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Abstract

Purpose—To compare three-dimensional (3D) and 4D computed tomography (CT)- based
treatment plans for proton therapy or intensity-modulated radiation therapy (IMRT) for esophageal
cancer in terms of doses to the lung, heart, and spinal cord and variations in target coverage and
normal tissue sparing.

Materials and Methods—IMRT and proton plans for 15 patients with distal esophageal cancer
were designed from the 3D average CT scans and then recalculated on 10 4D CT data sets. Dosimetric
data were compared for tumor coverage and normal tissue sparing.

Results—Compared with IMRT, median lung volumes exposed to 5,10, and 20 Gy and mean lung
dose were reduced by 35.6%, 20.5%,5.8%, and 5.1 Gy for a two-beam proton plan and by 17.4%,
8.4%,5%, and 2.9 Gy for a three-beam proton plan. The greater lung sparing in the two-beam proton
plan was achieved at the expense of less conformity to the target (conformity index CI1=1.99) and
greater irradiation of the heart (heart-VV40=41.8%) compared with the IMRT plan(CI1=1.55, heart-
V40=35.7%) or the three-beam proton plan (Cl=1.46, heart-V40=27.7%). Target coverage differed
by more than 2% between the 3D and 4D plans for patients with substantial diaphragm motion in
the three-beam proton and IMRT plans. The difference in spinal cord maximum dose between 3D
and 4D plans could exceed 5 Gy for the proton plans partly owing to variations in stomach gas-filling.

Conclusions—Proton therapy provided significantly better sparing of lung than did IMRT.
Diaphragm motion and stomach gas-filling must be considered in evaluating target coverage and
cord doses.
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INTRODUCTION

Pulmonary complications are the most common serious morbidity after esophagectomy and
are the leading cause of postoperative mortality among patients treated with surgery for
esophageal cancer. The incidence of postoperative pulmonary complications is 30% (1) and
pulmonary complications are responsible for 55% of in-hospital deaths (2). Recent studies
indicate that radiation exposure to lung may have a greater impact on postoperative pulmonary
complications than do other clinical factors (3). Wang et al. (4) found that the volume of the
lung spared from doses of 5 Gy or higher was the only independent predictive factor associated
with postoperative pulmonary complications for patients with esophageal cancer treated with
concurrent chemoradiotherapy followed by surgery. These findings, in combination with a
report from Guerrero et al. (5) that the uptake of fluorodeoxyglucose (FDG) in normal lung
after low-dose irradiation has a linear relationship with the dose received, underscore the
importance of reducing the volume of lung that receives doses as low as 5 Gy.

The effects of radiation therapy on the heart have well been documented in patients with breast
cancer and lymphoma. (6,7). For esophageal patients, Gayed et. al. found that radiaton was
associated with a high prevalence inferior left ventricular ischemia detected by myocardial
perfusion abnormalities on cardiac gated myocardial perfusion imaging (GMPI) (8).
Importantly, most perfusion defects were encompassed within an isodose line greater than 45
Gy in RT plan. The objectives of the current treatment strategy at our institution are local
control, balancing doses to the lung and the heart, and limiting the point spinal cord dose to
less than 45 Gy. In addition to avoiding pulmonary complications, preserving heart function
is seen as increasingly important. However, it is often difficult to decrease the heart dose
without jeopardizing the dose distribution in the tumor or increasing the doses to other
structures such as lungs and spinal cord.

Recent advances in photon treatment planning and delivery techniques, such as three-
dimensional conformal radiation therapy (3D CRT) and intensity-modulated radiation therapy
(IMRT), have led to improved radiation dose distribution and reduced exposures to the lungs
and other surrounding normal tissues. Chandra et al. (9) studied the feasibility of using IMRT
to improve lung sparing in patients with distal esophageal cancer. They demonstrated with
treatment planning comparisons that IMRT reduced the V10, the V20, and the mean lung dose.
However, another study by Nutting et al. (10) indicated that using IMRT conferred only a small
benefit in terms of lung sparing as compared with 3D CRT.

