3D delivered dose assessment using a 4DCT-based motion model
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Purpose: The purpose of this work is to develop a clinically feasible method of calculating actual
delivered dose distributions for patients who have significant respiratory motion during the course of
stereotactic body radiation therapy (SBRT).

Methods: A novel approach was proposed to calculate the actual delivered dose distribution for SBRT
lung treatment. This approach can be specified in three steps. (1) At the treatment planning stage, a
patient-specific motion model is created from planning 4DCT data. This model assumes that the
displacement vector field (DVF) of any respiratory motion deformation can be described as a linear
combination of some basis DVFs. (2) During the treatment procedure, 2D time-varying projection
images (either kV or MV projections) are acquired, from which time-varying “fluoroscopic” 3D
images of the patient are reconstructed using the motion model. The DVF of each timepoint in
the time-varying reconstruction is an optimized linear combination of basis DVFs such that the 2D
projection of the 3D volume at this timepoint matches the projection image. (3) 3D dose distribution is
computed for each timepoint in the set of 3D reconstructed fluoroscopic images, from which the total
effective 3D delivered dose is calculated by accumulating deformed dose distributions. This approach
was first validated using two modified digital extended cardio-torso (XCAT) phantoms with lung
tumors and different respiratory motions. The estimated doses were compared to the dose that would
be calculated for routine 4DCT-based planning and to the actual delivered dose that was calculated
using “ground truth” XCAT phantoms at all timepoints. The approach was also tested using one set
of patient data, which demonstrated the application of our method in a clinical scenario.

Results: For the first XCAT phantom that has a mostly regular breathing pattern, the errors in 95%
volume dose (D95) are 0.11% and 0.83%, respectively for 3D fluoroscopic images reconstructed
from kV and MV projections compared to the ground truth, which is clinically comparable to 4DCT
(0.093%). For the second XCAT phantom that has an irregular breathing pattern, the errors are 0.81%
and 1.75% for kV and MV reconstructions, both of which are better than that of 4DCT (4.01%). In the
case of real patient, although it is impossible to obtain the actual delivered dose, the dose estimation
is clinically reasonable and demonstrates differences between 4DCT and MV reconstruction-based
dose estimates.

Conclusions: With the availability of kV or MV projection images, the proposed approach is able to
assess delivered doses for all respiratory phases during treatment. Compared to the planning dose bas-
ed on 4DCT, the dose estimation using reconstructed 3D fluoroscopic images was as good as 4DCT
for regular respiratory pattern and was a better dose estimation for the irregular respiratory pattern.
© 2015 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4921041]
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1. INTRODUCTION

Discrepancies between planned and delivered dose to tu-
mors and normal tissues can potentially lead to unsafe and/or
ineffective treatments, caused by increased dose to critical
structures and decreased dose to the tumor. As the organ
displacement around the diaphragm could be 2-3 cm or larger
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in the superior—inferior (SI) direction, respiratory motion
should be fully considered for radiation treatments involving
thoracic and upper abdominal cancers that involve lung, stom-
ach, pancreas, and liver.! The discrepancy could be especially
severe in stereotactic body radiation therapy (SBRT) for lung
cancer treatment because the consequence is magnified by
its low fraction number (3-5 fractions) and high fractional
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dose (12-18 Gy per fraction). However, as in vivo dosimetry
is currently not available clinically, dose—response studies
are generally based on prescribed or planned dose instead of
delivered dose. Studies of actual delivered dose with respi-
ratory motion are therefore of great significance to address
the differences between prescribed and delivered doses. Accu-
rate knowledge of delivered radiation dose distribution can
improve the safety of treatment delivery by detecting the
discrepancies, improve the quality of treatments by allowing
plan adaptations based on actual delivered dose and patient
motion pattern, and increase the precision of dose—response
studies by providing accurate estimation of endpoints.

