed
using GafChromic EBT3 film dosimetry.
Materials and methods

Phantom specification

The ADAM-pelvis phantom, an Anthropomorphic, Deformable
And Multimodal phantom developed in the German Cancer
Research Center (DKFZ), was used in this study (Fig. 1a). The con-
struction and specification of this phantom is described in greater
detail by Niebuhr et al. [26–28]. Briefly, in the engineering of this
pelvis phantom, agarose gels loaded with sodium fluoride and a
Gadolinium-based contrast agent were used for multimodal simu-
lation of soft tissue, whereas vegetable oils were used to mimic
adipose tissue. Simulation of pelvic bones was realized by applying
gypsum bandage and Vaseline to a 3D printed hollow bone case,
resulting in both a fatty bone marrow signal in MRI and high-
and low attenuation areas in CT scans. The prostate-, bladder-
and rectum surrogates were cast using 3D printed molds generated
from real patient-data. These organ surrogates were manufactured
of silicone to allow controllable and reproducible organ motion
and deformation, enabling simulation of various realistic MR-
guided adaptive radiation delivery scenarios. Imaging marker
points and pockets for dosimeters were implemented into the sur-
faces of these organ surrogates to serve as a geometric and dosi-
metric reference in the evaluation of geometric DIR and dose
accumulation accuracy. Dosimetric evaluation was performed
using GafChromic EBT3 films, which has been reported to be suit-
able and shown high accuracy in the presence of a 0.35 T magnetic
field [29]. Custom-fit film strips (1.25 � 2.0 cm2) were inserted in
seven bladder and two rectum surface pockets (Fig. 1b and c) to
evaluate the dose to critical structures.
MRgRT simulation

Six patients with prostate cancer who previously underwent
MRgRT treatments with online plan adaption, delivered in five
fractions on the MRIdian system (ViewRay Inc., Mountain View,
USA), were simulated on this phantom (TXPAT). The bladder vol-
umes and consistency of the rectum filling (air or ‘‘substance”, sim-
ulated with sponge (water/dry)) were varied before each simulated
fraction, based on available patient imaging data to create realistic
organ deformation scenarios. At each fraction, an MR scan (TR/TE:
3.37 ms/1.45 ms; FA: 60�) with 1.5 mm � 1.5 mm � 1.5 mm reso-
lution was performed on the phantom. Dose prescriptions deliv-
ered for the actual treatment (5 � 7.25 Gy) were rescaled to
5 � 2 Gy in order to remain in the best dose range performance
of GafChromic EBT3 films (0.2–10 Gy). Baseline treatment plans
were generated using IMRT step-and-shoot with 5 beam groups
where each beam group had three equidistant beams correspond-
ing with three 60Co sources on the gantry. Dose calculation at each
fraction was performed with a Monte-Carlo algorithm (statistical
uncertainty of 1%) with a grid resolution of
0.3 cm � 0.3 cm � 0.3 cm using the deformed electron density
map from the simulation CT scan.

The same procedures as in the clinical setting were followed for
daily online plan adaptation for each TXPAT (see also Fig. 1, Supple-
mentary material): (1) A repeat MR scan for each fraction, followed
by 3D alignment of the baseline and repeat MR-scan based on the
CTV; (2) Automatic deformation of OAR contours; and (3) Plan re-
optimization using the same beam numbers, beam directions and
optimization objectives.

For each TXPAT the EBT3 film strips remained in the same pock-
ets indicated in Fig. 1 keeping identical orientation during all 5
delivered fractions, in order to measure the cumulative delivered
dose and to serve as benchmark for assessing the accuracy DIR-
based dose accumulation. At the end of each TXPAT (after 5 frac-
tions) the irradiated EBT3 film strips were taken out and stored
in light-shielding bags. After 24 h each filmstrip was digitized
according to the procedure described by Barten et al. [29].
DIR algorithm and dose accumulation