Further improvements in normal tissue sparing can be accomplished with proton therapy,
which has fundamental physical advantages over photon beams (11-13). In particular, proton
beams have sharp lateral penumbrae, finite penetration ranges, and can be spread and shaped
laterally and in depth (14). These characteristics allow proton beams to deliver large and
uniform doses to the tumor while sparing nearby normal tissues. Several investigators have
documented the clinical benefit of protons in the treatment of esophageal tumors. In one such
study, Sugahara et al. (15) escalated doses to the primary tumor to 80 Gy by using proton
beams. They reported that this approach led to 5-year survival rates of 55% for patients with
T1 tumors and 13% for those with T2—T4 tumors.

Proton beam therapy for distal esophageal cancers is challenging because of the respiratory
motion of the tumor, esophagus, diaphragm, heart, stomach, and lungs. Traditionally, treatment
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planning is done with a single 3D CT scan, which can be either a free-breathing scan or a time-
averaged result of a 4D CT scan. Respiratory motion during CT data acquisition can induce
severe motion artifacts, resulting in inaccurate assessment of organ shape and location, and
hence using a single CT scan to design and evaluate the treatment plan may provide inaccurate
information on the dose actually delivered to the patient (16,17). Numerous studies have shown
that using a free-breathing or averaged CT scan to evaluate treatment plans is misleading;
several groups (16,17) showed that the target dose was apparently covered in a 3D-CT-based
proton plan, but the same treatment fields applied to a 4D-CT—based plan revealed severe
under-dosage of the target. For these reasons, a more complete understanding of the effects of
respiratory motion in treatment planning is needed in order to assess the role of proton beams
in the treatment of distal esophageal cancer.

The aim of this study was to quantify the degree of lung volume sparing at different dose levels
with proton therapy as compared with IMRT. We also sought to clarify the differences in these
treatment techniques with regard to the doses to the lung, heart, and spinal cord. We
investigated these effects by comparing treatment planning methods based on 3D CT versus
4D CT images.

MATERIALS AND METHODS

We retrospectively selected 15 cases from our institutional records to represent typical
anatomies. All patients had tumors involving the distal esophagus and gastroesophageal
junction. All patients had been treated with definitive intent using photon 3D CRT or IMRT
with concurrent chemotherapy in our clinic, and all had provided both free-breathing CT
images and 4D CT images.

CT imaging and target volume delineation

A 4D CT set was sequentially acquired for each patient by using a multislice scanner. The slice
width was 2.5 mm. CT images were acquired first while the patient was free-breathing, with
4D images acquired immediately thereafter. During the 4D CT image acquisition, patient
respiration was monitored with an external respiratory gating system (Real-Time Position
Management Respiratory Gating System; Varian Medical Systems, Palo Alto, CA). After
acquisition, the CT images were time-stamped and the corresponding respiratory phases were
registered according to the externally-acquired respiratory signal. Each 4D CT data set
consisted of 10 CT data sets representing 10 equally divided breathing phases in a complete
respiratory cycle. The average CT was calculated from the mean CT number of the 10 CT data
sets at each pixel location, respectively. The phase corresponding to 0% CT was denoted as
TO CT, which represents the end-of-inspiration CT; the 50% CT phase (T50 CT) represents
the end-of-expiration CT. All other phases were in between these two extremes. The 4D CT
images provided quantitative time-dependent 3D information about internal organ motion,
allowing quantitative description of internal organ motion for both treatment targets and normal
organs.

We term the 3D plan in this study as the plan designed and evaluated using the average 3D CT
from the 4D CT. The target volumes in the 3D and 4D CT images were defined and delineated
in a self-consistent manner in order to minimize biases in subsequent dose calculations. Gross
tumor volumes were contoured on the end-of-expiration-phase CT (T50) from the 4D CT data,
and then the contours were expanded to form the clinical target volume (CTV). The CTV
contours were then propagated to the other nine respiratory phases by using an in-house
deformable image registration algorithm (18). The volume of the CTV on all 10 CT phases
was defined as the internal clinical target volume (ICTV) and was used as the target volume
for treatment plan design. The lung, heart, and spinal cord were manually contoured on the
averaged CT and on all 10 phases of the 4D CT. The 3D plan was developed by using the
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averaged CT images for treatment planning. Then, utilizing the machine settings from the 3D
plan, the dose distribution was calculated for each phase of 4D CT images. For each patient,
each treatment plan was separately calculated for each of the ten respiratory phases.

