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Abstract

Background: Deformable image registration (DIR)-based dose accumulation
(DDA) is regularly used in adaptive radiotherapy research. However, the appli-
cability and reliability of DDA for direct clinical usage are still being debated. One
primary concern is the validity of DDA, particularly for scenarios with substantial
anatomical changes, for which energy-conservation problems were observed in
conceptual studies.

Purpose: We present and validate an energy-conservation (EC)-based DDA
validation workflow and further investigate its usefulness for actual patient data,
specifically for lung cancer cases.

Methods: For five non-small cell lung cancer (NSCLC) patients, DDA based on
five selective DIR methods were calculated for five different treatment plans,
which include one intensity-modulated photon therapy (IMRT), two intensity-
modulated proton therapy (IMPT), and two combined proton-photon therapy
(CPPT) plans. All plans were optimized on the planning CT (planCT) acquired
in deep inspiration breath-hold (DIBH) and were re-optimized on the repeated
DIBH CTs of three later fractions. The resulting fractional doses were warped
back to the planCT using each DIR. An EC-based validation of the accumulation
process was implemented and applied to all DDA results. Correlations between
relative organ mass/volume variations and the extent of EC violation were then
studied using Bayesian linear regression (BLR).

Results: For most OARs, EC violation within 10% is observed. However, for the
PTVs and GTVs with substantial regression, severe overestimation of the frac-
tional energy was found regardless of treatment type and applied DIR method.
BLR results show that EC violation is linearly correlated to the relative mass
variation (R"2 > 0.95) and volume variation (R"2 > 0.60).

Conclusion: DDA results should be used with caution in regions with high
mass/volume variation for intensity-based DIRs. EC-based validation is a useful
approach to provide patient-specific quality assurance of the validity of DDA in
radiotherapy.
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1 | INTRODUCTION

Adaptive radiation therapy (ART) showed to be able
to deliver better target coverage and organ at risk
(OAR) sparing for cancer patients undergoing anatom-
ical changes,"? for a number of cancers including but
not limited to head and neck cancer? prostate cancer?”
and lung cancer®

Deformable image registration (DIR) is one important
component regularly used in ART workflow for contour
propagation or dose warping based on the estimated
correspondence between image pairs. The result of a
DIR is a non-uniform deformation vector field (DVF) with
three degrees of freedom for each voxel. Although, in
theory, DIR should be able to deal with possible anatom-
ical variation,? DIR itself is an ill-posed problem, lacking
a ground truth solution.” Different DIRs algorithms have
unavoidable discrepancies when registering the same
input image pair®'% Moreover, the results are sensi-
tive to parameter choices even within one specific DIR
algorithm.!” As suggested by the AAPM task group
132,'? validation and quality assurance (QA) of DIR is
crucial, as these intrinsic discrepancies can be propa-
gated to downstream applications of DIR, such as dose
accumulation.

In ART, the fractional adaptation of the structures
and treatment plans leads to non-trivial dose accumu-
lation. For the presented work here, we assume that the
doses of fractionated plans on varying anatomies need
to be summed up to one reference anatomy, for exam-
ple, the planning CT (planCT), such that the cumulative
dose to the target and OARs can be evaluated.'® Up
to now, dose accumulation research is often based on
DIR, therefore known as deformable dose accumula-
tion (DDA).'* A typical DDA workflow used in research

is displayed in Figure 1 (brown box). First, new adap-
tive treatment plans are optimized for repeated CTs.
The reference anatomy is registered with the repeated
CTs using a DIR algorithm. Then, the re-optimized frac-
tion dose distribution D; is warped to the reference
anatomy using the corresponding DVF ¢ for all fractions.
Finally, the fraction doses are summed on the reference
anatomy. Although DDA is an intuitive approach, multiple
questions remain open, making clinical implementation
challenging.'® Different levels of uncertainties related
to DDA are under investigation. On the application
level, DIR ambiguities can propagate into dose accu-
mulation, inducing uncertainty in the quantification of
a confidence interval for DDA results. When applying
multiple DIR algorithms, the underlying DDA uncertain-
ties have been analyzed and shown to be substantial.'”
Additional research showed that these dosimetric uncer-
tainties can be modeled and estimated with reasonable
accuracy.16 As DIR uncertainties are unavoidable, it is
important to quantify these uncertainties before clinical
decisions are taken. As a result, the clinical implementa-
tion of DIR should be done carefully, by exploring the
limitation and applicability of the methods in different
situations.'”18