For the purpose of dose assessment and verification, the
general idea is to place some type of detector close to the
patient and correlate the detector response with the dose in
the treatment volume using an established model.> Several
methods have been reported to assess delivered dose during
treatment. Electronic portal imaging devices (EPIDs) play an
important role in dose assessment and verification because
they are available on existing clinical equipments and require
no additional imaging dose. Several approaches have been
developed to link EPID images to actual delivered dose.
Berbeco et al.>® proposed a dose estimation method based
on beam’s-eye-view images (MV images acquired by EPID),
which was applied for liver IMRT and lung SBRT dose verifi-
cation. This approach gave a good estimation of the tumor dose
but cannot calculate the 3D dose to normal tissues that move
relative to the tumor. Elmpt et al.”® combined MV cone-beam
CT with images recorded by EPID during treatment to verify
the delivered dose. McDermott et al.” acquired kV cone beam
CT images and MV portal images to verify hypofractionated
IMRT treatment dose for rectal cancer patients. Recently,
Hurwitz et al.'® proposed to reconstruct the 3D images of
respiratory phases during treatment using external surrogate
signals, based on which the actual delivered dose can be
calculated for the entire volume.

In this work, we propose a comprehensive approach to
assess actual 3D delivered dose for patients who have signif-
icant respiratory motion during SBRT treatment. The basic
idea is to reconstruct 3D images of the patient using kV or
MYV projection images acquired at sampled timepoints during
the treatment, calculate 3D dose distributions for the time-
points, and accumulate deformed doses to assess the actual
delivered dose to tumor and critical organs. This approach
can be incorporated into current SBRT planning and treat-
ment practice as it is developed using readily available infor-
mation that can be processed offline, after each treatment
delivery.

This is the first proof-of-concept study of delivered dose
assessment for SBRT lung cancer treatment that combines
principal component analysis (PCA) approach!!'~'® for 3D
reconstructions at sampled timepoints and the Monte Carlo-
based Dose Planning Method (DPM)!” for dose calculation.
Although the PCA approach has been validated for tumor
localization with the presence of significant respiratory mo-
tion, further investigation was needed to investigate the feasi-
bility, accuracy, and potential usefulness of using these 3D
images for dose calculation, particularly for patients who
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breathe differently than they did during acquisition of the
4DCT used for motion modeling.

This approach was first validated using two modified digital
extended cardio-torso (XCAT) phantoms with lung tumors
and different respiratory motions.'®!” The estimated dose was
compared to the dose that would be calculated for routine
4DCT-based planning and to the actual delivered dose in treat-
ment. The approach was also applied to a patient dataset.

2. MATERIALS AND METHODS

2.A. Workflow of the proposed dose estimation
approach

Figure 1 illustrates the workflow of our proposed approach
to assess 3D actual delivered dose with respiratory motion in
SBRT lung treatment in the context of a typical clinical setting.
The left box groups standard procedures for SBRT lung treat-
ment. 4DCT images are acquired to account for respiratory
motions in the treatment planning stage. The right box groups
major steps of our approach. (1) At the treatment planning
stage, a patient-specific motion model is extracted from plan-
ning 4DCT data. This model assumes that the displacement
vector field (DVF) of any timepoint of respiratory motion can
be described as a linear combination of some basis DVFs.!!~13
(2) During the treatment, 2D time-varying projection images
(either kV or MV) are acquired, from which time-varying
fluoroscopic 3D images of the patient are reconstructed us-
ing the motion model. The DVF of each phase in the time-
varying reconstruction is an optimized linear combination of
basis DVFs such that the 2D projection of the 3D volume at
this phase matches the projection image.'*! (3) The 3D dose
distribution is computed for each timepoint in the set of 3D
reconstructed fluoroscopic images, from which the total effec-
tive 3D delivered dose is calculated by accumulating deformed
dose distributions. Each of the steps will be described in more
detail in Secs. 2.B-2.F.