Treatment planning methods

A commercially available treatment planning system (Eclipse; Varian Medical Systems, Inc.,
Palo Alto, CA)(19,20)was used to design both the IMRT and proton therapy plans. For each
patient, two proton plans and one IMRT plan were designed. The first type of proton plan
consisted of two beams from the anterior-posterior direction. The second type of proton plan
consisted of three beams to best conform the dose to the target. For IMRT planning, each patient
plan included five coplanar, 6-MV beams placed at gantry angles of 25, 60, 100, 150, and 220
degrees (according to the International Electrotechnical Commission scale).

The proton treatment plans in this study were designed based on a passive scattering beam
delivery system.(19,20)This technique required a patient portal-specific collimating aperture
to laterally conform the radiation field to the tumor. A range compensator was also used to
conform the dose to the distal edge of the target; this device is designed to restore conformity
that would otherwise be degraded by internal anatomic heterogeneities and external surface
irregularities. The depth of the distal edge and proximal edge of the target volume determined
the proton beam energy and the width of the spread-out Bragg peak. The choice of the major
planning parameters (e.g., aperture margins, distal margins, proximal margins, smearing
margins, and border smoothing margins) were approximated by using the method suggested
by Moyers et al. (21). We chose ICTV as the target volume to account for uncertainties of
internal organ motion. The aperture margin value used for all the proton beams in this study
was 10 mm. The distal and proximal margins for all proton beams were approximated based
on a 3.5% uncertainty for CT number accuracy. The smearing margin accounts for the internal
organ motion, set-up error, and proton scatter. In this study, we set the smearing margin to 1
cm for the two-beam plans and to 0.5 cm for the three-beam plans. We deliberately chose the
smaller smearing margin for the three-beam plans to see the effect of diaphragm motion on
tumor coverage.

All proton and IMRT plans were normalized to provide the same coverage to the ICTV. All
plans were designed to provide 99.5% coverage of the ICTV by the prescribed dose (50.4 Gy).

Plan evaluation

To compare plans with the different modalities and different beam arrangements, we calculated
dose-volume histograms for the lungs (left, right and total), heart, and spinal cord. Organ
volumes receiving doses of at least 5 Gy (V5), 10 Gy (V10), 20 Gy (V20), and 30 Gy (V30)
were calculated for lungs (left, right, and total), the V40 and V50 for heart, and the maximum
dose to the spinal cord were compared between the photon plan and the proton plans. The
“volume spared” (VSgose) (22), defined as total lung volume minus the absolute Vqgse, Was
introduced to illustrate the volume of organ not exposed to a certain dose. The endpoints VS5,
VS10, VS20, and VS30 were also calculated for lung. We also calculated the conformity index
(CI) to the ICTV. The Cl is defined as Vpp/Viarget, Where Vpp is the volume enclosed by the
prescribed isodose surface (i.e., the prescribed dose) and Vigrget is the volume of the ICTV.
Higher CI values indicate lower conformity of the dose distribution to the target volume.

The treatment plans were evaluated on both the 3D and 4D CT scans. Because contours had
already been delineated on each phase of the 4D CT images, for the purposes of this study we
calculated the volume receiving the indicated dose or higher for the ICTV, lung, heart and
spinal cord. We then averaged these volumes over all ten phases to define an appropriate metric
for evaluation of 4D CT based plans.
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Statistical analysis was done with pairwise Wilcoxon signed-rank tests. The significance level
was set as p < 0.05 (two-tailed tests).

