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The purpose of this work was to demonstrate, both in phantom and patient, the feasibility of using
an average 4DCT image set �AVG-CT� for 4D cumulative dose estimation. A series of 4DCT
numerical phantoms and corresponding AVG-CTs were generated. For full 4D dose summation,
static dose was calculated on each phase and cumulative dose was determined by combining each
phase’s static dose distribution with known tumor displacement. The AVG-CT cumulative dose was
calculated similarly, although the same AVG-CT static dose distribution was used for all phases
�i.e., tumor displacements�. Four lung cancer cases were also evaluated for stereotactic body radio-
therapy and conformal treatments; however, deformable image registration of the 4DCTs was used
to generate the displacement vector fields �DVFs� describing patient-specific motion. Dose discrep-
ancy between full 4D summation and AVG-CT approach was calculated and compared. For all
phantoms, AVG-CT approximation yielded slightly higher cumulative doses compared to full 4D
summation, with dose discrepancy increasing with increased tumor excursion. In vivo, using the
AVG-CT coupled with deformable registration yielded clinically insignificant differences for all
GTV parameters including the minimum, mean, maximum, dose to 99% of target, and dose to 1%
of target. Furthermore, analysis of the spinal cord, esophagus, and heart revealed negligible differ-
ences in major dosimetric indices and dose coverage between the two dose calculation techniques.
Simplifying 4D dose accumulation via the AVG-CT, while fully accounting for tumor deformation
due to respiratory motion, has been validated, thereby, introducing the potential to streamline the
use of 4D dose calculations in clinical practice, particularly for adaptive planning
purposes. © 2008 American Association of Physicists in Medicine. �DOI: 10.1118/1.3002304�
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I. INTRODUCTION

One impediment to the precise delivery of thoracic radio-
therapy is the influence of respiratory-induced tumor and or-
gan motion, which limits knowledge of both the anatomical
position of objects and the dose received by them. Respira-
tory correlated CT �or 4DCT� has improved the accuracy of
target definition by reducing imaging uncertainty.1–3 4DCT
inherently provides temporal information for both tumor and
organ motion during different phases of the breathing cycle.
By contrast, conventional helical CTs are acquired under
free-breathing �FB� conditions �i.e., at arbitrary states of the
breathing cycle� during which patient anatomy and density
distribution are not static. Using this FB helical scan as the
planning CT could clearly cause differences between the
planned and delivered dose distribution.

With the advent of 4DCT, a natural progression has been
made toward estimating the dose delivered during respiration
through the use of 4D treatment planning.4–10 Briefly, these
methods rely on dose calculation to patient datasets repre-
senting multiple instances of the patient anatomy �both intra-
and interfraction�, and an algorithm to then accumulate these
multiple dose instances to a reference geometry of the pa-
tient. Both 4DCT and 4D dose accumulation are integral
components of image-guided adaptive radiation therapy �IG-

ART�, which uses patient-specific dynamic or temporal in-
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formation for treatment planning and potential modifications
during treatment.11,12 However, due to the extensive amount
of information acquired via 4DCT �commonly �1000 CT
slices� and time required for physician target delineation,
several groups have worked toward developing automated
contour delineation7,13 and deformable image registration
techniques.4,5,10 Furthermore, recalculation of the dose on
daily 4DCT images would result in hundreds of required
dose calculations, which is not feasible in the clinic today.
Therefore, efforts to simplify 4D dose calculation and plan-
ning using 4DCT datasets have been proposed by including
fewer breathing phases9 or using the midventilation
phase.14,15 Some groups have also averaged the CT density
over the entire breathing cycle to create an average 4DCT
�AVG-CT� and utilized that image set for dose
calculation.6,16

Here we present a novel algorithm where the AVG-CT is
used to represent the mean voxel density for dose calcula-
tion, and a displacement vector field �DVF� from deformable
registration of the corresponding 4DCT is used to sample
and accumulate dose from the AVG-CT-based dose calcula-
tion. Essentially, this method generates a voxel-specific prob-
ability density function that provides a voxel-specific convo-
lution for dose accumulation. This work investigates the
feasibility of this approach for cumulative dose estimation

through comparison to a full 4D dose summation. As a proof
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of concept, results are demonstrated from a series of numeri-
cal phantoms with varied tumor excursion. Our methodology
is further validated with four in vivo lung cancer cases
planned using both conventional conformal and stereotactic
body radiotherapy �SBRT� techniques. By developing a sim-
plified 4D dose accumulation taking into account respiration-
induced deformation, adaptive planning strategies may be
better streamlined in clinical practice.