In this work, we focus on a more general level by
looking at the uncertainties of the DDA process itself.
For most DIRs, the obtained DVFs are optimized by
correlating the intensity similarity of the two input CT
images. Therefore, it is questionable if image intensity
correlations can directly be extrapolated to accumulate
doses. In previous works, calculations performed on a
deformable phantom with external force indeed showed
that DDA has limited accuracy in regions with a higher
magnitude of deformation.'® Furthermore, large defor-
mations appearing in regions with volume and/or mass
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FIGURE 1 Workflow for deformable dose accumulation (brown box) and the proposed energy conservation-based validation (blue box)
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variation also require extra caution for DDA .>6.14.15.18,20
Zhong et al. presented a conceptual study with spheres
with changing masses to validate the potential problem
with energy conservation (EC) for dose accumulation
for tumors undergoing such mass changes.2° This con-
ceptual example study provides the foundation for our
work, in which the validation was conducted for realis-
tic patient cases, to the best of our knowledge, this was
done for the first time. In this paper, we presented the
investigation on the DDA uncertainty in the context of
mass/volume changes and validated the clinical use-
fulness of EC based on the work by Zhong et al2° for
patient-specific QA of DDA. Of note, this work assumes
that the energy of two representations of the same dose
should be conserved. The associated controversy on
such an assumption will be described in the discussion.

Firstly, the principles and mathematics of EC for DDA
are introduced. Then, the EC-based criterion is applied
to the accumulated dose distributions for selected non-
small cell lung cancer cases (NSCLC). A variety of
treatment modalities, each including non-adaptive and
adaptive scenarios, and multiple DIR methods are
included in the investigation. Next, the scenarios where
EC is violated are presented and analyzed. Finally, the
impact of volume and mass changes on EC violation is
studied.

2 | MATERIALS AND METHODS

2.1 | Patient cohort and treatment
planning

In this study, five NSCLC cases and five different
DIR methods (Velocity, Plastimatch Demon, Plastimatch
Bspline, Mirada, Raystation Anaconda) were included
and evaluated. Each patient has one planCT (reference
anatomy) and three repeated CTs named CT1,CT2 and
CT3 and acquired on days 2,16,and 31 of the treatment.
All CTs were acquired in deep inspiration breath-hold
(DIBH) and the motion was monitored with the Real-
time Position Management sytem (RPM, Varian Medical
Systems Inc.). The complete acquisition scheme was
published earlier?’

This work studies both non-adaptive and adaptive
treatment scenarios. In the non-adaptive scenario, treat-
ment plans were optimized for the planCT, followed by
re-calculation on all repeated CTs. For this, repeated
CTs are rigidly registered to the planCT and share the
same structure set as the planCT. For the adaptive
scenario, plans were instead re-optimized on the indi-
vidual repeated CTs based on new targets and OARs
delineated by a physician on each CT.

Five different types of treatment [intensity-modulated
radiotherapy (IMRT), two intensity-modulated proton
therapy (IMPT), and two combined proton-photon ther-
apy (CPPT)] were studied individually to cover a broad

MEDICAL PHYSICS——
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FIGURE 2 Dose distribution of the five treatment plans with
contours of the GTV (red) and the PTV (yellow). CPPT FHB,
combined proton-photon therapy with a fixed horizontal beamline;
CPPT Gantry, gantry-based combined proton-photon therapy; IMPT
FHB, intensity-modulated proton therapy with a fixed horizontal
beamline; IMPT Gantry, intensity-modulated proton therapy; IMRT,
intensity-modulated photon therapy

range of treatment plans. The complete optimiza-
tion framework, including the objectives, was recently
published??> All dose distributions for one example
patient are shown in Figure 2. Nine equispaced co-
planar beams were used for the IMRT plan, while three
patient-specific fields were used for IMPT Gantry. We
also considered proton therapy with a fixed horizon-
tal beamline (FHB) (IMPT FHB), where two-field IMPT
is delivered at a gantry angle of 270° with two dif-
ferent couch angles. Moreover, two types of combined
proton-photon treatment (CPPT) were also included.
The CPPT Gantry plan simultaneously optimizes the
IMPT Gantry with the IMRT fields, while the CPPT FHB
is the optimal combination of the IMPT FHB and IMRT
fields. The concept and potential of CPPT are described
in other publications?®?’ The purpose of examining
various treatment modalities is to avoid limiting the
investigations to a single treatment type.