RESULTS

Endpoints of IMRT, two-beam, and three-beam proton plans calculated using 3D CT images

The dose distributions of the IMRT photon plan and the two proton plans for patient 13 are
presented in Figure 1. Limitations incurred by the physical characteristics of the photons
resulted in considerable spread in the low-dose isodose lines (e.g., 20 Gy and 10 Gy) in the
IMRT plan. In contrast, the two-beam proton plan showed minimal spread of the 20 Gy and
10 Gy isodose lines in the lungs. However, this lung sparing was achieved at the expense of
reduced conformity of dose to the ICTV: the CI for the two-field proton plan was 1.98, as
compared with 1.54 for the IMRT plan. The three-field proton plan improved the dose
conformity to the ICTV (CI = 1.45) and was comparable to that of the IMRT plan (1.54).
However, the three-beam proton plan irradiated a larger volume of the right lung than did the
two-beam proton plan.

Figure 2 compares the dose-volume histogram data from the IMRT plan and the two- and three-
beam proton plans. The falloffs of the dose-volume histograms of ICTV in these three plans
were quite similar, indicating comparable target homogeneity in the three plans. In regions
receiving less than 25 Gy, both the two- and three-beam proton plans spared lung tissue to a
much greater extent than did the IMRT plan. At 20 Gy, lung sparing was comparable in the
two- and three-beam proton plans. However, below 20 Gy the two-beam proton plan spared
much more of the lung than did the three-beam proton plan. In comparison with the IMRT
plan, the three-beam proton plan showed a clear advantage in sparing the cord, but the two-
beam proton plan did not. The IMRT plan provided better sparing of the heart at dose levels
higher than 30 Gy than did the two- and three-beam proton plans, but in general the three-beam
proton plan spared more of the heart than did the two-beam proton plan.

More detailed comparisons of the IMRT and proton plans are presented in Table 1. The average
ClI for the target in the IMRT plans was 1.55, compared with 1.99 in the two-beam proton plan
(p=10.001) and 1.46 in the three-beam proton plan (p = 0.006). The two-beam proton plan did
not conform to the target as well as the IMRT plan or the three-beam proton plan did. Target
conformity in the three-beam proton plan was similar to that in the IMRT plan.

According to the IMRT plans, median V5, V10, and V20 values for the lung were 49.5%,
32.5%, and 15.6%, respectively. Compared to the IMRT values, the two-beam proton plan
provided reductions in median V5, V10, and V20 values of 35.6% (p = 0.001), 20.5% (p =
0.001), and 5.8% (p = 0.001), respectively. The three-beam proton plans revealed similar
reductions (17.4% (p = 0.001), 8.5% (p = 0.001), and 5% (p = 0.053), respectively). Compared
to the mean lung dose of 9.65 Gy from the IMRT plans, the two- and three-beam proton plans
provided reductions in mean lung doses of 5.1 Gy and 3.0 Gy, respectively. In the IMRT plans,
the median lung volume spared at 5 Gy (VS5) was 1815 cm3; the VVS10 was 2598 cm3; and
the VS20 was 3024 cm?3. The two-beam proton plans increased the median VS5, VS10, and
VS20 values by 1238 cm3 (p = 0.001), 498 cm3 (p = 0.001) and 126 cm3 (p = 0.001),
respectively. The three-beam proton plans also increased the median VS5, VS10, and VS20
values (by 717 cm?3 (p = 0.001), 236 cm3 (p = 0.001), and 78 cm3 (p = 0.001), respectively),
but those benefits were smaller than those achieved with the two-beam proton plan.

The mean total body dose in the IMRT plan (9.1 Gy) was considerably higher than that in the
two-beam proton plan (5.7 Gy) or the three-beam proton plan (5.9 Gy), a difference in integral
dose of approximately by a factor of 1.6. Interestingly, no difference in total body mean dose
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was found between the two-beam and three-beam proton plans, suggesting that increasing the
number of beams used in the proton plan did not increase the integral dose.