II. METHODS AND MATERIALS

II.A. Phantom analysis

The overall purpose of the phantom study was to evaluate
the effects of tumor and diaphragm motion on cumulative
dose evaluation while holding the beam aperture static. In
this study, “cumulative” dose implies the accumulation of
dose intrafraction—representing variation in the anatomy
due to periodic respiration—and interfraction by represent-
ing day-to-day variations in anatomy, position, and respira-
tion pattern. For many lung cancer patients, tumor motion
has been reported to be most significant in the superior-
inferior �S-I� direction.17,18 To reflect this motion, a series of
computer-generated numerical phantoms simulated 2, 3, and
4 cm of tumor and diaphragm excursion. Each phantom was
designed to span a half-cycle of respiration in nine phases,
with four phases both superior �i.e., exhale� and inferior �i.e.,
inhale� to the mean position of the tumor.

Contours for the lung, gross tumor volume �GTV�, and
diaphragm �density=0.2, 1.0, and 1.0 g /cc, respectively�,
were also generated, as shown for the 3 cm phantom at the
mean position in Fig. 1�a�. Note that Fig. 1�a� represents a
stationary phase, and that the corresponding other eight
phases have the same image intensity with different tumor
and diaphragm locations. The isocenter was set to the GTV
center of mass at the mean position, with an isocenter-
diaphragm distance of 3.7 cm. An AVG-CT for each phan-
tom was generated by averaging the voxel intensities of all
nine phases. Figures 1�b�–1�d� demonstrate the AVG-CT for
2, 3, and 4 cm motion, respectively, of the tumor and dia-
phragm. As expected, the density is “smeared” in these av-
eraged images, with a higher density in the central regions of
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FIG. 1. Sagittal view at mean position for the numerical phantom series. Show
for the following excursions: �b� 2 cm, �c� 3 cm, �d� 4 cm, �e� 3 cm with dia
The surrounding regions represent the diaphragm and lung ��=1.0 and
=1.0 g /cc�.
the tumor and diaphragm due to these structures overlapping
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in different phases. Figures 1�e� and 1�f� illustrate the
AVG-CT generated when the tumor was shifted 1 cm closer
and 1 cm farther from the diaphragm, respectively.

The phantom with 3 cm S-I motion was used for dose
comparison in all studies. All dose calculations in this study
�both phantom and patient� were performed using a
convolution-superposition algorithm with heterogeneity cor-
rection �Pinnacle3, Research Version 8.1t, Philips Radiation
Oncology Systems, Milpitas, CA�. A four-field box treatment
plan with 100 monitor units �MU� prescribed to the GTV
isocenter was designed to cover the GTV with 95% of the
cumulative dose at the mean position �i.e., reference phase�.
The four-field box treatment plan for the phantom demon-
strated a simple conformal case and more complex beam
arrangements were considered for the in vivo examples. An
appropriate margin was added after initial dose accumulation
to address any detriment in dose coverage. This margin was
a block margin, not a clinical target volume to planning tar-
get volume �i.e., CTV-to-PTV� margin, designed to compen-
sate for the blurring effect of respiration. The determination
of the margin involved an iterative process that could not be
applied prior to dose calculation as described previously.14,19

Margin calculation involved calculating the static dose on
each phase utilizing a block margin, accumulating dose, and
reevaluating the coverage of the GTV. The prescription iso-
dose coverage to the edge of the GTV was used to determine
the dosimetric deficit of the dose accumulation process, and
additional margin was added and cumulative dose recalcu-
lated. This process was iterated until the GTV was covered
by the desired cumulative isodose line.

The same beam aperture required for cumulative dose
coverage of the 3 cm motion was then applied to each phase
and the AVG-CT for all other phantoms. By using the same
beam aperture and treatment plan, the anatomical and density
changes between phantoms could be used to simulate patient
change in an adaptive radiotherapy context. To create the full
4D dose summation over all phases, the static dose was cal-
culated on each 4DCT phase, and the resulting dose matrix
was sampled with the known displacement vector from
phantom construction. Finally, in-house software convolved
the displacement vector for each phase with its correspond-

. / .2/ .3/

e: �a� static mean position of the 3 cm phantom, and average CTs �AVG-CT�
m shifted 1 cm superior, and �f� 3 cm with diaphragm shifted 1 cm inferior.
g /cc, respectively�, with the isocenter as the GTV center of mass ��
n ar
phrag

0.2
ing dose distribution. If we let di represent the static dose
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corresponding to the ith 4DCT phase, where 1� i�M, the
cumulative dose �D� delivered over M phases was calculated
as:

D�v� =
1

M
� �

i=1

M

di�vi� , �1�

where v represents an image voxel, vi is the position at phase
i, and di�vi� is the static dose distribution based on the phase
i image. To calculate cumulative dose for the AVG-CT meth-
odology, the static dose distribution d�vi� was calculated on
the AVG-CT image, and was assumed to be the same for
each phase. The cumulative dose was then computed by us-
ing a similar formula to Eq. �1� by replacing di�vi� with d�vi�.
Deformable image registration was not necessary for phan-
tom evaluation because the phase images were generated by
specific rigid body shifts. The dose discrepancy between the
two methodologies was calculated by subtracting the full 4D
dose summation using all 4DCT phases from the AVG-CT
dose. This was then converted to a percentage by dividing by
the full 4D dose and multiplying by 100%.

