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A B S T R A C T

Purpose: Evaluate the performance of three commercial deformable image registration (DIR) solutions on
computed tomography (CT) image-series of the thorax.
Methods: DIRs were performed on CT image-series of a thorax phantom with tumor inserts and on six 4-di-
mensional patient CT image-series of the thorax. The center of mass shift (CMS), dice similarity coefficient (DSC)
and dose-volume-histogram (DVH) parameters were used to evaluate the accuracy. Dose calculations on de-
formed patient images were compared to calculations on un-deformed images for the gross tumor volume (GTV)
(Dmean, D98%), lung (V20Gy, V12Gy), heart and spinal cord (D2%).
Results: Phantom structures with constant volume and shifts ≤30mm were reproduced with visually acceptable
accuracy (DSC≥0.91, CMS≤0.9mm) for all software solutions. Deformations including volume changes were
less accurate with 9/12 DIRs considered visually unacceptable. In patients, organs were reproduced with
DSC≥0.83. GTV shifts ≤1.6 cm were reproduced with visually acceptable accuracy by all software while larger
shifts resulted in failures for at least one of the software. In total, the best software succeeded in 18/25 DIRs
while the worst succeeded in 12/25 DIRs. Visually acceptable DIRs resulted in deviations ≤3.0% of the pre-
scribed dose and ≤3.6% of the total structure volume in the evaluated DVH-parameters.
Conclusions: The take home message from the results of this study is the importance to have a visually acceptable
registration. DSC and CMS are not predictive of the associated dose deviation. Visually acceptable DIRs implied
dose deviations ≤3.0%.

1. Introduction

External beam radiation therapy may increase survival for patients
with lung tumors [1–3]. However, radiation therapy in the thorax re-
gion is associated with uncertainties due to respiratory motions that
could alter the effect of the treatment from what was planned. This is
especially important for modulated treatment techniques such as vo-
lumetric modulated arc therapy (VMAT) or intensity modulated proton
therapy (IMPT) where the absorbed dose to the target volume is suc-
cessively built up from different small beam segments covering dif-
ferent parts of the total target volume. The treatment planning and dose
calculations for these treatment techniques is usually performed on a 3-
dimensional computed tomography (3DCT) image series, which re-
presents the patient anatomy without any information about the

internal organ motion. This means that the calculated dose on the
planning CT does not take into account organ motions and anatomical
changes that may occur during the treatment delivery. In reality, tu-
mors and organs situated in the thorax can move several centimeters
during the dose delivery [4–6]. This motion could interplay with the
delivery of the modulated treatments, potentially causing effects on the
delivered dose to the tumor that are difficult to predict. Furthermore,
the patient’s anatomy can change throughout the radiation treatment
course for example as a response to the treatment [7–9]. Several studies
have shown that tumor shrinkage, patient change in weight, and den-
sity variations in the lung tissue combined with the physiologic motions
of the organs due to respiration may lead to significant differences
between the planned and the delivered absorbed dose to the patient if
they are not accounted for [10–17].
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One potential way to simulate the influence of motion effects caused
by respiration is to use a deformable image registration (DIR) software
together with images from a 4-dimensional computed tomography
(4DCT) scan. A 4DCT scan is composed of several CT series that are
collected during different parts of the breathing cycle of a patient. Each
CT series corresponds to an individual phase of the breathing cycle. The
delivered dose to the patient geometry in each respiration phase can be
calculated using the treatment planning system (TPS). By deforming
and registering the planning CT image to each of the 4DCT images
acquired during the respiration cycle of a patient, the delivered dose
within each respiration phase can be summed voxel by voxel back to
the planning CT to obtain the total spatial dose distribution to a moving
volume.

There are several available software solutions able to perform DIR
on medical images, both commercially available, freeware and open
source. However, previous studies have reported discrepancies in the
deformation accuracy for different algorithms [18–25]. It is therefore
important to comprehend the specific limitations for the actual algo-
rithm that is being used in a DIR software before basing any clinical
decisions on its results. The SmartAdapt module within the Eclipse TPS,
the DIR module in Velocity (both from Varian Medical Systems, Palo
Alto, CA) and the RayDeformable module within the RayStation TPS
(RaySearch Laboratories, Stockholm, Sweden), are three different
commercially available software solutions that can be used to perform
DIR between medical image modalities such as 3DCT, 4DCT, CBCT or
magnetic resonance imaging (MRI).