In terms of maximum dose to the spinal cord, no differences were found between two-beam
proton plan and the IMRT plan, which were both about 40 Gy; however, that dose in the three-
beam proton plan, 25.6 Gy, represented a reduction of 15.5 Gy (p = 0.001). The heart V40 and
V50 values for the two-beam proton plan were 41.8% (p = 0.02) and 28.6% (p = 0.002),
respectively, which were higher than the corresponding 35.7% and 15% values for the IMRT
plan. The V40 in the three-beam proton (27.7%) was significantly (p = 0.002) lower than that
in the IMRT plan; however, at 15.9%, the V50 for the three-beam proton plan was no different
from the V50 for the IMRT plan (p = 0.125).

Differences in endpoints for IMRT, two-beam, and three-beam proton plans calculated using
3D vs 4D CT images

The differences between the values calculated using 4D CT and 3D CT images for the IMRT
plans and the two-beam and three-beam proton plans are listed in Table 2. The Cls were not
sensitive to the CT datasets used for all the plans. Tumor coverage, as assessed by the ICTV
receiving the prescribed dose, was adequate in the two-beam proton plan for all patients.
However, the largest differences in the ICTV receiving the prescribed doses between the 3D
and 4D scan data were 8.7% for the IMRT plan and 3.9% for the three-beam proton plan. These
large differences were present in a single case (patient 14) in both the IMRT and three-beam
proton plans.

Although they were not different statistically, the V5, V10, and lung mean doses for the IMRT
plans and the two-beam proton plans calculated with the 4D CT data were lower than those
calculated with the 3D CT data. However, the V5, V10, and mean lung dose for three-beam
proton plans calculated with 4D CT were larger than those calculated using the averaged (3D)
CT. Nevertheless, the average differences in lung endpoints calculated with 4D CT images
were all less than 0.5% (for volumes) or 3 cGy (for mean dose).

No significant difference was found in the maximum dose to the spinal cord from the IMRT
plans calculated from the 4D CT scans versus the 3D CT scans. However, the maximum cord
doses calculated with the 4D CT data were 1.06 Gy and 1.38 Gy—higher than those calculated
with 3D CT data for both the two-beam (p = 0.14) and the three-beam (p = 0.86) proton plans.
The doses received by 1% of the spinal cord calculated using the 4D CT data were 1.76 Gy
(p = 0.02) (in the two-beam plan) and 0.59 Gy (in the three-beam plan) (p = 0.01), both higher
than the doses calculated with 3D CT. For some patients, the difference in maximum cord dose
(calculated from 3D vs 4D CT image data) reached 5.19 Gy in the two-beam proton plan and
6.22 Gy in the three-beam proton plan.

Differences in heart V40 and V50 as calculated with the 4D CT and 3D CT data were small
and the differences between these values for the IMRT and proton plans were not statistically
significant.

Correleration between tumor motions and differences in endpoints calculated using 3D vs
4D CT images

The amplitude of tumor motion in each of the 15 patients is shown in Figure 3a. That amplitude
exceeded 1 cm in six patients (patients 3, 5, 7, 8, 11, and 14) and reached 2.4 cm in one (patient
14). Differences in the percentage of ICTV receiving the prescribed dose in each of the three
treatment plans (Figure 3b) were less than 1% for all of the two-beam proton plans but exceeded
1% for patients 5, 8, 10, and 15 for the IMRT plan and for patients 5, 7, and 15 for the three-
beam proton plan. The ICTV receiving the prescribed dose in patient 14, evaluated with the
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4D CT data, was much lower than the value evaluated with the single 3D CT in both the IMRT
and the three-beam proton plans, perhaps because the magnitude of tumor motion for this
patient reached 2.43 cm. For patient 8, differences in the ICTV receiving the prescribed dose
calculcated using the 4D CT vs the single CT data were 2.2% for IMRT and 0.3%% for the
three-beam proton plans, suggesting that for this patient, the IMRT plan was influenced more
by uncertainties on CT scans than was the three-beam proton plan. However, the corresponding
differences for patient 7 were —0.03% and 2.06%, suggesting that three-beam proton plan was
affected more by CT uncertainties than was the IMRT plan. Differences in the lung endpoints
V5 and lung mean dose between the 4D and 3D plans are shown in Figures 3c and 3d. Only
two patients (patients 7 and 14) exhibited large differences in these lung endpoints. The
maximum dose to the cord was equal in the IMRT plans based on 4D CT and those based on
3D CT images (Figure 3e). In contrast, significant differences in the maximum cord dose were
observed in proton therapy plans between 3D and 4D plans; specifically, this difference
exceeded 1.5 Gy (patients 1, 5, 6, 7, and 11) for the two-beam proton plan and (patients 7, 9,
11, and 14) for the three-beam proton plan (Figure 3e). Differences in heart V40 between the
3D and 4D CT data sets (Figure 3f) seemed to be random in both the IMRT and the proton
plans.