2.B. Simulation data sets
2.B.1. Modified XCAT phantom data

A mass-conserving XCAT digital phantom'®!" was used

to validate the dose assessment approach. A modified XCAT
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Fic. 1. Flowchart of the proposed approach to assess 3D actual delivered
dose with respiratory motion for SBRT treatment.



2899 Cai et al.: Dose assessment using 4DCT-based motion model 2899

phantom incorporates predefined tumor trajectories and gener-
ates synchronized anatomical motion based on local mass
conservation. Details of adaptive calculation of chest wall
and diaphragm motion and the generation of mass-conserving
3D data based on recorded tumor trajectories are described
in the literatures.'” The 3D patient tumor trajectories were
experimentally acquired with the Mitsubishi real-time radia-
tion therapy (RTRT) system in the Radiation Oncology Clinic
at the Nippon Telegraph and Telephone Company in Sapporo,
Japan, which was detailed in the literature.2°

Two sets of modified XCAT phantoms (XCAT1 and
XCAT2) were generated using the respiratory pattern of two
patients. Each set of phantoms corresponds to 54 s of respira-
tory motion with tumor trajectories measured at 2 Hz. In both
sets, each 3D phantom image had a dimension of 256 X 256
% 140 with a voxel size of 2x2Xx2.5 mm in the left-right (LR),
anterior—posterior (AP) and SI directions, respectively.

2.B.2. Patient data

The performance of the proposed approach was also tested
using patient data acquired at our clinic. One set of lung cancer
patient data was selected who had a mass in the left lung and
underwent SBRT treatment. The 4DCT data were acquired
using a sixteen-slice LightSpeed RT16 CT scanner (GE Med-
ical Systems, Milwaukee, WI) in an axial cine mode with a
voxel size of 1.27x1.27x2.5 mm, which corresponded to one
nominal breathing cycle and was used for treatment planning.
The EPID images were acquired during SBRT treatment on a
Novalis Tx linear accelerator using 6 MV at a dose rate of 600
MU/min. The imager has a physical size of 40 X 30 cm and
a pixel pitch of 0.39 mm. The EPID images were acquired at
2 frames/s with 2 X2 binning mode (512 x 384 pixels). The
source-to-axis (SAD) and source-to-imager (SID) distances
were 100 and 180 cm, respectively. The field size defined by
the multileaf collimator (MLC) was approximately 5 x4 cm
and the gantry angle was 20° when EPID images were ac-
quired. There are a total of 160 EPID images corresponding
to 80 s.

2.C. Dose assessment framework

For the purpose of validating the proposed dose calculation
approach, a framework was designed to compare the delivered
dose obtained from 4DCT, ground-truth fluoroscopic images
and 3D reconstructed fluoroscopic images. These three types
of doses are explained as follows.

(1) 4DCT and 4DCT dose: 4ADCT images are a set of 3D
images corresponding to respiratory phases in one com-
plete cycle (start-of-inhale to end-of-exhale). Given a
field design, the delivered dose to tumor is different for
each phase because of different tumor positions, and the
accumulated dose from all 4DCT phases is called the
4DCT dose. For XCAT1 and XCAT2, the set of 4DCT
images is selected as a subset of XCAT phantoms that
covers a single respiratory cycle. For the patient, 4DCT
images from treatment simulation were used.
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(2) Ground-truth 3D fluoroscopic images and ground-
truth dose: For XCAT1 and XCAT?2, another subset was
selected from the set of XCAT phantoms to simulate
the “actual” XCAT “patient” images with respiratory
motions in multiple cycles during treatment delivery,
which are called the ground-truth fluoroscopic images.
Dose distributions were calculated for all timepoints of
the ground-truth fluoroscopic images and were accu-
mulated to assess the actual dose delivered to the GTV,
which is the ground truth for comparison. There is no
ground-truth dose for the patient case because it is not
possible to obtain the actual 3D patient images during
treatment.