This study aims to systematically evaluate and compare the per-
formance of three commercially available DIR software solutions, i.e.
SmartAdapt, Velocity and RayDeformable, for deformations performed
in the thorax region, and to determine how different parameters such as
shift and volume changes of the deformed structures and the slice
thickness of the CT image series affect the deformation accuracy. The
performance of the software is evaluated both in non-complex geome-
tries in a thorax phantom and in geometries including multi-organ
deformations on patient data. In addition to quantitative and visual
evaluation of the geometrical deformation accuracy, the impact on dose
calculations will also be studied.

2. Material and methods

To evaluate the performance of the deformable image registration
(DIR) software solutions, deformations were performed on 3DCT image
series of a thorax phantom (CIRS, model 008A) as well as on anatomical
4DCT image series that were acquired during the respiratory cycle of six
patients with lung tumors. All the CT image series used in this study
were collected on a Toshiba Aquilion Big Bore CT. The accuracy and
limitations for each software solution were assessed for five different
scenarios:

Phantom study:

1. Deformations of moving tumors without tumor volume changes.
2. Deformations of non-moving tumors with tumor volume changes.
3. Deformations of moving tumors with tumor volume changes.

Patient study:

4. Multi-organ deformations on patient data sets with moving lung
tumors.

5. Impact on dose calculations.

2.1. Phantom study

The thorax phantom represents an average human thorax in shape,
proportion and composition [26]. The phantom contains a spinal cord
and two lungs whereof one of the lungs contains an interchangeable
lung equivalent rod connected to a motion actuator box that can be

programmed to induce three dimensional motions of the rod. A water
equivalent spherical lung tumor of different diameters, ϕ=10, 20 or
30mm, can be inserted into the rod. The maximal achievable motion of
the tumor insert is 50mm in the inferior-superior (IS) direction and
11.3mm in the left-right (LR) and anterior-posterior (AP) directions.

To systemically evaluate how the deformation results were affected
by tumor shifts or changes in the tumor volume, 3DCT image series of
the thorax phantom were acquired where either the tumor position, the
tumor volume or both the position and the volume of the tumor were
changed between the image series. For the images containing the tumor
with a fixed volume (ϕ=30mm), deformations were performed for
tumor shifts of 1.0, 5.0, 10.0, 20.0, 30.0, 40.0 and 50.0mm in the IS
direction and 5.7 and 11.3mm in the LR and AP directions. To obtain
changes in the tumor volume without changing the position of the
tumor, the lung tumor within the rod was exchanged between the CT
image series while the position of the tumor was kept static. The tumor
diameter (ϕ) for these cases was varied between ϕ=10, 20 and 30mm.
The combined effect of both tumor shift and tumor volume change was
obtained by either increasing the tumor diameter from ϕ=10 to
30mm or decreasing it from ϕ=30 to 10mm in combination with a
tumor shift of either 0, 10 or 30mm in the IS direction. To evaluate the
impact of the image slice thickness on the deformation results, each CT
scan of the thorax phantom was performed twice with slice thickness
and reconstruction intervals of 1 and 3mm respectively.

2.2. Patient study

To study the performance of the algorithms in realistic and more
complex geometries, deformations were performed on 4DCT image
series of six patients that had received stereotactic body radiation
therapy (SBRT) of tumors in the lung. The patients were selected from a
cohort of 126 patients that were evaluated to assess typical lung tumor
motion and sizes [4]. The observed range of motion for the tumors in
these 126 patients was 0–11mm in the LR and AP directions and
0–53mm in the IS direction. The patients were divided into three
subgroups according to the maximum extension of the tumor diameter.
Tumor sizes were defined as follows: small tumors (T1a) ϕ≤2.0 cm,
medium tumors (T1b+T2a) 2.0 < ϕ≤5.0 cm and large tumors
(T2b+T3) ϕ > 5.0 cm. Two patients from each subgroup were se-
lected for this study.

For each patient, the gross tumor volume (GTV) and the organs at
risk (heart, ipsilateral lung and spinal cord) were delineated in the
4DCT images for different respiration phases using the delineation tools
in the Eclipse treatment planning system v. 11 (Varian Medical
Systems). Furthermore, a planning target volume (PTV) was delineated
on the planning CT for each patient. The PTV was derived using the
4DCT-information of the tumor motion to delineate the 4DGTV, i.e. a
structure that includes the GTV in all the respiration phases, on which a
margin of 3mm was added to obtain the Internal Target Volume (ITV)
and an additional margin of 5mm was used as the ITV – PTV margin.
The diameter of the GTV and volume of the organs at risk for the in-
cluded patients are presented in Table 1 together with the maximum
center of mass shift (CMS) of the GTV between the different respiration
phases of the 4DCT. The 4DCT image series were acquired with an
image slice thickness of 1mm and the reconstructed image slice
thickness was 2mm.