For each TXPAT, the acquired 3D MR scan, contours and dose dis-
tribution were imported into the publicly available open-source
software 3DSlicer (v4.10.0) [30]. Elastix, an intensity-based DIR
toolkit available through the SlicerElastix extension, was used for
voxel-to-voxel mapping between the reference image (MRI frac-
tion 1; MRREF) and subsequent images (MR fraction 2–5; MRFR2-5)
[31,32]. DIR parameters used in this study were a normalized
mutual information similarity metric with a B-spline parameter-
ized transformation. Furthermore, a three-level multiresolution
registration scheme was used with image resolution and grid spac-
ing down sampled by a factor of 2 at each multiresolution level,
and final B-spline grid spacing of 10 mm. Gradient descent opti-
mization was used with up to 500 iterations at each multiresolu-
tion level.

Two different DIR approaches were assessed for each TXPAT

(Fig. 2): (1) full image DIR approach (IB-D), were a voxel-to-voxel
mapping between the entire MRREF and the entire MRFR2 to MRFR5

was established, resulting in 4 consecutive deformation vector
fields for each subsequent fraction of TXPAT (DVFFX2-5); (2) con-
tour–guided DIR approach (CB-D), were a separate bladder- and
rectum-specific voxel-to-voxel mapping is established between
MRREF and MRFR2-5, resulting in 4 consecutive DVF for the bladder
(DVF(bladder)FR2-5 ) and 4 consecutive DVF for the rectum (DVF(rectum)

FX2-5 ).



Fig. 1. Illustration of the ADAM deformable pelvic phantom (a), and corresponding image of organ surrogates including imaging marker points and pockets for dosimeters (b).
The lower panel (c) shows an MRI surface plot of the bladder, prostate and rectum of the phantom. The positions of the detector bags for film strips are numbered from 1 to 9.

Fig. 2. Schematic illustration demonstrating the workflow for both DIR approaches.
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With the CB-D approach the DIR is thus constrained to the volume
encompassed by the respective OAR contour, i.e. bladder or rec-
tum. MR images used as input for both IB-D and CB-D approaches
were previously registered to the CTV of the pre-treatment image
during the online adaptive workflow (see also, Supplementary
material and [5,33]).

The DVFFX2-5 from the IB-D approach were applied to the dose
distributions of fractions 2, 3, 4 and 5 respectively, in order to
map the dose distributions at each fraction to the dose distribution
of fraction 1 (reference image, MRREF). Finally, the warped dose dis-
tributions were summed up to obtain the total accumulated dose
for each TXPAT. For the second DIR approach CB-D, a bladder- and
rectum-specific accumulated dose was obtained using the DVF(rec-
tum/bladder)FX2-5 after following the same procedure for each organ
separately.
Dosimetric and geometric evaluation of DIR

To evaluate the DIR-based dose accumulation accuracy, the
exact location of all EBT3 films strips on MRREF were identified
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and marked with a ROI in Slicer for each treatment simulation (see
also Fig. 2, suppl. material). The accumulated dose distribution
within these ROIs after applying both methods, IB-D and CB-D,
were extracted and exported from Slicer in the same format (tiff)
as the digitalized EBT3 filmstrips. A pixel-by-pixel analysis of the
calibrated filmstrips (dose readout) and the extracted ROIs with
the accumulated doses was performed using OmniPo-I’mRT v.1.7
software (IBA Dosimetry, Schwarzenbruck) (Fig. 3, supplementary
material). A correction for the dose contribution from the simula-
tion CT carried out at baseline was performed by adding a constant
absolute dose value to each pixel in the ROIs containing the accu-
mulated dose distribution (see also Supplementary material). Rel-
ative dose difference calculations across all pixels in the films
(DDOSE(%) = 100% ⁄ (Dose(EBT3)/DOSE(DIR)) were performed to eval-
uate the dosimetric accuracy of both DIR strategies, IB-D and CB-
D. In addition, the accumulated spatial dose distributions of TX-

PAT1-6 were further evaluated using the gamma index (3%/2 mm)
for all film strips [34].