2.2 | Volume and mass variations

Previous work has demonstrated how EC can be vio-
lated under conditions of volume changes?® Such
changes are also present in the five investigated cases
here, mainly due to tumor regression relating to mass
and volume changes during treatment.

Figure 3a illustrates the example volume variations, in
which the volume V of the tumor (purple) is reduced to
50% while preserving density p, representing an ideal
model for tumor shrinkage. In this case, intensity-based
DIR algorithms try to match the contours of the two
ROIs. If a uniform dose D is delivered to the target, the
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FIGURE 3. ( a) Ideal model for ROI volume variation. (b) Ideal
model for ROI density variation. (¢) GTV (red) and PTV (yellow)
variations in Patient 1 from planning day to treatment day 31. Similar
variations were observed for the other patients and are shown in the
supplement. (d) Optimized IMPT Gantry treatment plans for the
respective CTs. (e) Warped doses on planning CT

energy on the repeated CTi is 0.50VD (E = mD). How-
ever, in the warped representation, the energy is pVD.
This discrepancy leads to an overestimation of the total
energy deposited to the tumor on day i when performing
DDA.

In Figure 3b, the density of the target is reduced
by 10% while the volume is kept constant. This is a
model for mass variation introduced solely by density
changes without any potential impact on the mass com-
ing from volume changes. In this case, the boundaries
are matched, and small (or nearly zero) DVF magni-
tudes are expected. The energy deposited on day i is
0.90VD. On the other hand, in the warped representation,
the energy is pVD. This leads again to an overestimation
of the total energy delivered in DDA. One should notice
that in real cases, density variation and volume variation

are usually associated. As such, the total mass variation
is a combined effect of both.

In Figure 3c, a real example of mass and volume vari-
ations for Patient 1 is displayed. For the other patients
the variations are shown in the Supplementary material
Figure S-1. From the planning day to the treatment day
31, the volume of the GTV reduced from 233 cm"3 to
135 cm"3 (—42.1%) and the mass reduced from 203 to
113 g (—44.3%). The mass is calculated by integrating
all voxels in the GTV (or OARs) with densities calculated
from a linear interpolation of the Hounsfield units (HU) to
density look-up table used for the CT in the open-source
treatment planning system matRad?®:

Mgrv = ///P(}) av

For the PTV, the relative volume reduction was 28.1%,
and the relative mass reduction was 38.6%. Such that
for this patient, it is observed that the mass reduction
for the PTV is around 10% larger than its volume reduc-
tion while for the GTV this difference is only around 2%.
This can be explained by the specific anatomical situa-
tion, where lower density lung tissue is surrounding the
tumor. Additionally, the ratio of the size between the GTV,
with generally high-density tissue, and the PTV, which
already includes lower density tissue, is of importance.
The mass and volume changes for the GTV and PTV
are summarized in the Supplement (Table S-1).

As described above, we studied both adaptive and
non-adaptive treatment plans. The reason for this is to
separate effects of density and volume variations. In
adaptive plans, volume and density change are reflected
in their combined effects on ROI mass. In contrast,
in non-adaptive plans, since the shape and volume of
the ROIls are kept constant, density variations are the
only causes of ROl mass changes. As such, we can
independently analyze its effect on EC.

2.3 | Energy conservation based DDA
validation workflow

For any given repeated CTi, the ground truth (GT) total
energy deposited to an ROl can be calculated by an
integral over its volume:

or =[] 51 G M (5) ax

Here, the D; and M; represent the dose and mass
distribution for CTi respectively. In DDA, however, the
fraction doses are warped to a reference anatomy, which
is usually the planning CT with mass distribution M.
Thus, one can formulate the total energy in the new
warped representation:

Eppa // $i(D; (X

Mo (%) d¥
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The mass distribution is then fixed to the reference
anatomy M, while ¢;(D;(X)) stands for the warped dose
distribution of fraction i. ¢; is the transformation DVF
generated by a DIR algorithm. D;(X) and ¢;(D;(X)) are
the two representations of the fraction doses on different
anatomies.