2.3. Deformable image registration

For each case, the CT image series were combined in pairs, a source
and a target image series. The image series containing the most inferior
position of the GTV was selected as the source while the image series
containing the most superior position of the GTV was selected as the
target. For each combination, the source image series was deformed to
the target image series. Each deformation was inspected to determine if
the result was visually acceptable. The structures within the two images
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series, i.e. source and target, were delineated by the same person in
order to minimize the inter-observer variability. In the phantom the
structures were delineated by a physicist while in the patients the
structures were delineated by a radiologist. For the patient study, the
4DCT phases containing the most extreme positions of the GTV were
always selected for the DIR evaluation.

For the deformations in SmartAdapt, the automatic DIR option was
used, for Velocity the extended deformable multipass option was used
and for RayDeformable the anatomically constrained deformation al-
gorithm (ANACONDA) was used. The algorithms in SmartAdapt and
RayDeformable use an optimization problem to minimize the difference
in image intensities between the registered images while the algorithm
in Velocity uses an elastic B-spline algorithm that uses mutual in-
formation as the cost function metric [25,27–29]. Besides the goal of
minimizing the image intensity difference in the images, the ANACO-
NDA algorithm in RayDeformable also uses additional penalization
terms such as a grid regularization term to ensure that the grid is
smooth and invertible and a shape based grid regularization term that
ensures that the deformation is anatomically reasonable. No such pe-
nalization terms are used in SmartAdapt. For Velocity, a regularization
function is used to generate a smooth deformation vector field and to
simulate realistic tissue anatomy and physiological movements. The
regularization terms used in Velocity and RayDeformable prevents the
voxels from moving independently of their neighbors. The software
versions used for the DIR were SmartAdapt v11.0, Velocity v.3.2.0 and
RayStation v.5.99.0.16.

Prior to the deformable registration, the algorithms required a rigid
registration which was obtained using the auto matching function in
each software solution. The volume of interest (VOI) for the rigid re-
gistrations was set to cover the spinal cord since this part of the
phantom and the patients was considered static. The rigid registrations
were confirmed visually before they were accepted. For the DIR in
SmartAdapt and Velocity, the VOI was set to cover the entire tumor
shift with a margin of 2 cm in each direction for the thorax phantom
studies and the entire field of view (FOV) of the 4DCT for the patient
data sets. RayDeformable does not use the concept of VOI for the de-
formations, so these were performed for the entire FOV for each case.
To evaluate the impact of the selected size of the VOI on the de-
formation results, the same pair of patient images were also deformed
with the VOI size set to cover the moving tumor with a margin of 2 cm
with SmartAdapt and Velocity. This was not studied for RayDeformable
since it does not use VOIs for deformations.

For deformations performed with Velocity that resulted in a poor
visual agreement for the deformed tumor in the phantom or the GTV in
the patients, the DIR was repeated with the “stacked VOI-method” ac-
cording to recommendations from Varian Medical Systems. This means
that a first initial DIR was performed with the VOI covering the entire
FOV after which a consecutive DIR was performed with a decreased
VOI covering only a smaller volume around the GTV to improve the
accuracy. In the results section it is specified which of the results were
obtained in this way. This type of selection for deformation was not
available in SmartAdapt or RayDeformable.

After deformation, the deformed images were visually examined in
order to determine if the DIR was considered visually successful or not.
Thereafter the deformed image and the deformed structure sets from
Velocity and RayStation were exported to the Eclipse TPS. The statistic
tool in SmartAdapt was then used to determine the CMS between the
deformed structures from all three software solutions and the corre-
sponding structures in the target image series. To obtain a quantitative
measure of the conformity between the deformed structures and the
corresponding structures in the target image, the dice similarity coef-
ficient (DSC) was calculated for each structure and deformation ac-
cording to recommendations from the American association of physi-
cists in medicine, task group 132 (AAPM-TG132) [30].