(3) Reconstructed 3D fluoroscopic images and reconstruc-
tion dose: 3D images are reconstructed using the mo-
tion model and projection images to approximate 3D
fluoroscopic images. For XCAT1 and XCAT2, a kV
image or an MV image is simulated as digitally re-
constructed radiographs (DRRs) for each time point of
the ground-truth fluoroscopic images. The kV image
is calculated at 90° view angle with 80 keV (mean
energy for 150 kVp) and the MV image is calcu-
lated at 45° view angle with 1 MeV (mean energy for
6 MV). Based on the kV or MV image, the 3D image
is computed using our patient-specific motion model
to approximate the anatomy at each timepoint. The
set of resulting 3D images is called reconstructed 3D
fluoroscopic images. In the patient case, there were no
kV images and only the MV images were available.
Dose distributions were then calculated for each phase
of the reconstructed 3D fluoroscopic images and were
accumulated to assess the dose to GTV. This is called
the reconstruction dose, which could be kV reconstruc-
tion dose or MV reconstruction dose.

2.D. Patient-specific motion model

Our group and collaborators have developed a patient-
specific motion model''~'> based on the assumption that the
anatomy displacement due to the respiratory motion at any
phase can be described as a linear combination of a set of basis
DVFs. The key part of a patient-specific motion model is the
set of basis DVFs (eigenvectors), which represent the “basic”
motion vectors of each voxel. These basis DVFs are calculated
from the planning 4DCT data, which can be achieved in the
following two steps.

2.D.1. DVF

Assume the 4DCT image set includes N time-varying im-
ages (N phases) in a complete respiratory cycle. If one of the
time-varying images is selected as the reference image, then
any of the other N—1 time-varying images can be deformed
to the reference image using a deformable image registration
(pr) algorithm, which will generate a DVF that links any time-
varying image with the reference image through Eq. (1).

Reference image (r) = Time-varying image (r+DVF). (1)
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The phase of peak exhale was selected as the reference phase.
A variation of Demon’s algorithm implemented on GPU was
selected to compute DIR as it has been well validated for lung
CT.>' As CT images of chest show high anatomical contrast
among lung, tumor, muscle, and ribs, the passive force algo-
rithm was selected to compute deformation vectors because it
can better handle images with large gradient. The deformation
vectors were sequentially updated at three levels of spatial
resolution from low (4x downsampled) to high (original),
and at each level, they are iteratively updated until a speci-
fied stopping criteria (difference of relative norm less than 1
% 107).2! The accuracy of deformable image registration is
critical element of the modeling procedure. The demons algo-
rithm used in this study has been validated on patient lung
4DCT using the data at dir-labs.com. Other deformable image
registration algorithms could be substituted in if improved
ones are developed.

2.D.2. Basis DVF decomposition

PCA was employed to compute the basis DVFs u; (called
eigenvectors or principle components) from the N—1 DVFs
obtained from above. PCA is able to identify and rank principal
components (most significant eigenvectors) while eliminat-
ing redundancies. In term of u;, each DVF can be written
as

K
DVF=DVF+ Z w,, 2)
i=1

where DVF is the mean DVF of all phases from 4DCT and
w; is the coeflicients for the i-th eigenvector. K is the num-
ber of principal components. For this work, we choose K=3,
which has been shown to provide good results in previous
studies.!*-13

2.E. Reconstruction of 3D fluoroscopic patient
images

It is assumed that during treatment delivery, the pa-
tient’s anatomy change caused by respiratory motion can
be characterized using the same set of basis DVFs as
that from 4DCT. Thus, it is possible to reconstruct a set
of fluoroscopic 3D patient images by finding the proper
coefficients of the linear combinations in Eq. (2) such that
at each phase, the reconstructed 3D image can produce a
projection that matches the corresponding projection image
acquired during treatment. Li et al.!'~'3 proposed an algorithm
to iteratively computing the linear coefficients w={w;}
for each 3D image by minimizing a cost function as in
Eq. 3),

minwJ (W,a,b) = minyy

P fo(f—DVF

K
- Zwiui)—a'y—b-l
i=1
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2
, (3)
2

where J(w,a,b) is the L2-norm of the error between the linear
projection of the 3D object and the acquired projection image.
fo(P) is the reference image, fo (F’—DVF—Z{ilwiui) is the
reconstructed 3D image, P is the linear projection operator,
and y is the projection image at each phase. Both a and b
are correctors to address possible background and intensity
differences.