II.A.1. Diaphragm shift

This study was designed to quantify the relative error in
the AVG-CT method based on internal anatomy changes and
deformation, which may depend on the relative position of
objects of different density and their position within the dose
distribution. To evaluate this effect, two additional 3 cm S-I
motion phantoms were created with a change in diaphragm
to tumor distance. Here, one phantom had increased dia-
phragm to tumor distance �4.7 cm�, while the other phantom
had decreased distance �2.7 cm� relative to our reference
phase �3.7 cm�. AVG-CTs of these additional phantoms are
shown in Figs. 1�e� and 1�f�. The beam aperture designed for
the original 3 cm motion reference phantom was then ap-
plied to the two additional phantoms to evaluate the effects
of diaphragm proximity on the two dose accumulation meth-
ods.

II.A.2. Target mispositioning

Another study was designed to simulate a series of setup
errors, and to determine their effects on the relative error of
the AVG-CT method. In practice, this could be translated to
an uncorrected positional error that could be present if the
patient were being treated with an �offline� adaptive ap-
proach rather than an online correction technique. The imple-
mentation of IGART does not necessarily imply a daily tar-
get position correction; examples may include a case with
offline correction or without the use of online guidance at all.
This study was designed to serve as a worst-case scenario to
evaluate the differences in the AVG-CT and full 4D summa-
tion techniques. For this experiment, three different aperture
and isocenter shifts of the 3 cm S-I phantom were made:
1 cm superior to, 1 cm inferior to, and 1 cm left of the origi-

nal isocenter. To estimate the magnitude of the shift effect,
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the cumulative dose using the AVG-CT approximation and
full 4D dose summation were then compared to that calcu-
lated at the isocenter.

II.B. Patient analysis

II.B.1. Patient sample

Three patients assessed in this study were recruited from
William Beaumont Hospital, with the imaging procedures
performed under an Institutional Review Board approved
protocol and in compliance with the Health Insurance Port-
ability and Accountability Act. A fourth patient �Patient 3�
dataset with very large respiration-induced tumor motion
was obtained from the University of Wisconsin under a
hospital-approved protocol. Similar to the phantom, dose cal-
culation techniques were applied to four nonsmall cell lung
cancer cases with varied tumor location, size, and magni-
tudes of motion, as determined by the centroid displacement
over all 4DCT phases �summarized in Table I�. Free breath-
ing 4DCT acquisition was performed using multislice helical
CT �Brilliance Big Bore; Philips Medical Systems� coupled
with an abdominal strain gauge for retrospective temporal
sorting into 9–10 different phases.1

The clinical cases were planned with both SBRT and con-
formal radiation therapy techniques. SBRT cases were copies
of the clinical treatment plan, and, thus, were based on an
IRB-approved patient protocol with prescription dose of
60 Gy to the 80% isodose line delivered in five fractions.
The block margins did differ from the clinical plan; however,
due to the use of the GTV �as opposed to the PTV for the
clinically treated plan� for planning our approach. Using the
GTV for planning allowed an estimation of the worst-case
situation where the differences in coverage between the
AVG-CT and all phase cumulative dose may be most evi-
dent. Here, an iterative margin design was used to take into
account the amount of dose detriment caused by dose accu-
mulation and respiration. This iterative technique was similar
to that described for the phantom study. Briefly, margin
evaluation involved calculating the static dose on each phase
utilizing a block margin, accumulating dose, and reevaluat-
ing the coverage of the GTV. This block margin was not a
clinical target volume to planning target volume �i.e., CTV-
to-PTV� margin, but was designed to compensate for the
blurring effect of respiration. The prescription isodose cov-

TABLE I. Patient sample used in dose accumulation study. RUL and RLL
stand for right upper and right lower lobe, respectively. The magnitude of
tumor motion was determined by the centroid displacement over all 4DCT
phases.