The DSC is defined as [31]:

=
+

DSC
V V

V V
2 ( )DIR Target

DIR Target (1)

where VDIR is the volume of the deformed structure and VTarget is the
volume of the corresponding structure in the target image. V VDIR Target
was obtained using boolean operators in Eclipse. A DSC value of 1
means a complete overlap between the two volumes while a value of 0
means no overlap in any voxel for the two volumes. To evaluate the
reproducibility between different deformations, each DIR was repeated
ten times with the same settings and the CMS and DSC were noted.

In order to compare the DIR accuracy with the uncertainty in
manual delineations, the studied structures were delineated manually
three times by the same person for each patient and in the phantom,
and the DSC and CMS between the delineations were noted.

2.4. Dose calculations

To assess the influence of the DIR accuracy on the dose calculations
that are performed on deformed CT-images, a comparison was made
between the calculated dose on the deformed image series and the
calculated dose on the target image series for each patient case. For
each comparison, a volumetric modulated arc therapy (VMAT) plan
was optimized on the original planning CT of the patient according to
local clinical guidelines on target coverage and constraints to the organs
at risk. The VMAT-plans were optimized to obtain an inhomogeneous
dose distribution with 100% of the prescribed dose covering the PTV
and 146.7% to a center point. Additionally, as large volume as possible
of the GTV should be given more than 140% of the prescribed dose. The
prescribed dose to each patient was different depending on the position
of the tumor, with 15 Gy×3 to the peripherally located tumors (pa-
tient 1, 2, 3 and 5), 10 Gy× 4 to tumors with broad chest wall contact
(patient 6) and 7 Gy×8 to centrally located tumors (patient 4). The
treatment plans were re-calculated in Eclipse on both the deformed
image and the target image for each DIR software and the difference in
the calculated dose distributions was assessed for dose-volume-histo-
gram (DVH) parameters for the included structures (mean dose (Dmean)
and near minimum dose (D98%) for GTV; volume receiving 20 and
12 Gy (V20Gy and V12Gy) for ipsilateral lung; and near maximum dose
(D2%) for spinal cord and heart).

3. Results

3.1. Phantom study

In the first phantom study, the ability of the SmartAdapt, Velocity
and RayDeformable software solutions to reproduce the shift of a tumor
(0–50mm in the IS direction and 0–11.3mm in the LR and AP direc-
tions) with a constant volume (ϕ=30mm) was investigated. Fig. 1
shows the DSC for the comparison between the tumor structure in the
deformed image series and the tumor structure in the target image
series for ten repetitive deformable registrations of the tumor shifts in
the IS direction. The CT image series were acquired with slice

Table 1
The maximum extension of the GTV diameter, the center of mass shift (CMS) of
the GTV and the absolute volume of the organs at risk for the patients included
in this study.

Patient # Max. GTV
diameter
[mm]

CMS GTV Vol heart Vol ipsilateral
lung [cm3]

Vol spinal
cord [cm3]

[mm] [cm3]

1 17 53 860 1201 17
2 20 23 574 647 14
3 25 23 581 1199 20
4 34 7 384 677 11
5 62 16 688 1475 14
6 64 27 658 693 17
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thicknesses of 1 and 3mm. For DIRs performed with the SmartAdapt
software solution, a difference in the results was observed for each
deformation that was performed even though all input parameters were
the same. This is seen in Figs. 1–4 as the results for SmartAdapt are
presented as bars which indicate the maximum and the minimum ob-
tained DSC for the different cases while the results for the Velocity and
RayDeformable software solutions are presented as crosses or points
since repeated deformations with these algorithms gave the same re-
sults each time.

The highest obtained DSC was ≥0.92 for all the deformed regis-
trations performed with the SmartAdapt software. For the Velocity and
RayDeformable software solutions the DSC was ≥0.91 and ≥0.98 re-
spectively for shifts up to 30mm while it was zero for shifts larger than
30mm. The corresponding CMS was ≤0.9mm in all directions for the
SmartAdapt software, while it was ≤0.8mm for the Velocity software
and ≤0.1mm for the RayDeformable software for shifts up to 30mm.
The shifts ≥30mm could not be reproduced by Velocity with an au-
tomatic DIR (DSC=0), so the stacked VOI-method was used for these
cases. For the 30mm shift the DSC thereby increased from 0 to ≥0.91
while for the shifts of 40 and 50mm it remained 0. For the 40mm shift,
the CMS was 38mm (Velocity), 35mm (RayDeformable) and 0.8 mm
(SmartAdapt) and for the 50mm shift the CMS was 47mm (Velocity),
46 mm (RayDeformable) and 1.3 mm (SmartAdapt). The DIR accuracy
for the shifts in the LR and AP directions was similar as in IS, with
DSC≥0.90 and CMS≤0.9mm for SmartAdapt, DSC≥0.93 and
CMS≤0.1mm for Velocity and DSC≥0.98 and CMS≤0.1mm for
RayDeformable. The manual delineation of the tumor that was done
three times in a row on the un-deformed CT images resulted in
DSC≥0.93 and CMS≤0.8mm when compared to the initial delinea-
tion of the structures. The image slice thickness did not have any impact
on the results.