The projection image y could be either akV image acquired
by an On-Board Imager (OBI) or an MV image acquired by
an EPID. The kV image usually has a larger field-of-view
(4030 cm) and a higher soft tissue contrast, and the tissues’
linear attenuation coeflicients at kV match that for the 4DCT
image. A small rectangular field with approximately the same
size as the treatment fields was used for MV projections.
Preliminary evidence suggests that as long as the tumor can
be distinguished in the MV image, the algorithm is able to
produce similar reconstruction accuracy as is achievable with
kV images."”

2.F. Dose calculation and accumulation

A Monte Carlo-based method was used to calculate deliv-
ered dose for each 3D image, which could be any phase in
4DCT, ground-truth or reconstructed fluoroscopic images. The
package was developed and validated by Seco et al.?’> and
has been used in several studies.'®?>2® The major steps are
illustrated in Fig. 2.

Treatment plans were created with eight static MLC fields,
where the MLCs were fit to the outline of the PTV in the
beam’s-eye-view of each field. Field shaping was performed
in EcLIPSE v.11 (Varian Medical Systems, Palo Alto, CA). The
PTV was defined as the ITV with no margin added for setup
error (except for the patient case, as described in Sec. 3).
Calculated based on 4DCT, plans were normalized to deliver
54 Gy to 95% of the gross tumor volume (a tumor D95 of
54 Gy). The MLC and beam geometries were imported into
EGSnrc and used to calculate the phase space information of
photon fluence for a 6 MV x-ray beam modeled for a Varian
2100C/D linear accelerator. Fifteen million photons per field
were simulated to maintain the statistical uncertainty below
1%. Based on the 3D image in Hounsfield units, 3D image with
material type and electron density information was prepared,
which, together with phase space information, geometry infor-
mation, and parameters of all involved physical interactions,
were input into and processed by DPM (Ref. 17) to calculate
the 3D dose distribution for each 3D image/timepoint.

Due to anatomical changes caused by respiratory motion,
the calculated dose distributions for each phase cannot be
directly added together to obtain the total delivered dose.
Using DVFs derived from deformable image registration be-
tween the images upon which dose is being calculated, and
the reference phase, dose distributions at each time point
were deformed to match the 3D anatomy at the reference
phase. The dose was then accumulated across all timepoints
to determine the final dose estimation. The detailed procedure
is shown in Fig. 3. The accuracy of dose deformation is impor-
tant in dose assessment especially when the dose gradient is
steep.
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FiG. 2. Flowchart of the Monte Carlo-based dose calculation approach.

3. RESULTS
3.A. XCAT phantom studies
3.A.1. Respiratory motion

The ground-truth tumor positions of the two XCAT phan-
toms are illustrated in Figs. 4(a) and 4(b) where the relative
positions in both SI and AP directions are shown. XCAT1
has a mostly regular breathing pattern and the cycle chosen as
4DCT is comparable to the cycles used for treatment. XCAT2,
however, has an irregular breathing pattern and the motion in
4DCT cycle is relatively small.