DISCUSSION

Clinical studies have shown that minimizing the lung volume irradiated even to very low doses
can result in fewer pulmonary complications (4). When we compared our findings on the
volume of lung spared from 5 Gy (VS5) with recent clinical data available for the patients
studied here, the lung sparing in the two- and three-beam proton plans could potentially reduce
the probability of pulmonary complications from 18.5% (8.6%, 40.9%) with IMRT to 5% (0%,
19.9%) and 11% (2.5%, 25.4%) with the two-beam and three-beam proton plans.

Clinical experience with proton therapy in Japan indicates that escalating the dose to as high
as 80 Gy can improve local control in esophageal cancer (15,23). Atthe M. D. Anderson Cancer
Center, the tolerance spinal cord dose is normally 45 Gy. In the study reported here, the
maximum dose to the cord for the two-beam proton plan was about 40 Gy, approaching the
tolerance dose limit. On the assumption that the cord is the dose-limiting organ, only a small
dose escalation would be possible with the two-beam proton technique. In contrast, the three-
beam proton technique seems to allow substantial dose escalation because the maximum cord
doses in this study were only 25.6 Gy.

In our experience, the time and effort spent in treatment planning for patients with lung cancer
are less for proton therapy than for IMRT. In the current study, the typical time needed to design
an IMRT plan was 3 hours vs 20 minutes for a proton plan. Proton plans were also easier to
customize to accommodate patient-specific dose constraints on various normal tissues, such
as reducing the dose to the normal lung tissue at the expense of higher dose to the heart. As an
example of this customization process, Figure 4a illustrates the beam settings for a three-beam
proton plan for patient 13. The original relative weights of the proton beams were 1, 0.5, and
0.2 for beam angles of 0, 210, and 110 degrees, respectively. Simply changing these beam
weights to 1, 2, and 1 led to better sparing of the heart than in the IMRT plans (Figure 4b).
However, this better sparing of the heart was achieved at the expense of more dose to the lung
(Figure 4b, blue lines). This design process involved minimum trial and error as compared with
IMRT. The design process was also fast because changing the beam weights does not require
redesigning the range compensator or calculating the unweighted doses from individual beams.
Recent treatment planning studies (24) of lung cancer suggest that this type of customization
may be more time-consuming and complex for IMRT, because it potentially involves non-
coplanar beam angle optimization.
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Because protons are quite sensitive to density changes along their path (25), evaluating a
proton-therapy treatment plan by using the full 4D CT provides a way of evaluating the
dosimetric impact of the respiration motion. For example, Figure 5 shows averaged CT slices
(for the planning CT) and 4D CT at T50 phase for patient 14. Notably, liver and stomach were
not visible in the planning CT but were in the T50 phase CT image because of diaphragm
motion. For three-beam proton plan, the liver and stomach were in and out the beam path
because of diaphragm motion. The consequences of this motion are apparent in the panels at
right on Figure 5, in which the T50 phase images reveal severe underdosing of the ICTV in
this patient in both the three-beam proton plan and the IMRT plan, although the averaged
planning CT indicated good coverage of the ICTV. We also observed rather alarming
differences in ICTV coverage between the 3D and 4D plans for patients 5, 7, and 8. Evaluating
the plan by using the 4D CT data set was important in terms of visualizing the effects of internal
organ motion on the dose distribution and evaluation endpoints for both the IMRT and proton
plans. For example, treatment plans for both IMRT and three-beam proton therapy may need
to be redesigned for patients such as patient 14.