In the second part of the phantom study, the tumor was kept static
while a change of the tumor volume was introduced between the image
series to be registered. For the Velocity and SmartAdapt software so-
lutions this decreased the accuracy of the deformations compared to the
results in Fig. 1, while the accuracy of the RayDeformable software was
not affected. Fig. 2 shows the DSC for the comparison between the

tumor structure in the deformed image and the tumor structure in the
target image for ten repetitive deformable registrations. The CMS be-
tween the deformed tumor and the tumor in the target image series was
≤1.6mm for all the deformed registrations with the SmartAdapt soft-
ware, ≤1.1mm with the Velocity software and ≤0.1mm with the
RayDeformable software. For the SmartAdapt and Velocity software
solutions the tumor shrinkage from 30 or 20mm to 10mm resulted in
the lowest DSC, while tumor growth was handled better. In the cases of
tumor growth, the SmartAdapt software underestimated the volume of
the tumor, while in the cases of tumor shrinkage the deformed volume
was overestimated. This tendency was not seen for the Velocity or
RayDeformable software. The deformation accuracy is not affected by
image slice thickness in a general way. Some of the deformable regis-
trations result in a higher DSC when performed on the CT image series
with slice thickness of 3mm and some of the registrations result in a
higher DSC when performed on the CT image series with slice thickness
of 1mm.

The combined effect of a change in tumor volume and a shift in
position of the tumor in the thorax phantom is presented in Fig. 3. For
comparison, the effect of a change in tumor volume without a shift in
position is also included. The algorithm in the RayDeformable software
solution was the only one that could reproduce the tumor shrinkage
from ϕ=30mm to 10mm but only in the case where the tumor did not
move. When this change in tumor volume was combined with a shift,
none of the DIR software succeeded. Tumor growth from ϕ=10mm to
30mm was handled better, with DSC≥0.94 for five of the nine cases.
However, none of the DIR software could reproduce the growth in
combination with a tumor shift of 30mm.

3.2. Patient study

For patient cases, the deformations are more complex since multiple
structures are deformed at the same time. For the cases included in this
study, all the DIR software reproduced the position and shape of the
organs at risk (ipsilateral lung, spinal cord, heart) with a DSC≥0.83,
with RayDeformable generally obtaining the highest DSC (≥0.89),
Fig. 4. The position and shape of the GTV could be reproduced by all

Fig. 1. Dice similarity coefficient (DSC) for the comparison between the tumor structure in the deformed image series and the tumor structure in the target image
series for ten repetitive deformations performed on CT image series with slice thickness of 1mm (a) and 3mm (b) for a moving tumor in the IS direction with a
diameter of 30mm. The obtained DSC varied between deformations with SmartAdapt (indicated as a red interval illustrating the maximum and minimum DSC) while
Velocity and RayDeformable gave the same results for each repetition. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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software only for two of the patient cases (pat 4 and pat 5), with
DSC≥0.88. Both these patients had a GTV shift ≤1.6 cm (see table 1).
For patient 2 and 6 with a GTV shift of 2.3 cm and 2.7 cm respectively,
the SmartAdapt and RayDeformable software solutions could reproduce
the GTV with a DSC≥0.90 while the Velocity software solution could
not (DSC≤0.40) even though the stacked VOI-method was used. For
patient 1 all the software resulted in DSC=0 while for patient 3 the
highest DSC was 0.68 and was obtained with SmartAdapt. The DSC and
CMS for the GTV are presented in table 2 for all the patients. The size of
the VOI for the deformed registrations in the SmartAdapt and Velocity
software solutions was considered not to have any impact on the

deformation results as long as it was large enough to include the entire
structures that were being deformed in both the source and the target
image; ≤0.01 difference in DSC for SmartAdapt and ≤0.02 difference
in DSC for Velocity. When inspecting the deformed images, the lowest
DSC for which the structures were considered visually acceptable was
0.88 for the GTV, 0.89 for the ipsilateral lung, 0.87 for the spinal cord
and 0.89 for the heart.