The total energy deposited is a physical quantity
determined by the interactions of photons/protons with
the matter in the patient's body. On each treatment
day, once the treatment is completed, the delivered pro-
tons/photons, their interactions with the matter, and con-
sequently, the energy deposited in the patient become
an unknown but irrevocable physical fact. In this work,
we assume energy is conserved for any representation
of the delivered dose in fraction i. This means that if the
total energy, for example 10 J, is deposited in the PTV
on a specific treatment day, then any representation of
this dose should conserve this 10 J. However, intensity-
and contour-based DIRs and corresponding DVF-based
DDA, in principle do not guarantee this conservation,
which might make the accumulation results under the
assumption of EC in specific cases questionable.

In this study, the factor Ag% is defined to quantify
the extent to which EC is violated. For treatment with
n repeated CTs and adaptations, the main quantities
under consideration are defined in the following way:

Eor = 3 Egy = ;///D, (%) M, (X) dx
Eoon = 3, Ebon = 2, [ #0: oo (3) a5
El

i=0

i o DDA
AE% =1 — E’_
GT
Eppa

AE% =1 —
Ecr

where Egr and Epp, represent the cumulative ground
truth energy, and the DDA calculated energy. Positive
A% implies under-estimations of the total delivered
energy, while negative A% indicates over-estimations.
For each repeated CT i and the respective re-optimized
plan,a CT-specific EC analysis has been calculated with
A’E%.

Based on the principle of EC above, we formalized
a validation workflow for DDA shown in Figure 1 (blue
box). In the validation process, the energies of the tar-
gets and OARs are calculated for the re-optimized dose
distributions on the repeated CT and the warped frac-
tion doses on the reference CT. Under our assumption,
these two dose distributions are different representa-
tions of the same physical energy situation, such that
the total energy deposited to a ROI for one fraction
should be conserved for any representation of this dose
distribution indicated by A;_:% value close to zero.

MEDICAL PHYSICS——
3 | RESULTS

In Figure 4,the E/._(solid) and E}, ,, (dashed) deposited
to ROIs of Patient 1, this is the patient with the largest
anatomical changes, are shown for the CPPT Gantry
treatment plan. Results for all patients, treatment plans,
and ROls are plotted in the Supplementary material
(Figure S-2 to S-5). For the other treatment plans, the
results are very similar. Firstly, for the PTV and GTV, the
ground truth energy E’GT decreases due to tumor shrink-
age. On the other side, for the DDAs with five different
DIR algorithms, the EBDA stays close to the planning day
even when significant regression existed, leading to a
systematic overestimation with AfE reaching —78% for
GTV and —52% for PTV on CT3 (day 31). As discussed
above, the GTVs mass and volume reduction showed
to be larger than for the PTV for this patient, additionally,
due to the ratio between the GTV and PTV size, the PTV
showed a smaller relative volume reduction. As a result,
in the accumulated dose distribution, Ag ranges from
—25.0% to —25.3% for GTV and —22.1% to —22.5%
for PTV. The accumulation performed here represents
a simplified situation, in which CT0-CT3 are considered
as 4 fractions. Adding the GT energies and comparing it
to the DDA values gives a simplified accumulated result,
instead of only a fraction-wise. Another option would be
to interpolate the data for the days with no data. One
possibility would be to use a linear interpolation between
the day 2 and day 16 for the first 15 treatment days, then
a linear interpolation of the day 16 to day 31 data for the
next 15 treatment days and then for the last 5 treatment
days the value of day 31. These accumulation results
averaged over the treatment modalities and DIR meth-
ods leads to a Ag of —40.9 + 0.1% for the GTV and
—32.1 + 0.3% for the PTV. Looking at the OAR results,
for the heart and spinal cord, Epp, results were close to
Egr with A, being randomly distributed within +10%.