Patient GTV Location GTV �cm3�

GTV centroid displacement �cm�

Lateral A-P S-I

1 RUL 33.93 0.15 0.28 0.37
2 RLL 5.23 0.12 0.08 0.80
3 RLL 6.01 0.52 0.09 2.00
4 RLL 31.81 0.31 0.57 1.42
erage to the GTV edge was used to determine the dosimetric
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deficit of the dose accumulation process, additional margin
was added, and cumulative dose was recalculated. This pro-
cess was iterated until the GTV was covered by the desired
cumulative isodose lines: 60 Gy for SBRT and 95% of pre-
scription dose for conformal radiotherapy. For SBRT, three
patients were planned using seven beams, while one case had
six beams. For conformal radiation therapy, 180 cGy/fraction
was prescribed to the average GTV isocenter for 39 fractions
using four beams for all patients.

II.B.2. Deformable image registration

For the rigid-body motion phantom cases, the motion pat-
tern was specifically designed, so it could be used for dose
accumulation. However, for the patient, deformable image
registration was necessary to obtain the patient-specific dis-
placement field from 4DCT using in-house software previ-
ously described.13 Briefly, grayscale-based deformable image
registration using trilinear interpolation was applied to mini-
mize the sum of squared differences between the reference
image �Phase 1 of 4DCT—end of inspiration� and all other
phases. This process generated displacement vector fields
�DVFs� for each image voxel that, when used together, rep-
resented the voxel-specific probability density function of
organ motion. A physician delineated the target and critical
structures on the reference image, binary contour masks were
created, and ROIs for the remaining 4DCT phases were
propagated using the displacement. All contours were visu-
ally inspected for agreement to their corresponding image
sets. Mean contours for each ROI were created by warping
the average DVF with the physician-delineated contours
from the reference image. These mean contours were used
for subsequent treatment planning.

II.B.3. AVG-CT dose accumulation

Similar to the phantom simulation, an AVG-CT for each
patient was created through the temporal averaging of each
voxel intensity over all 4DCT images using commercially
available software �AcQSim3, Philips Medical Systems�. The
overall workflow for treatment planning and dose accumula-
tion in the patient analysis using the AVG-CT approach is
best described by Fig. 2. First, for each patient case, the
clinical treatment plan was copied to the AVG-CT, although
with a block margin, and the static dose was then calculated.
The DVFs generated by deformable registration of the
4DCT, as described in the previous section, were then used
to sample the static dose on the AVG-CT image. For the
AVG-CT approach, the dose was assumed to be the same for
all phases when sampling with the DVFs. Similar to the
phantom experiment, an appropriate margin was added after
initial dose accumulation to address any detriment in dose
coverage, and the dose accumulation process was iterated.
Finally, the dose distribution and dose to target and critical
structures were tabulated and compared to the full 4D dose

accumulation results described in the next section.
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II.B.4. Full 4D dose accumulation

Full 4D dose accumulation has been evaluated previously
by a number of investigators,4,8 and as a result, we used this
approach to evaluate our AVG-CT method. The same beam
arrangement, block margin, and number of MU used for
AVG-CT dose calculation was copied to each phase of the
clinical 4DCT image set. The static dose was then calculated
on each phase. Using the same DVF described for the
AVG-CT approach, the dose matrix was sampled and the
dose was accumulated over all phases according to Eq. �1�.
The major difference between the 4D accumulation and the
AVG-CT method is that for 4D accumulation, dose was
sampled from the phase corresponding to the DVF, whereas,
for the AVG-CT method, dose was always sampled from the
AVG-CT calculated dose, regardless of respiration phase.
The dose discrepancies �in cGy� for the GTV, lung, and other
critical structures were calculated by subtracting the full 4D
summation from the AVG-CT results. The differences were
then converted to percentages by dividing by the full 4D
summation results and multiplying by 100.

III. RESULTS

III.A. Phantom analysis

III.A.1. Motion magnitude

Table II summarizes the key findings from the dose dis-
crepancy analysis for the numerical phantom study. For all
motion patterns, estimations of the GTV parameters �maxi-
mum, mean, minimum, D99, and D1� using the AVG-CT ap-
proximation were slightly higher than the full 4D dose sum-
mation, yielding a positive dose discrepancy. For most cases,
the dose to 99% of the GTV and mean lung dose exhibited
the highest amount of discrepancy. In general, as the magni-
tude of motion increased, discrepancies in dose calculation
also increased. The largest discrepancy �1.74 cGy, 1.99%�
was observed for the 4 cm S-I phantom. However, for all
phantom scenarios, the dose discrepancy between the full 4D
dose summation and AVG-CT approximation was less than
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FIG. 2. Workflow for in vivo dose accumulation incorporating deformable
image registration and the AVG-CT to approximate the patient CT density
over all 4DCT phases.
2%, and for most cases, less than 1%.
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III.A.2. Diaphragm shift

To quantify the relative error in the AVG-CT method
based on internal anatomy changes, two additional
diaphragm-shift phantoms were evaluated. Table II summa-
rizes the results obtained for the diaphragm shift phantoms.
Using the discrepancies reported for the 3 cm phantom for
comparison, the presence of the diaphragm �i.e., diaphragm
shifted superior� caused no appreciable change in discrep-
ancy. The largest difference between the 3 cm phantom
�3.7 cm diaphragm-tumor distance� and the 2.7 cm
diaphragm-tumor distance was observed for the maximum
dose to the GTV, although the calculation was less than
1 cGy different. When the diaphragm was shifted 1 cm infe-
rior to the tumor �4.7 cm diaphragm-tumor distance�, slight
reductions in discrepancy were observed for the GTV and
lung parameters studied when compared to the 3 cm phan-
tom.