3.A.2. Accuracy of dose deformation

The accuracy of dose deformation was assessed for XCAT1
and XCAT?2 using the ground-truth 3D fluoroscopic images.
Dose distributions were deformed using the method described
in Fig. 3. For this experiment, a nondeforming, rigidly mov-
ing tumor was used. In this scenario, the actual absorbed
dose of the tumor at any timepoint should not be altered
by dose accumulation. The dose to the tumor should not be
changed when it is shifted back to a reference phase using
the DVFs derived from image registration. Thus, the accuracy
of dose accumulation based on the DVFs can be assessed by
comparing the dose to the tumor at each time point before
and after deformation to the reference phase. To quantify the
dose distributions in the tumor volume at each timepoint, we

3D Image Set
*4DCT

* Ground-Truth

* Recon 3D Fluoro

Reference
Phase

define the “scaled instantaneous D95 of the tumor. This is
the D95 of the tumor if the entire dose had been delivered at
a given timepoint (with the anatomy and tumor stationary in
the position at that timepoint). Figure 5 shows comparisons
of the scaled instantaneous D95 of the tumor before and after
dose deformation, for each timepoint. The errors of scaled
instantaneous D95 values due to deformation are also plotted,
and for most phases, the absolute errors are smaller than 1%,
showing that the dose accumulation does not introduce large
errors in this scenario.

3.A.3. Comparison of ground-truth dose
and reconstruction dose

The concept of scaled instantaneous D95 value was also
used as an indicator to compare how the 3D dose distri-
butions of reconstructed time-varying images resemble the
ground truth. For the two XCAT phantoms, D95 values were
measured at all phases in 4DCT, ground-truth images, and
both kV and MV reconstructed fluoroscopic images, and the
values are plotted in Fig. 6. It is clear that D95 changes
with tumor displacement and that at timepoints where the
tumor displacement is large, D95 could be smaller than the
prescribed dose. D95 curves of both kV and MV reconstruc-
tions generally follow the trend of the ground truth well.
The MV curve is lower at timepoints with large displace-
ment.

3D Dose
Distributions

; | Deformed 3D Dose

Distributions

Delivered
3D Dose

Fic. 3. Flowchart of dose accumulation to calculate the delivered dose.
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FiG. 4. Design of the two XCAT phantoms. (a) XCAT1 has a fairly regular

breathing pattern and the tumor motion in 4DCT is a good representation of that

during simulated treatment. (b) XCAT?2 has irregular breathing patterns where tumor motion in 4DCT is smaller than that during simulated treatment.

Figure 7 compares the dose—volume histogram (DVH)
curves of 4DCT, ground truth, and kV recon and MV recon
images for both XCAT phantoms, where the bin size is 1 cGy.
Quantitative measurements are listed in Table I. In XCAT1, the
4DCT leads to an accurate dose estimation, as expected due to
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the mostly regular breathing pattern. The kV recon curve is
also overlapped with the ground truth, and the MV curve is
shifted a little bit toward lower dose. Compared to the ground
truth, the percentage errors in D95 are 0.093%, 0.11%, and
0.83% for 4DCT, kV and MV recons, respectively. Due to the
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Fi. 5. Dose deformation accuracy of the two XCAT phantoms. (a) XCAT1
and (b) XCAT2. D95 refers to the scaled instantaneous D95 of the tumor, as
defined in the main text.

irregular breathing pattern of XCAT?2, the falling edge of the
ground-truth curve of XCAT2 is shifted by approximately 2
Gy lower compared to the 4DCT curve. The kV recon curve
generally overlaps with the ground truth well, and the falling
edge of the MV curve is also closer to the ground truth around
D95 area than that of the 4DCT. The percentage errors in D95
are 4.01%, 0.81%, and 1.75% for 4DCT, kV and MV recons,
respectively. The lung volumes that receive more than 10 Gy
(Lung V10 values) are around 4% of the total lung volume,
which is very similar for both cases.

3.B. Patient study

A similar approach as that used for the XCAT phantoms
was followed for the patient study, except that there is no
ground truth for patient studies and only MV portal images
were available during treatment delivery. The reconstructed
tumor positions are illustrated in Fig. 8. A previous publication
analyzed the accuracy of tumor localization based on MV
images and our motion modeling approach.'> In that work, the
tumor localization accuracy was found to be about 2 mm.