The manual delineation of the organs at risk and the GTV that was
done three times in a row on the un-deformed CT images resulted in
DSC≥0.87 and CMS≤1.0mm when compared to the initial delinea-
tion of the structure.

Fig. 2. Dice similarity coefficient (DSC) for the comparison between the tumor structure in the deformed image series and the tumor structure in the target image
series for ten repetitive deformations performed on CT image series with slice thickness of 1mm (a,b) and 3mm (c,d) for non-moving tumors. Diameter change X→Y
indicates the change in tumor diameter in millimeters between the source and the target image, i.e. the tumor diameter changes from X mm in the source image to Y
mm in the target image. Figures a and c represent tumor shrinkage and figures b and d represent tumor growth. The obtained DSC varied between deformations with
SmartAdapt (indicated as a red interval illustrating the maximum and minimum DSC) while Velocity and RayDeformable gave the same results for each repetition.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Dice similarity coefficient (DSC) for tumors with combined shift and volume changes for ten repetitive deformations performed on CT image series with slice
thickness of 1mm. Figure a) shows the results for tumor diameter changes from 30 to 10mm and b) from 10 to 30mm. The shift of 0mm is included for each case for
comparison purposes. The obtained DSC varied between deformations with SmartAdapt (indicated as a red interval illustrating the maximum and minimum DSC)
while Velocity and RayDeformable gave the same results for each repetition. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. Dice similarity coefficient (DSC) for the comparison between the structures in the deformed image series and the structures in the target image series for ten
repetitive deformations performed on 4DCT image series of patients with moving lung tumors. The obtained DSC varied between deformations with SmartAdapt
(indicated as a red interval and illustrating the maximum and minimum DSC) while Velocity and RayDeformable gave the same results for each repetition. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Dose calculations

When performing dose calculations on the visually successful de-
formed image series of the patients compared to calculations on the un-
deformed target image series, the maximum difference in the evaluated
DVH parameters was ≤3.0% of the prescribed dose for the GTV, spinal
cord, and heart and ≤3.6% of the total structure volume for the ipsi-
lateral lung (Table 3). For the deformed structures that were not con-
sidered visually successful, the difference was up to 28% of the pre-
scribed dose and up to 4.7% of the total structure volume. These
deformations are marked with a grey background in Table 3.

4. Discussion

The systematic analysis that was carried out on the deformations in
the thorax phantom showed that a moving tumor in the phantom could
be reproduced with similar uncertainty as in manual delineation by all

the DIR software solutions if the tumor did not move>30mm or
changed its volume. For deformations including volume changes, the
results deteriorated down to the level of no overlap at all between the
deformed structure and the structure in the target image in some cases.
RayDeformable was the software solution that could handle volume
changes the best, however as the volume changes were combined with a
shift of 30mm, none of the algorithms succeeded with the deformation.
The RayDeformable software solution uses anatomical guidelines which
provide information on how specific structures may deform. This may
be the reason why volume changes are handled better than when using
the SmartAdapt and Velocity software solutions. The difficulties in re-
producing large internal shifts (> 30mm) with the RayDeformable and
Velocity software solutions can be due to that these algorithms require
the deformed grid to be smooth in the entire image. This means that the
voxels in a moving structure (i.e. the tumor or the lungs) cannot move
more than a certain distance relative to the surrounding structures
without distorting the rest of the image. For the Velocity software

Table 2
The CMS between the deformed GTV and the GTV in the target image together with the dice similarity coefficients (DSC) calculated with RayDeformable,
SmartAdapt and Velocity.