III.A.3. Target mispositioning

To simulate a series of setup errors �i.e., an uncorrected
positional error�, a target mispositioning experiment was per-
formed. Figure 3 summarizes the results for the beam aper-
ture mispositioned in the following configurations: centered
�i.e., correctly positioned�, shifted 1 cm left, shifted 1 cm
superior, and shifted 1 cm inferior. For the maximum dose,
mean dose, and dose to 1% of the GTV volume, the dose
discrepancy was less than 1% �all less than 1 cGy�. Further-
more, no appreciable difference was observed when the
beam aperture was shifted to the left of the tumor; the dose
discrepancy for this case was similar to the correctly posi-
tioned aperture. However, when the beam aperture was
shifted superior and inferior, the discrepancy in dose calcu-
lation minimum dose to the GTV and D99 were substantial.
The largest discrepancy �4.57%� was observed for the mini-
mum dose to the GTV when the aperture was shifted supe-

TABLE II. Dose discrepancy, calculated by subtracting
The percentage was calculated by dividing the dose d
percentage for each numerical motion phantom. GTV
while MLD stands for mean lung dose.

S-I Amplitude �cm� GTVMin GT

2 0.27 0
�0.30%� �0

3 0.56 0
�0.63%� �0

4 1.74 0
�1.99%� �0

2.7 cm diaphragm-tumor
distance

0.81 0
�0.89%� �0

4.7 cm diaphragm-tumor
distance

0.19 0
�0.22%� �0
rior.
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III.B. Patient analysis

Building on the phantom results, four lung cancer patient
datasets were also analyzed. Table III summarizes the dis-
crepancy for the most sensitive parameters evaluated. The
top number indicates the dose discrepancy in both cGy
�AVG-CT minus the corresponding full 4D for each dose
indices� and percent �percent of the full 4D dose index�. For
most of the dose indices studied, the AVG-CT approach
yielded slightly higher results than using the full 4D ap-
proach. The largest difference observed in the GTV was for
the SBRT plan for Patient 3, where the D1 was −2.44%
�−187.50 cGy� discrepancy between techniques. The SBRT
plans yielded a larger dose discrepancy than the conformal
plans when expressed in cGy, however, when expressed as a
percentage, the dose discrepancy was less than 1% for all
techniques. The mean lung dose discrepancy was largest for
Patient 3, although still under 2% difference.

4D summation dose from the AVG-CT dose, in cGy.
ence by the 4D summation dose and converting to a
nd D1 represent the dose to 99% and 1% of the GTV,

Dose discrepancy �cGy�

an GTV D99 GTV D1 MLD

0.80 0.45 0.25
� �0.88%� �0.47%� �0.25%�

0.70 0.70 0.39
� �0.77%� �0.73%� �1.01%�

1.20 0.60 0.39
� �1.34%� �0.63%� �1.01%�

0.75 0.10 0.22
� �0.82%� �0.10%� �0.58%�

0.40 0.45 0.63
� �0.44%� �0.47%� �1.61%�
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FIG. 3. Discrepancy �%� results for the GTV of the numerical phantom with
3 cm of tumor motion and target mispositions designed to simulate a series
of setup errors. The aperture shifts are 1 cm to the left, inferior, and superior
of the GTV. D�99% � and D�1% � are the delivered dose to 99% and 1% of
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For critical structures �spinal cord, heart, and esophagus�,
the maximum dose, mean dose, and generalized equivalent
uniform dose �gEUD, a=2� were also investigated for both
3DCRT and SBRT �not shown�. The greatest dose discrep-
ancy �59.86 cGy, 1.47%� was observed for Patient 3 for the
maximum heart dose planned using 3DCRT. When taking
into account the percentage of the full 4D dose index, the
largest discrepancy was observed in Patient 3 for the esopha-
gus planned with SBRT �−3.25%, −5.74 cGy�. Overall, the
discrepancies of all critical structures, regardless of the plan-
ning technique �i.e., SBRT and conventional fractionation�
were at clinically insignificant levels, with an average dis-
crepancy of −0.10 �range: −3.25% to 1.05%� for the former
and 0.23% �range: −0.42% to 2.13%� for the latter. This was
further demonstrated by Fig. 4 that summarizes the SBRT
DVH results obtained for Patient 3 whose tumor exhibited
prominent centroid motion in the S-I direction. Visual in-
spection of the DVHs for all critical structures yielded unde-
tectable differences between the two 4D dose calculation
techniques. In this case, the tumor was inferiorly situated
near the diaphragm, and the beam was perturbed by the dia-
phragm in three of the 10 4DCT phases. Here, the solid lines
indicate the AVG-CT approximation, while the dashed lines
represent the full 4D dose summation. Note the undetectable
differences for all critical structures. In the GTV, the cover-
age was practically identical; however, the full 4D summa-
tion exhibited slightly higher maximum dose and dose to 1%
of the GTV �D=−2.00 and −2.04%, respectively�.