Finally, in this study, we found that the predicted maximum dose to the spinal cord from either
of the two-beam or three-beam proton therapy plans was significantly different according to
whether the plans were calculated based on 4D CT versus 3D CT images. However, for IMRT,
the predicted maximum cord dose did not differ in the 3D versus the 4D plans. One reason for
the 3D versus 4D differences in cord doses in the proton plans was that changes in the amount
of stomach gas in the various 4D CT scans resulted in large changes in the proton penetration
depth. An example of dose distributions for the same plans calculated according to the averaged
CT and the T0, T30, and T50 CT images is shown in Figure 6. Notably, in the original plan
the prescription dose line (in yellow) is at least 2 cm away from the spinal cord, and that distance
was about the same on the TO scan. However, the prescription isodose lines touched the cord
on the T30 and T50 scans, a direct result of different amounts of stomach gas being in the beam
path. With a two-beam proton plan, the maximum cord dose from the 4D CT exceeded 45 Gy
for three of the 15 patients (patients 5, 7, and 11), whereas cord dose was less than 45 Gy for
all patients when 3D CT-based planning was utilized. In other words, a treatment plan that is
acceptable in terms of cord dose based on a single CT scan may not be acceptable when based
on 4D CT.

CONCLUSIONS

We demonstrated that two-beam proton plans consistently spared larger volumes of lung and
reduced the mean dose to the lung. However, the gain in lung sparing achieved with the two-
beam proton plan was offset somewhat by reduced conformity to the target and by higher
radiation to the heart relative to the IMRT and three-beam proton plans. For the three-beam
proton plans, target conformity was similar to that of the IMRT plans; lung sparing that was
better than that with IMRT but worse than that with the two-beam proton plans; and heart
sparing that was similar to that in the IMRT plans. For proton plans, range errors due to
diaphragm motion and stomach gas-filling must be considered in evaluating target coverage
and spinal cord dose. IMRT and three-beam proton plans based on a 3D CT scan could
overestimate the target coverage. The 3D CT planning method could underestimate the
maximum spinal cord dose when compared with the 4D CT method for proton planning.
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Three-beam proton IMRT

Fig. 1.

Transverse views of the dose distributions in the photon intensity-modulated radiation therapy
(IMRT) plan and the two- and three-beam proton plans for patient 13. The thick yellow lines
delineate the internal clinical target volume (ICTV).
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Comparisons from dose-volume histograms for the photon intensity-modulated radiation
therapy (IMRT) plan (dashed lines) and the proton plan (solid lines) for patient 13.
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Fig. 3.

The amplitude of tumor motion (panel a) and differences in the endpoints in plans calculated
with 4D CT versus single CT for the prescribed dose to the ICTV (b), the lung V5 (c), the lung
mean dose (d), the cord maximum dose (e), and the heart V40 (f) for IMRT and for the two-
beam and three-beam proton plans. IMRT, intensity-modulated radiation therapy; Proton 2B,
two-beam proton therapy; Proton 3B, three-beam proton therapy.
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Fig. 4.

The effect of beam weighting on heart sparing for the three-beam proton plan for patient 13.
Panel at left shows beam arrangement; 0, 110, and 210 refer to the beam angles (in degrees).
Panel at right shows dose-volume histograms of three-beam plans using beam weights of 1,
0.2, 1 (circles) or 1, 2, 1 (squares), and IMRT plan (triangles). The green, blue, orange and red
colors denote ICTV, total lung, heart and spinal cord.
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LANI

Fig. 5.

The effects of diaphragmatic motion on the dose distribution for patient 14 in the intensity-
modulated radiation therapy (IMRT) plan (upper panels) and the three-beam proton plan
(bottom panels). The panels at left show the dose distribution on the averaged CT; the panels
at right show the dose distribution on the T50 phase of the 4D CT.
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(d) T50-exhale

(¢ )T30-mid cycle

Fig. 6.
The effects of differences in stomach gas filling on dose distribution on an averaged CT scan
(a), a TOO phase scan (b), a T30 phase scan (c), and a T50 phase scan (d) from 4D CT.
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