Pat. # CMS GTV [mm] DSC GTV

RayDeformable SmartAdapt Velocity RayDeformable SmartAdapt Velocity

Max Min Max Min

1 46 53 45 56 0 0 0 0
2 0 2 0 19 0.92 0.90 0.90 0
3 15 11 7 16 0.25 0.68 0.42 0.13
4 0 1 0 0 0.92 0.92 0.90 0.90
5 0 2 2 2 0.91 0.90 0.90 0.88
6 0 2 1 25 0.92 0.91 0.91 0.40

Table 3
The difference for the evaluated DVH parameters between dose calculations on the deformed patient image
series compared to calculations on the target image series are presented for each DIR software. Negative
values indicate that the calculated dose or volume was lower in the deformed image series than in the target
image series. All plans are normalized to 100% = prescribed dose. A value on white background indicates a
visually successful deformation of the structure, while a value on grey background indicates a visually un-
successful deformation of the structure.
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solution this is true even if you only deform the image within a volume
of interest (VOI) that only covers part of the image. The grid between
the VOI and the rest of the image still has to be smooth. In the
SmartAdapt software solution this problem is less pronounced since the
grid between the VOI in which the DIR is performed and the rest of the
image does not have to be smooth. This means that larger shifts can be
accomplished without distorting the surroundings if the VOI is set to
cover only the moving structure.

One major difference that was observed between the DIR software
solutions was that the results obtained with SmartAdapt had a poten-
tially different outcome every time a DIR was performed even though
the DIR was repeated with the same settings. This was not seen with
Velocity or RayDeformable. This could be a consequence of how the
optimization functions for the different algorithms are designed.
SmartAdapt is designed to minimize the intensity differences between
the deformed image and the target image only, while Velocity and
RayDeformable have additional penalization terms. This means that
with SmartAdapt the optimal solution for the optimization function
may be reached in different ways (i.e. different appearances of the
deformed image may result in the same image intensity differences)
while for Velocity and RayDeformable the additional penalization
terms results in only one optimal solution for each set of DIR input. This
means that the result of a DIR in SmartAdapt with low conformity be-
tween the deformed structure and the structure in the target image does
not exclude the possibility of obtaining a higher conformity if the de-
formation process is repeated a second time. One tendency that was
seen was that the spread of the possible DSC obtained with SmartAdapt
often was larger for DIRs performed on the CT series that were collected
with an image slice thickness of 1mm instead of 3mm. This may be
because the series that are collected with 1mm consist of more images
than the series collected with 3mm. More images means that there are
more ways to combine the image appearances to reach the minimum
intensity difference between the images. Except this difference there
was no clear result suggesting that DIRs performed on CT image series
with a slice thickness of 1mm gave better or worse results than DIRs
performed on CT image series with a slice thickness of 3mm. At our
hospital, the most common slice thickness used clinically in re-
constructed image series is 2 mm. Therefore this is the slice thickness
used for the patient cases in this study. Although, this was not used for
the phantom cases which were used to study the influence of image
slice thickness. The influence of image slice thickness on the deforma-
tion results was suspected to be small and we therefore wanted to in-
vestigate the largest clinically relevant difference. In our experience,
the slice thickness commonly used clinically can be down to 1mm but is
most often not larger than 3mm. Therefore, the slice thickness and
reconstruction intervals for the study on the impact of the image slice

thickness on the deformation results were chosen to be 1 and 3mm.
For the patient cases the results are more complex since multiple

structures change position and volume between the source and the
target image series for each DIR. The most difficult structure to re-
produce was the GTV which was the only structure with motion ex-
ceeding 1 cm. The organs at risk did not move to the same extent and
were therefore reproduced in a better way i.e. a higher DSC. According
to the publication by the AAPM-TG132 [30] the contouring uncertainty
of a structure lies in the DSC-interval of 0.80–0.90. They also point out
that DSC calculations are dependent on the volume of the structure,
therefore very large or very small structures may have different ex-
pected DSC values for contour uncertainty. In this study the lowest
observed DSC value for which a contour was considered visually ac-
ceptable was 0.87. Of all the recorded DSC in the patient cases only 3/
36 values were in the interval 0.80–0.86 (ipsilateral lung with Velocity
for pat 1 and 6 and spinal cord with velocity for pat6). These cases were
considered visually unacceptable in our study. However, only minor
changes in the structure outline would have been necessary to adjust
the structures to be visually acceptable. All the software solutions have
tools to manually correct the deformed structures if they do not overlap
with the target structures in an acceptable way. If the differences are
small it can be done without distorting the surrounding tissue, but if
larger modifications are needed the surrounding tissue is distorted to
unacceptable levels. In this study, no manual corrections have been
done for any of the presented results in order to minimize the human
impact. Furthermore, both Velocity and RayDeformable have the pos-
sibility to use help structures to improve the DIR for the selected
structures. However since these options can distort the remaining
structures in the image they have not been used in this evaluation.