The dose coverage between the plans is also demonstrated
by Fig. 5. Here, the cumulative dose distribution for Patient 3
planned with stereotactic body radiotherapy techniques is
shown. The isodose washes represent 30 �green�, 40 �yel-
low�, 60 �blue�, and 70 �red� Gy coverage of the GTV. For
the full 4D cumulative dose summation, the corresponding
black lines are shown. Negligible differences were observed
in dose distribution and target coverage between the two ap-

TABLE III. Dose discrepancy results for four patients planned with both con
cGy �top� and percentage of full 4D dose �bottom, in %�. D99 and D1 are the
the GTV, MLD stands for the mean lung dose and V20 defines the volume r

Patient

Conformal discrepancy �cGy�

GTV D99 GTV D1 Mean MLD V20 �

1 70.00 41.00 48.67 5.95 0.08
�1.16%� �0.58%� �0.72%� �0.96%� �0.77

2 30.24 32.50 25.30 0.83 −0.01
�0.43%� �0.46%� �0.37%� �0.18%� �−0.13

3 −40.00 −144.00 −51.91 3.76 0.04
�−0.65% � �−2.04% � �−0.78% � �1.60%� �1.09

4 30.00 8.50 −3.15 −1.32 −0.02
�0.48%� �0.12%� �−0.05% � �−0.28% � �−0.28

Average 22.56 −15.50 4.73 2.31 0.02
�−0.69% � �−0.39% � �−0.55% � �−0.91% � �−0.93
proaches, further validating the use of AVG-CT for 4D dose
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accumulation. Similar results were observed for the other
three patients investigated in this study �not shown�.

Rosu et al.9 evaluated the number of intermediate 4DCT
states required to approximate the cumulative dose. Using
our dose accumulation approach, we repeated our calcula-
tions for two additional studies by computing dose using the
same treatment plans: �1� on the end of inhale phase �i.e.,
Phase 1� and �2� on the phase in which the tumor centroid
was closest to the average centroid position over all 10
phases �i.e., mean position phase�. These calculations were
performed for the SBRT plan of Patient 3, where the most
pronounced dose discrepancies between the AVG-CT and
full 4D dose summation were observed. The results are sum-

FIG. 4. Dose volume histogram for Patient 3 �superior-inferior displacement
�2.0 cm� with solid and dashed lines indicating the cumulative dose using
the AVG-CT and full 4D summation, respectively, for stereotactic body
radiotherapy plans. Note the similar histogram shape for all critical struc-
tures and the tumor �GTV�, yielding no noticeable differences for the critical
structures between techniques. The most sensitive parameters were the

al and stereotactic body radiotherapy, with the dose difference expressed in
delivered to 99% and 1% of the GTV, respectively. For the lungs excluding
ing 20 Gy.

SBRT discrepancy �cGy�

GTV D99 GTV D1 Mean MLD V20 �%�

15.00 2.50 2.43 1.60 0.03
�0.24%� �0.03%� �0.03%� �0.29%� �0.42%�

80.00 7.50 14.88 0.45 0.01
�1.37%� �0.10%� �0.21%� �0.15%� �0.28%�

40.00 −187.50 −87.97 2.91 0.09
�0.64%� �−2.44% � �−0.78% � �1.60%� �4.09%�

70.00 7.20 −10.81 −1.52 −0.03
�1.18%� �0.10%� �−0.15% � �−0.42% � �−0.76% �

51.25 −42.58 −20.37 0.86 0.03
�−0.86% � �−0.08% � �−0.12% � �−0.68% � �−1.60% �
form
dose
eceiv

%�

%�

% �

%�

% �

% �
maximum dose and dose to 1% of the GTV.
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marized in Fig. 6. The figure demonstrates that the AVG-CT
approach yielded closer approximations to the full 4D dose
accumulation than using the mean position phase. Using the
mean position phase, the dose discrepancies for D99 and D1

to the target were −5.15% �−397.50 cGy� and −6.58%
�−508.50 cGy�, respectively. Using the end of inhale phase
for dose calculation, the dose discrepancies for D99 and D1 to
the target were even higher at −9.19% �−710.00 cGy� and
−7.08% �−546.50 cGy�, respectively. This was expected,
however, due to the tumor and diaphragm being at an ex-
treme phase of the breathing cycle. The close agreement be-
tween the AVG-CT and full 4D dose summation supports the
use of the AVG-CT for 4D dose calculations.