In this section, we simulate the delivery of two treatment
plans. The first treatment plan has no setup margin, and the
ITV is used as the target, similar to the XCAT experiments
in this paper. The second treatment plan has a 7 mm uni-
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Fig. 6. Accuracy of reconstruction dose for the two XCAT phantoms. (a)
XCAT1 and (b) XCAT2. D95 refers to the scaled instantaneous D95 of the
tumor.

form margin expansion added to the ITV to create the PTV.
Each plan was normalized to provide a GTV D95 of 54 Gy
based on the 4DCT calculation for that plan. The delivery
of each plan was simulated using the reconstructed 3D fluo-
roscopic images from the MV images and compared to the
dose estimated from 4DCT. In addition to these simulations,
an additional simulation was run with the first treatment plan
(no setup margin) where an isocenter shift was used to ac-
count for the 6.3 mm systemic shift of the tumor. The scaled
instantaneous D95 values for the tumor at all timepoints are
plotted in Fig. 9, and the 4DCT values are plotted as well for
comparison.

The DVH curves are shown in Fig. 10. For the first treatment
plan with no margin, the GTV D95 is 16.46 Gy with no
isocenter shift and 52.99 Gy when an isocenter shift is applied.
The V10 values for lung are 3.47%, 3.32%, and 3.39%,
respectively, for 4DCT dose, MV reconstruction dose, and
MYV reconstruction dose with isocenter shift. For the second
treatment plan, with a7 mm PTV margin and no isocenter shift,
the GTV D95 is 48.87 Gy and the lung V10 is 7.78%.

4. DISCUSSION

This work presented a novel approach to assess the actual
delivered dose distribution for SBRT lung treatment while
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accounting for respiratory motion. Two XCAT phantoms were
created to demonstrate the performance of our approach for
both a regular breathing pattern and an irregular breathing
pattern, and a patient case was investigated to examine the
feasibility of applying this approach to patient data. (Though
no ground truth was available to assess the accuracy of the
patient example).

The magnitude of errors in dose accumulation can be
affected by several factors. The accuracy of the deformable
image registration techniques used to derive DVFs is a primary
cause of error. Errors will also be larger in regions of steep
dose gradients, where a small spatial error can lead to a large
dosimetric error. In general, the error due to deformation in
the calculation of D95 for our phantom studies was less than
2% for most timepoints, as shown in Fig. 5. It should be noted
that XCAT phantoms used in this work have exact HU levels
defined for each part of the anatomy, while patient images have

more variation in HU levels, which could lead to deformation
or dose accumulation errors.

The reconstruction doses of all timepoints generally follow
the ground truth well, but lower D95 values are seen for
both kV and MV reconstructions at some timepoints where
tumor displacements in SI and/or AP directions are large.
The MV reconstruction dose curves are generally lower than
the ground truth and kV reconstruction dose, possibly due
to better tumor visibility and localization in the kV projec-
tions. A large error in kV reconstruction dose around 46 s
in Fig. 6(a) is observed. To investigate this discrepancy, we
directly compared the ground truth (image and dose distribu-
tions) with the kV reconstruction image and the dose distribu-
tion. The error of tumor centroid location was only 2.32 mm,
and the normalized root mean square error of the 3D dose
distributions in the tumor volume was 4.17%. We believe that
as the tumor was at the largest SI and AP displacements where

TasLe I. Comparison of tumor D95 and lung V' 10 for XCAT phantoms.

XCAT1 XCAT2
Tumor D95 (error) Lung V10 (%) Tumor D95 (error) Lung V10 (%)
4DCT 54.00 Gy (0.093%) 4.48 54.00 Gy (4.01%) 4.34
Ground truth 54.05 Gy 4.44 51.92 Gy 4.12
kV recon 53.99 Gy (0.11%) 4.49 52.34 Gy (0.81%) 4.01
MV recon 53.60 Gy (0.83%) 4.39 51.01 Gy (1.75%) 3.86
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the dose gradient is sharpest, small differences in the recon-
struction image and dose distribution caused a large difference
in the instantaneous D95 value.