In general, strong EC violations were mainly found for
targets (GTV and PTV). The smallest violation is seen
for Patient 2 and 5, which show the smallest anatomi-
cal changes. For most OARs, EC violations were lower
and tend to be random. In addition, for both targets
and OARs, the discrepancy between five different DDAs
regarding deposited energy was limited. These results
are consistent across all the different treatment plan
types and patients.

To investigate the relation between EC violation
and volume/mass variation, Bayesian linear regressions
(BLR) was performed. In Figure 5, BLR comparing A;:_
and relative mass variation, including data from all five
patients and five treatment types, is shown. AfE val-
ues were calculated for one example DDA result (DIR:
Velocity).

As seen above, the values for the different DIR meth-
ods are very similar. Firstly, in GTV, EC was violated in
DDA, and we observed that the extent of EC violation
was moderately linearly correlated with volume variation
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FIGURE 4 EiGT (J) (black) and EBDA (J) (colored) for four ROIs of Patient 1 plotted for the planning CT (CTO) and three repeated CTs
(I'=1,2,3). Five DIRs are used for DDA, represented by different colors (DIR 1 = Velocity, DIR 2 = Raystation Anaconda, DIR 3 = Plastimatch
Demon, DIR 4 = Plastimatch Bspline, DIR 5 = Mirada). The AiE values for each CT are listed in the table. Next to CPPT Gantry, additional
examples of other treatment plans are given to illustrate the very small differences. The complete results can be found in the supplementary

material

(R? = 0.553) as shown in Figure 5 (a-1). The relative
total mass variation is a combined effect of both volume
and density change, and as shown in Figure 5 (a-2), we
observed regression results with R2 = 0.959. Similar
results were found for the PTV shown in Figure 5 (b-1, b-
2),with R? = 0.694 and R? = 0.977 for relative volume
and mass variation. In Figure 5 (c-1,c-2), BLR was imple-
mented for the ipsilateral part of the lung. We observed
limited volume/mass variation in this OAR with weak EC
violation. The data points were centered close to the ori-
gin with the linear fitting with R? = 0.363 and 0.306 for
relative volume and mass variation. For other OARs, we
noticed some outliers. These outliers came from organs
with very low doses/energy, such as the heart and spinal
cord in IMPT. In the extreme case, we found some ROls
with A < —1000%, but the absolute energy change was
below 0.1J. These points were therefore omitted from
the regression.

For non-adaptive plans, similar EC violations were
observed for the GTV and PTV, as shown in Figure 5

(a-3) and (b-3). Due to the constant structures used in
the non-adaptive scenario, density changes were the
only cause of mass variation and the R? values for
the linear regression of GTV, PTV, and ipsilateral lung
were 0.980, 0.988, and 0.612. For both adaptive and
non-adaptive plans, the BLR results for PTV and GTV
are plotted in the supplementary material for the five
treatment plan types separately. Scatter plots have also
been calculated for all OARs.

In general, it is observed that the volume variation has
a lower correlation to the EC violation than the mass
variations. Of note, a variation in volume is also corre-
lated to a variation in mass. In the case of the adaptive
plans, the relative mass variation is a combination of
density changes and the change of the mass due to a
variation in the volume. It is observed that the correla-
tion to EC violation is higher for the mass variation. With
the non-adaptive plans, it is possible to reduce to mass
changes due to density changes, as the volumes are
kept constant. In this case, the bands in the BLR are the
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smallest and the correlation is the highest. Which indi-
cates that the mass variations due to density changes
are the main driver for the EC violation.

4 | DISCUSSION

The investigation of EC violation for DDA in
mass/volume changing NSCLC cases showed mul-
tiple interesting findings. However, before discussing
those findings, we want to emphasize again that this
work is based on the assumption that energy needs
to be conserved. Previous work has led to an active
discussion of the adequacy of this assumption.20-29.30
To summarize the main points of the discussion. The
two positions are mainly discussing if the energy needs
to be conserved, as the mass is changing over time. On
one hand, proponents argue that the energy does not
need to be conserved, as with the “lost” mass also part
of the energy is lost.?° Conversely, others contend that
dose summing requires bringing doses from different
time points, such as T1 and T2,to a common geometry,
such as the planning CT at T1, which represents the

initial state in which the mass existed in its entirety° To
the best of our knowledge there is still no consensus in
the community. Nevertheless, lately, the medical image
registration special interest group (MIRSIG) of the
Australasian College of Physical Scientists & Engineers
in Medicine also stated in their position paper on the
use of image registration algorithms in radiotherapy
that the violation of EC in non-mass preserving DIRs
needs to be at least validated and investigated.'® There-
fore, we believe the assumption is reasonable and its
consequences should be investigated.