IV. DISCUSSION

This study sought to demonstrate the feasibility of repre-
senting temporal patient anatomy via the AVG-CT, and com-
bining that information with deformable registration to cal-

 !"

FIG. 5. Cumulative dose distribution on the reference images for Patient 3 pl
�B� sagittal, and �C� coronal views at the isocenter level. For the cumulative
30 �green�, 40 �yellow�, 60 �blue�, and 70 �red� Gy coverage of the GTV. For
Negligible differences were observed in dose distribution and target coverag

FIG. 6. Comparison of 4D dose accumulation using all 10 phases �full 4D�,
AVG-CT, mean position phase, and end of inhale phase for the SBRT plan
of Patient 3. The mean position phase was defined as the phase in which the
tumor centroid was closest to the average centroid position over all 10
phases. The AVG-CT approach yielded closer approximations to the full 4D

dose accumulation.
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culate cumulative dose. First, several phantom experiments
were performed to validate the use of the AVG-CT to esti-
mate the subject density for dose accumulation. In general,
as the magnitude of phantom tumor motion increased, the
dose discrepancy between the two techniques also increased,
particularly for the minimum dose to the GTV. For 4 cm of
tumor excursion, the maximum discrepancy ��2%,
1.74 cGy� was observed for the minimum dose to the GTV.
However, this magnitude of motion likely exceeds the devia-
tion that we may clinically observe, as typical tumor motion
is less than 1 cm.17,20

The effects of surrounding structures near the tumor were
also evaluated via two diaphragm shift numerical phantoms.
The results suggest that the presence of a nearby structure
tends to increase the more sensitive dose discrepancy indices
including the minimum dose and D99 of the GTV. When the
diaphragm was moved out of the field by shifting 1 cm in-
ferior to the tumor, a reduction in discrepancy was observed
for all GTV parameters. This can be attributed to the reduced
amount of scatter contribution due to the increased distance
between the tumor and diaphragm.

In practice, shifting the aperture could simulate a number
of different scenarios, including the tumor moving outside of
the planned treatment field during delivery, the presence of a
baseline shift,14,21 or in the instance of large tumor deforma-
tion due to tumor radiation dose response. The minimum
dose to the GTV and D99 were most affected for the superior
and inferior aperture shifts, with discrepancies on the order
of 3%–5%. These large discrepancies are likely due to the
relative change in target and diaphragm position of 1 cm. In
practice, 1 cm relative variations between the target and nor-
mal tissue would be a rare occurrence,21 therefore, reducing
the dose discrepancy expected in this instance.

For the four patients planned with both SBRT and con-
ventional techniques, no clear trend with discrepancy was
observed between the two approaches, although for the lung
metrics, the parameters studied tended to be larger using the
AVG-CT methodology. This was not observed in the analysis
of the GTV and other critical structures. The majority of the
GTV, lung, and critical structures parameters demonstrated

$"  $"

with stereotactic body radiotherapy techniques showing the �A� transverse,
calculated using the AVG-CT approximation, the isodose washes represent
ll 4D cumulative dose summation, the corresponding black lines are shown.

tween the two approaches.
 

anned
dose

the fu
e be
dose discrepancies �2%. The overall dose discrepancies
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were similar for both SBRT and conformal radiation therapy
plans for all patients.

While this work evaluated a new technique of 4D dose
accumulation using the AVG-CT in only four patients, one
was considered to be a worst-case scenario with the tumor
abutting the diaphragm and exhibiting 2 cm of S-I motion.
This case likely represents the largest deviation that we may
clinically observe, as typical tumor motion is less than
1 cm.17,20 For this patient in particular, the largest deviation
was observed for the maximum dose and dose to 1% of the
GTV, although both discrepancies were on the order of 2%.
This result is consistent with that observed for the phantom
case, where increased tumor excursion led to increased dose
discrepancy.