Quantitative evaluation of the geometric DIR accuracy was per-
formed to complement the dose accumulation analysis. Two simi-
larity metrics were used to quantify the organ deformation before
and after DIR: Dice similarity coefficient (DSC) [35] and Hausdorff
distance (HDD) [36]. The bladder and rectum contour volumes for
all TXPAT1–6 PRE-DIR, and after IB-D and CB-D strategies were
Fig. 3. An overview of 3D recreations of the prostate, rectum and bladder on the ADAM-p
6). The MR anatomical scan of the ADAM-pelvis phantom is shown for the reference situa
blue. Densities in rectum were variable according to the simulated clinical data. Baseline
show inter-fractional anatomical changes.
evaluated and compared to the reference contours (MRFX1). Six-
teen marker points available on the surface of the bladder and rec-
tum were identified on each MRI to generate a reference position
for each fraction. A total of 56 and 8 marker data points were gen-
erated per TXPAT over the 4 fractions for the bladder and rectum,
respectively. The marker points defined on MRFR2-5 were propa-
gated to MRREF using the relevant DVFs. The geometric accuracy
of DIR was evaluated by calculating the Euclidean distance (resid-
ual distance error, RDE) between the propagated and reference
marker point locations.

Statistical analysis comparing both DIR approaches was per-
formed using the Wilcoxon Signed-Rank test (IBM� SPSS Statistics
v20, Armonk, NY, USA). A p-value <0.05 was considered to be sta-
tistically significant.
Results

Fig. 3 shows a 3D representation of the simulated treatments
and OAR inter-fractional changes in the anthropomorphic pelvis
phantom. Variations in bladder and rectum volume were substan-
tial reflecting different anatomical situations at each fraction. Fig. 4
reports on the DSC, HDD and changes in bladder and rectum vol-
ume with respect to the MRREF before applying DIR (PRE-DIR).
elvis phantom for all fractions of the six simulated SBRT prostate treatments (TXPAT1-

tion. Bladder at each fraction is depicted in green whereas the rectum is depicted in
anatomy for the OAR is represented at each fraction with translucent structures to



Fig. 4. The DSC, HDD and volumes of bladder and rectum changes with respect to MRREF before (PRE-DIR) applying DIR and after IB-D and CB-D strategies.
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Dosimetric accuracy of DIR

Both IB-D and CB-D dose accumulation approaches were carried
out for all TXPAT. A detailed overview of the DDOSE(%) for both IB-D
and CB-D with respect to the dose readout of the films located at
the bladder- and rectum surfaces is shown in Table 1. An excellent
agreement with the measured values was achieved by CB-D,
whereas the IB-D approach resulted in large deviations for several
patients. Overall the mean DDOSE(%) averaged over all pixels for all
TXPAT showed a relative dose difference of 2.5% (SD = 8.7) and
�0.6% (SD = 2.0) at the bladder surface, and 7.2% (SD = 10.9) and
0.3% (SD = 1.3) at the rectum surface for IB-D and CB-D, respec-
tively. The higher correspondence of CB-D with the reference film
measurements was significant for both bladder surface (p = 0.024)
and rectum surface (p = 0.033). Analysis of gamma pass rates
between the film dose readouts and the accumulated doses by
IB-D and CB-D are also listed in Table 1. CB-D dose accumulation
resulted in high gamma pass rates values for all TXPAT whereas
IB-D exhibited significant lower values and clearly underper-
formed for several TXPAT.
Geometric accuracy of DIR

Similar to the dosimetric results, CB-D turned out to be superior
to IB-D and achieved a higher accuracy to represent the actual
geometry at each fraction. The mean bladder DSC and HDD after
IB-D registration over all TXPAT1–6 was 0.85 (SD = 0.12) and
3.18 mm (SD = 2.27), respectively. CB-D resulted in an improved
DIR registration for the bladder with DSC and HDD mean values
of 0.96 (SD = 0.03) and 1.20 mm (SD = 0.70), respectively
(p < 0.001, p < 0.001). Likewise, IB-D resulted in an inferior registra-
tion than CB-D for the rectum, with mean values of DSC and HDD
of 0.89 (SD = 0.04) and 1.53 mm (SD = 0.86) vs 0.93 (SD = 0.03) and
1.15 mm (SD = 0.36) (p < 0.001, p = 0.025). The obtained bladder
and rectum contour volumes for all TXPAT1–6 after IB-D and CB-D