A first finding concerns the dependency on the choice
of the DIR algorithm and the treatment modality. From
Figure 4 and the Figures in the supplementary material,
the discrepancies between different DIRs have been
found to be small, which means DIR ambiguities are not
crucial in the EC analysis. This differs from the findings
in studies in which the investigation focused on the dose
level, where differences between DIR methods can lead
to substantial differences in the warped dose.'%'¢ |n
addition, in terms of deposited energy and EC in each
ROI, the results of five different treatment plan types
were almost the same despite their dissimilar dose
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distributions outside of the target, which suggests that
the characteristics of the ROIls and their changes are
the major causes of EC violations.

Secondly, we observed substantial EC violations for
PTVs and GTVs with a 20—30% total energy overestima-
tion in the simplified accumulation case explained above.
The BLR results showed that the extent of EC violation
is linearly correlated to the ROI’s relative volume/mass
variation. Therefore, based on the EC criterion, DDA
should indeed be used with caution in ROIs with con-
siderable volume/mass variations.'* However, previous
research on EC remained theoretical. In this work, we
implemented an EC validation of DDA and found EC
violations in five NSCLC cases. This study could be
extended in the future to other situations or indications
impacted by substantial anatomical changes, such as
for tumors in the abdominal or pelvic regions or for
head and neck cancer cases. These investigations could
evaluate the impact of different breath-holding/free-
breathing situations, varying fullness of the stomach or
bladder, or weight loss in the head and neck region. Fur-
thermore, it would be important in the future to extend
the investigations to a dataset including more time points
to get a more accurate estimation on the EC violations.

The impact of volume and density variation on the
EC in our work emphasizes the need for extended dis-
cussions and awareness on this topic in the community.
For example, in Figure 3c, 28.0% of the PTV disap-
peared from CTO to CT3. If the target volume is adapted,
the effect of the CT3 fraction represented on CTO is
equivalent to a boosting dose to the remaining 72.0%
volume. However, after the DDA, the dose will be warped
to the initial full-size target volume, which does not match
what was delivered and leads to the observed EC viola-
tion. On the other hand, if one assumes that the same
initial PTV region should be treated because of the
potential microscopic spread of the tumor?' then the
density in this region still changes. In Figure 3c, the
mean density of the PTV was decreased by 19.8%
from CTO to CT3. In DIR-based DDA, the dose will be
mapped directly from low-density PTV in the repeated
CT to the high-density PTV in the reference anatomy.
This also leads to EC violations, and furthermore, also
partly dilutes the actual delivery. One possible solution
for the volume changes could be volume-preserving
registration methods, such as the hybrid finite element
method (FEM) based model32 These methods previ-
ously showed better performance than traditional DIR
regarding volume preservation and EC. However, these
methods are currently not widely available or used com-
pared to intensity-based DIRs. For the density changes,
a re-scaling of the dose might be an idea to consider
in the future. For example, in Figure 3 (b-1, b-2), the
mean density of the target was reduced to 90% in CT
i. Therefore, for a better representation of the dose to
be accumulated on the reference CT, the dose D should
perhaps be adjusted to 90%D. Such consideration might

lead to more accurate clinical outcome evaluation, such
as tumor control, normal tissue complications, and dose-
volume effects, as the adjustment of the upstream dose
accumulation workflow influences the downstream clin-
ical models. In light of these possible improvements, it
is necessary for the radiotherapy community to further
investigate and discuss on DDA processes.

5 | CONCLUSION

This study performed an investigation of the energy
conservation problem of DDA in the context of mass
changes on actual patient data. More specifically, it
was shown that DDA with traditional intensity-based
DIR violates energy conservation for regions with high
mass/volume variation in lung cancer cases and that the
extent of EC violation is linearly correlated to the relative
mass/volume change. The proposed patient-specific EC
validation can be a helpful validation tool for DDA.
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