4D dose calculations for lung cancer radiotherapy have
been described in the literature, although not in the same
context as the method we are presenting. The approach by
Admiraal and colleagues was similar to ours; however, they
utilized elastic body spline deformable registration within
their research version of Pinnacle3 �8.1r�, which they sug-
gested was not accurate enough to estimate cumulative doses
outside of the CTV.6 Our results were consistent with their
key finding: insignificant differences were observed between
dose calculation on the AVG-CT and the cumulative dose
coverage on all phases. Rosu et al. described 4D dose calcu-
lations on the “ave-state” dose; however, they defined this as
the time-weighted average phase over the breathing cycle.9

Whereas, the AVG-CT we used was an image with the inten-
sity at each spatial position averaged over time of all 4DCT
phases �i.e., phase based�.

Several investigators have utilized deformable registration
in their 4D dose summation on some or all of the 4DCT
phases; however, none of them evaluated the use of the
AVG-CT.7,8,22 The goal of the current AVG-CT approach is
to reduce the required number of dose calculations, while
preserving the dose calculation accuracy in relation to these
4D dose accumulation techniques.

Fluence convolution is another method designed to ap-
proximate the 4D accumulated dose, which reduces the re-
quired number of dose calculations.23,24 In this method, the
fluence is first convolved with a single probability density
function to generate the 4D fluence. This 4D fluence is then
used to calculate dose in a single instance of the anatomy.
Using the AVG-CT for this single instance would be analo-
gous to the current approach. Still, the fluence convolution
method relies on the assumption that the probability density
function is constant for all voxels in the patient, whereas in
the current approach we use a voxel-specific probability dis-
tribution derived from the 4DCT scan.

Wolthaus et al. described the “midventilation scan” of the
4DCT dataset, which was defined in one of two ways: �1�
calculate the mean tumor position and determine the corre-
sponding respiration phase, or �2� select the CT scan using
the diaphragm motion.15 Our AVG-CT approach offers the
advantage of not requiring the determination of which 4DCT
phase best reflects the mean centroid position. By offering an
alternative to a full 4D dose summation, our technique has

important implications clinically as it reduces computational
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and evaluation time required for each patient case. Because
an AVG-CT can be generated via conventional simulation
packages and handled in standard treatment planning sys-
tems, its widespread implementation is possible.

Other research has also evaluated the use of Monte Carlo
coupled with deformable registration for 4D dose
calculation,10 although this approach currently has limited
clinical applicability due to the lack of Monte Carlo treat-
ment planning systems commercially available. As Monte
Carlo becomes more available, the use of the AVG-CT to
estimate patient density may be particularly beneficial in this
context to reduce overall computation and planning time re-
quired for 4D dose estimations.

One of the assumptions in the in vivo study included each
4DCT phase being time sorted and equally distributed over
the breathing cycle, and this equal weighting was also as-
sumed for the 4D dose accumulation. It may be particularly
advantageous to develop a time-weighted sorting scheme to
describe the patient’s breathing cycle during simulation and
treatment. This may more accurately predict the cumulative
dose delivered during more natural respiratory conditions. In
this case, the method we have proposed here would still be
applicable; however, appropriate weighting factors would be
integrated into 4DCT phase sorting and Eq. �1� for the cal-
culation of cumulative dose, which can be addressed in fu-
ture studies. While the patients used in this study represented
a varied subsample �i.e., different tumor sizes, tumor excur-
sion, and proximity to surrounding structures�, studies are
warranted to further investigate different planning techniques
and strategies.

Dosimetric advantages have not been realized in the ap-
plication of adaptive radiotherapy techniques �ART� for
SBRT of nonsmall cell lung cancer.22,25 However, a signifi-
cant reduction in tumor size, particularly for large GTVs, has
been observed throughout the radiation therapy course for
conventional fractionation, suggesting that these patients
may benefit most from adaptive planning techniques.20,26–29

Consideration must also be given to normal tissue response,
respiratory patterns,30 and tumor motion26 changing over
treatment course. To account for this large interfraction vari-
ability throughout treatment, adaptive planning strategies
must be implemented that are both efficient and accurate.
Our approach of using the AVG-CT for dose accumulation
fulfills both of these needs, thereby supporting the imple-
mentation of ART in nonsmall lung cancer radiation therapy.

V. CONCLUSION

We have demonstrated the feasibility of approximating
the subject’s density distribution via an AVG-CT and utiliz-
ing deformable registration for cumulative dose calculation.
Numerical phantom results demonstrated an initial proof of
concept, and this was validated in four lung cancer cases
planned with both conventional and SBRT techniques. Using
the AVG-CT coupled with deformable registration yielded
only modest differences in cumulative dose relative to a full
4D dose summation, at clinically insignificant levels. The

AVG-CT method is straightforward, can save time, and
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eliminates cumbersome dose calculation on each 4DCT
phase. By describing the applicability of this technique, sim-
plification in 4D dose calculation is demonstrated, thereby
introducing the potential to streamline clinical practice,
namely, in the implementation of adaptive radiotherapy.
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