Table 1
Relative dose difference and gamma (3%/2 mm) pass-rates for both dose accumulation methods with respect to the film dose readouts at the bladder- and rectum surface in
TXPAT1 to TXPAT6.

DDOSE (%) gamma pass rate % (c < 1) (3%/2 mm)

IB-DIR CB-DIR IB- DIR CB-DIR

TXPAT1 Bladder 1.3 ± 1.2 �0.7 ± 1.0 97.1 98.6
Rectum 25.7 ± 11.3 0.4 ± 0.5 45.0 99.0

TXPAT2 Bladder 0.9 ± 5.9 �2.2 ± 1.7 75.3 92.4
Rectum 8.9 ± 0.9 0.1 ± 0.4 51.8 98.2

TXPAT3 Bladder �3.3 ± 5.2 0.3 ± 2.1 83.6 93.9
Rectum 2.5 ± 3.0 0.7 ± 0.6 81.4 95.3

TXPAT4 Bladder 6.7 ± 6.6 �0.5 ± 1.2 70.6 94.8
Rectum 4.4 ± 5.6 0.7 ± 1.6 80.8 87.9

TXPAT5 Bladder 2.0 ± 6.4 �0.6 ± 0.9 87.3 96.0
Rectum �3.0 ± 1.1 �1.1 ± 0.2 79.8 90.3

TXPAT6 Bladder 7.3 ± 15.1 �0.2 ± 2.9 73.6 91.2
Rectum 4.6 ± 7.9 1.1 ± 2.2 78.0 91.8
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registration in comparison to the reference contours (MRREF) are
shown in Fig. 4c. The resulting contour volumes after CB-D showed
a higher correspondence than IB-D with the reference contour vol-
umes in all TXPAT1–6 for both, bladder and rectum (r2 = 0.95 vs 0.37
for bladder, r2 = 0.82 vs 0.52 for rectum).

The mean RDE averaged over all bladder imaging marker points
was 7.9 mm (SD = 10.6) and 3.3 mm (SD = 3.9) for IB-D and CB-D,
respectively (see also Supplementary material). When using CB-
D, only TXPAT4 led to a deviation larger than 3 mm for the markers
located at the bladder surface, whereas all TXPAT1–6 for IB-D
showed a mean RDE �4 mm. For the rectum, the mean RDE was
5.7 mm (SD = 7.7) and 2.5 mm (SD = 2.5) for IB-D and CB-D, respec-
tively. Only TXPAT1 and TXPAT2 exhibited a mean RDE >3 mm for the
rectum imaging markers when using both, IB-D and CB-D
approaches. Statistical analysis showed that CB-D exhibited a
higher correspondence with the reference marker positions for
the bladder (p = 0.000) as well as the rectum surface (p = 0.005)
compared to IB-D.
Discussion

Parallel with the development of recent improvements for in-
room image guidance, there has been a growing interest in DIR
and dose accumulation for adaptive radiotherapy. Several groups
have reported on DIR-based dose accumulation in actual patients
[16,22–25], but there is a lack of studies in the literature validating
DIR dose accumulation over a radiotherapy treatment course
involving realistic clinical situations. This study provides such a
validation using an anthropomorphic phantom of the human pel-
vic region to simulate a SBRT prostate cancer treatment course.
Our results show an excellent agreement between the accumu-
lated dose and the film measurements after delivery of 5 fractions
at the surface of the OARs, i.e. bladder and rectum, especially when
using the CB-D approach.