One limitation that was seen for the deformations that were per-
formed with the SmartAdapt software solution was to correctly de-
termine the boundaries of a structure when it was located close to
voxels with similar intensities as the voxels within the structure. This is
due to the high weight on the intensity-based approach of the algo-
rithm. Since the objective of the optimization process is to minimize the
intensity differences between images, the distinction between a struc-
ture and the adjacent surrounding tissue with similar voxel intensity
does not affect the mathematical outcome of the optimization since the
intensities are similar. Fig. 5 illustrates this problem where the de-
formed GTV (green) extends into the thorax wall while the GTV in the
target image (red) does not. The case on the left shows the deformation
of a large tumor (ϕ=62mm, pat 5) with a CMS of 16mm in the IS
direction and the case on the right shows a smaller tumor (ϕ=25mm,
pat 3) with a CMS of 23mm in IS direction. The DSC for the GTV is 0.90
and 0.42, respectively. For the RayDeformable and Velocity software
solutions this issue was not seen in this study, probably due to the
anatomical constraints that are used by these algorithms, however si-
milar issues have previously been reported for the Velocity algorithm
[32].

For the dose calculations, the effects on the DVH parameters of a
non-successful deformation were highly dependent on where within the
actual treatment fields the deformed structure (i.e. GTV) was located.
Since the treatment plans used in this study were optimized to give the
prescribed dose to the entire PTV which was defined based on the ITV
using 4DCT information about the GTV motion, the dose to the de-
formed GTV will not change significantly as long as it remains within
the PTV, i.e. within the treatment field. Therefore there is no clear re-
lation between DSC or CMS and the calculated dose deviation to the
GTV since these metrics do not reflect if the GTV is still within the high
dose region or not. A similar conclusion was drawn by Moriya et al [32]
that states that the magnitude of the dose accuracy cannot always be
predicted by the magnitude of the DSC value. The number of cases in
this study were too limited for a full analysis of the correlation between
the dose difference and CMS and DSC. Furthermore such an analysis
should not be done on separate dose-volume parameters since this does
not give the whole picture of dose deviations in the full dose

Fig. 5. Frontal (upper figures) and sagittal (lower figures) views of deformed
images showing the difficulties of the SmartAdapt software solution to de-
termine the extension of a volume when the volume boundaries were located
near voxels with the similar intensites. In both cases the deformed GTV (green)
extends into the thorax wall, while the GTV in the target image (red) does not.
The DSC for the GTV on the left (patient #5) is 0.90 and for the GTV on the
right 0.42 (patient #3). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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distribution. Theoretically the CMS could be a measure that gives in-
formation on the probability that the GTV is still located within the high
dose region of the field. If the CMS is smaller than the margin between
the GTV and the PTV, the probability that the GTV in the deformed
image will be located in the high dose region is high. The results of this
study show that for all cases with a high DSC (DSC≥0.88) the dose
differences are low (≤3% of the prescribed dose) and for lower values
of DSC the dose differences are systematically increasing for decreasing
DSC for registrations with RayDeformable and Velocity. However, this
systematics was not seen for the registrations with SmartAdapt. The
take home message from the results of this study is the importance to
have a visually acceptable registration. The magnitudes of the reported
dose deviations in this study are in accordance with previously reported
values [32]. The larger deviations in the DVH parameters were ob-
served in the interface regions between tumor and lung.

In this study the structures have been handled as an entity during
the evaluation which provides information on the performance of the
algorithms when used for contour propagation or dose estimations due
to patient anatomy changes during a treatment course. Future aspects
could be to evaluate the performance of the algorithms with regards to
the internal voxel shifts for each structure. This would increase the
understanding of the algorithms when the intended use is to sum the
dose to a moving structure, since each deformed voxel must be in the
correct position in order to sum the dose between two or more images
correctly.

5. Conclusions

The DIR-algorithms that were evaluated in this study were found to
be capable of deforming structures in the thorax region with similar
uncertainty as intra-observer delineations when volume changes were
not present and shifts were ≤30mm in phantoms or ≤16mm in pa-
tients. The take home message from the results of this study is the
importance to have a visually acceptable registration. To ensure cor-
rectness of a DIR, visual inspection of the deformed structures is re-
commended for every deformation process since the DSC and CMS are
not predictive of the associated dose deviation. For a visually accep-
table DIR, differences in the evaluated DVH parameters up to 3.0% of
the prescribed dose or up to 3.6% of the total structure volume were
observed.
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