We have not studied the angular dependence of reconstruc-
tion and dose calculation accuracy in this study. Both MV and
kV projections were respectively simulated at a single view
angle but used for dose calculation of all treatment beams. Pre-
vious studies by Li'?> and Mishra'*'> have shown flat angular
dependence of the volume reconstruction. However, there can
be some angles where other objects in the path of the tumor,
or a lack of contrast between the lung and tumor tissues, make
it difficult to detect the tumor. In these cases, the proposed
approach may still work well if some moving feature can be
seen in the image, but if no moving features are discernible,
the algorithm will lose accuracy. Further studies will follow.

As expected, for XCAT1 with a regular breathing pattern,
the DVH derived from the 4DCT and that derived from our
model both match the ground truth very well, and even the
biggest error in MV recon is only 0.83%. Our model works

well for the irregular breathing pattern of XCAT?2, where the
error is 0.81% for kV recon and 1.75% for MV recon, both
of which are smaller than that of 4DCT (4.01%). The larger
errors for the XCAT?2 phantom originated from the limitation
of the PCA-based motion model because in this study, the
amplitude of breathing pattern during treatment is much larger
than that obtained from 4DCT. Even though, our approach still
produced a more accurate assessment of the actual delivered
dose than that of 4DCT.

Our patient study demonstrated the feasibility of applying
the methods to patient data, and produced results that seem
reasonable, but a quantitative analysis of the dose estimates
cannot be made due to the lack of ground-truth data. While
the 4DCT images of XCAT phantoms are selected as subsets
within a single breathing cycle that are free of motion-induced
artifacts, the 4DCT of the patient study does show such arti-
facts. These artifacts associated with the sequential acquisi-
tions at each couch position could potentially cause additional
errors in motion modeling and dose calculation. Before the

Patient Reconstruction Dose

Treatment *
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Fic. 9. Tumor scaled instantaneous D95 values of reconstructed dose distributions for patient.
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methods described in this work could be applied clinically, a
more thorough study on the accuracy of dose estimation would
be required, including measurements in a realistic physical
phantom, and a larger patient study where different methods
of delivered dose estimation could be compared. The methods
would need to be investigated for other tumor locations, trajec-
tories, and shapes, as well as for different treatment plans and
beam configurations.

The major limitation of 4DCT-based motion model and
dose assessment is that planning 4DCT might not be able
to faithfully represent the patient anatomy during treatment
since there might be tumor baseline drifting or interfractional
anatomical or motion pattern changes, and this could lead to
inaccuracy in dose assessment. The extension and impact of
such uncertainties must be further investigated through clinical
studies. We are also working on dose assessment using cone
beam CT-based model, which can potentially account for these
uncertainties in a clinical environment.

One concern of using intratreatment kV projections is
cross-scatter from MV treatment beam, which may reduce
the image quality of the kV image?®’ and bring reconstruction
errors. This issue was not addressed in this study but can be
resolved by using interleaved pulse sequences to control kV
and MV beams.?®

The proposed approach is theoretically valid for dose
assessment of intensity-modulated treatments, such as IMRT
and VMAT. While the kV imaging method should require
no changes, MV-based reconstruction is likely to struggle
if there is too little information in the EPID image. This
approach could also find applications in proton treatments
where accurate motion estimation is essential for treatment
delivery and dose assessment.?’

5. CONCLUSION

We have developed and performed initial testing on a
method to estimate the 3D delivered dose distribution in lung
SBRT treatment while accounting for deformation caused by
respiration. This method estimates delivered dose using time-
varying volumetric, or “3D fluoroscopic,” images generated
from a 4DCT motion model and 2D projections acquired
during treatment imaging. The initial performance of the

Medical Physics, Vol. 42, No. 6, June 2015

method was measured in two XCAT phantom cases, and the
feasibility of applying it to clinical data was tested in one
patient case. While the initial results are promising, more
extensive experiments are required to validate the accuracy of
the method in patient data.
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