Some previous studies have reported on the accuracy of DIR
algorithms for dose accumulation using different classes of
deformable phantoms [19,20,37,38]. In contrast to the present
study, none of those reports simulated an entire MRgRT treatment
course using realistic deformations obtained from actual clinical
patient data. The performance of such end-to-end tests is a critical
component to ensure the accuracy of all steps involved in MRgRT
and perform DIR-based dose accumulation. Usually, a single defor-
mation was applied in those studies and the obtained degree of
accuracy of the DIR-based dose accumulation was variable, with
uncertainties ranging from 1.5 to 4.7%, but with outliers of up to
30%, and mean geometric uncertainties of 1.0–2.1 mm. Our results
obtained with the CB-D strategy agreed with the measured doses,
with an average deviation of �0.6% and 0.3% for bladder and rectal
surfaces, respectively. In addition, the ability to verify the cumula-
tive irradiated dose by means of film dosimetry allowed us to not
only estimate the average uncertainty, but also to verify local dose
distributions and dose gradients by the gamma index. High gamma
pass-rates were obtained for all films measurements with CB-D
dose accumulation, whereas performance of IB-D was significantly
worse. The mean geometric uncertainties assessed by the CB-D in
our study were 3.3 mm and 2.5 mm for the bladder and rectum
marker points. Overall, the AAPM recommends an overall DIR geo-
metric accuracy of approximately 2–3 mm [14]. Our results point
out that the CB-D method applied accurately predicts the accumu-
lated dose in regions of high dose gradients for patients undergoing
substantial deformations and tissue density changes. These results
agree with those of Cazoulat et al. [17] who also found that a sur-
face constrained DIR for bladder and rectum using numerical phan-
toms reduced the local difference between the reference and
accumulated doses.

The agreement of the DIR-based accumulated dose with the ref-
erence measurements exhibits a correlation with the geometrical
error after DIR. Fig. 5 shows the average dose difference for all
TXPAT1–6 across all fractions plotted against the mean HDD and
DSC after DIR. A larger HDD or lower DSC, reflecting a worse corre-
spondence of reference and deformed contour was correlated with
a larger average dose difference error. In general, we found that
wen using CB-D, HDD distances <3 mm and DSC values >0.90 cor-
related with dosimetric errors of less than 3% for both, bladder and
rectum surfaces. A similar pattern for prostate cancer patients was
also found in the past [17].

The anatomical variations in a few SBRT fractions were more
difficult to manage by the Elastix DIR algorithm which resulted
in higher geometrical uncertainties for both approaches. TXPAT4

resulted in >3 mm average marker position deviation from the ref-
erence for the bladder surface, and TXPAT1-2 for the rectum surface.
In the case of TXPAT4, the reference image at baseline showed a full
bladder whereas subsequent fractions exhibited a substantial blad-
der volume decrease, i.e. deformations larger than average were
present. For TXPAT1-2, a substantial density change was observed
in the voxels comprised by the rectum structure (air vs water
equivalent material) in a few fractions, hampering the DIR algo-
rithm to obtain an accurate deformation field locally around the
rectum structure. Both extreme situations led to large deviations
in the accumulated dose by IB-D, whereas CB-D was still able to
accurately accumulate the dose and obtain a good agreement with
the experimental measurements. It is worth noting that the largest
geometrical deviations found for the bladder reference markers
were located cranially, whereas there were no film pockets at those



Fig. 5. Mean dose difference for all TXPAT1–6 across all fractions plotted against the mean HDD and DSC after applying DIR. Correlation coefficients are shown in the subplots.
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locations since they are dosimetrically less relevant (low dose
spill).

Our study simulated MR-guided SBRT treatments using actual
inter-fractional changes from six prostate cancer patients previ-
ously treated in our clinic. MRgRT has shown much potential to
improve radiotherapy treatment by means of target volume reduc-
tion, online plan adaptation and management of inter-fractional
changes [33,39–44]. Validation of DIR dose accumulation in OARs
enables future assessment of the received dose by the critical
structures and holds much promise for radiotherapy plan adapta-
tion based on the partially received dose at mid-treatment.
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