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Abstract

Purpose—We previously found that up to 75% of treatment failures after chemoradiation for
unresectable esophageal cancer appear within the gross tumor volume (GTV) and that intensity-
modulated [photon] radiation therapy (IMRT) may allow dose escalation to the tumor without
increasing normal-tissue toxicity. Proton therapy may allow further dose escalation with even
lower normal-tissue toxicity. Here we compared dosimetric parameters for photon IMRT with
intensity-modulated proton therapy (IMPT) for unresectable, locally advanced distal esophageal
cancer.

Methods and Materials—Four plans were created for each of 10 patients: IMPT delivered via
anteroposterior/posteroanterior (AP/PA) beams, left posterior oblique/right posterior oblique
(LPO/RPO) beams, or AP/LPO/RPO beams; and IMRT delivered with a concomitant boost to the
GTV. Doses were 65.8 Gy to the GTV and 50.4 Gy to the planning target volume (PTV) in 28
fractions.
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Results—Relative to IMRT, the IMPT (AP/PA) plan led to considerable reductions in mean lung
dose (3.18 Gy vs 8.27 Gy, p<0.0001) and in lung Vs, V1, and Vg (p<0.0006) but did not reduce
cardiac dose; the IMPT LPO/RPO plan also reduced the mean lung dose (4.9 Gy vs 8.2 Gy,
p<0.001) as well as reducing heart doses (mean cardiac dose and cardiac V1, Vg, and V3,
p<0.02) and liver doses (mean hepatic dose 5 Gy vs 14.9 Gy, p<0.0001). The IMPT AP/LPO/RPO
plan led to considerable reductions in dose to the lung (p<0.005), heart (p<0.003), and liver
(p<0.04).

Conclusions—Compared with IMRT, IMPT for distal esophageal cancer can lower the dose to
the heart, lung, and liver. The AP/LPO/RPO beam arrangement was optimal for sparing all three
organs. The dosimetric benefits of protons will need to tailored to each patient based on their
specific cardiac and pulmonary risks. IMPT for esophageal cancer will soon be investigate further
in a prospective trial at our institution.
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INTRODUCTION

Trimodality therapy (surgery, chemotherapy, and radiotherapy) for esophageal cancer has
improved patient outcomes, with radiotherapy believed to contribute to improvements in
local control and survival (1, 2). Although radiation planning, tumor imaging, and radiation
delivery have advanced rapidly over the past several decades, the radiation dose used to treat
esophageal cancer has remained relatively unchanged. This may be a reflection of the
difficulty in standardizing advance radiation technique among multiple institutions, making
it difficult for our large cooperative groups to run the studies needed to answer these
questions. In a previous review of failure patterns among patients with unresectable
esophageal cancer treated with chemoradiation therapy to 50.4 Gy, we found that 75% of
those failures occurred within the gross tumor volume (GTV) (3). This finding suggests that
current trimodality therapies are beneficial in some cases, but local disease control,
specifically within the GTV, remains a problem. The benefits of dose escalation in terms of
both local control and survival have been demonstrated for tumors in other anatomic sites
and could perhaps be applicable to esophageal cancer as well (4-6). However there is no
guarantee that enhanced local control will translate into improved survival as the majority of
our patient’s still die of metastatic disease, and the overall benefit of improved local control
may not be realized until systemic therapies improve.

Prior studies have been performed to evaluate the effectiveness of dose escalation for
esophageal tumors. The Intergroup (INT) 0123 / Radiation Therapy Oncology Group
(RTOG) 94-05 study evaluated the feasibility of escalating the dose to 65.8 Gy; results
showed no benefit in terms of local control or survival and relatively high toxicity (7).
However, that study involved the use of two-dimensional (2D) conformal radiotherapy with
a sequential boost and the use of large margins for both the primary and high-dose volumes.
Perhaps the outcome of that study would have been different if more modern techniques had
been applied. In the time since the INT 0123/RTOG 94-05 trial was conducted, new
radiation planning and delivery techniques such as intensity-modulated radiation therapy
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(IMRT) have proven beneficial in tissue sparing (8). The dosimetric advantages of charged
particles and 3D treatment planning have also offered further improvements is normal tissue
sparing (9).

Previously we showed that IMRT given with a simultaneous integrated boost (SIB) for
esophageal cancer could achieve a 28% increase (p=0.0001) in the GTV dose while
significantly reducing the mean total dose to the lung by 23% (p=0.007) and the mean
cardiac dose by 30% (p=0.001) (Welsh et al., submitted). Here we explored whether
intensity-modulated proton therapy (IMPT) could be used to escalate the dose to the GTV
while further reducing the volume of exposed normal tissues. To do so, we compared dose-
volume parameters from an IMRT-SIB plan with those of three different IMPT plans
designed with different beam arrangements.

PATIENTS AND METHODS

We retrospectively identified 10 patients with biopsy-proven carcinoma of the distal
esophagus treated at The University of Texas MD Anderson Cancer Center whose staging
evaluations included positron emission tomography (PET) /CT, and endoscopic
ultrasonography. This analysis of these patients’ treatment plans was approved by the
appropriate institutional review board of MD Anderson Cancer Center.

For treatment simulation and planning purposes, all patients had undergone 4D CT scanning
to account for respiratory motion. The 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). Each 4D CT image set consisted of 10 CT data sets representing 10 equally
divided breathing phases in a complete respiratory cycle. 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.

The GTV was delineated by the attending physician using all available resources, including
fused PET/CT data, endoscopic reports, and diagnostic CT imaging. Based on the 4D CT
data set an internal gross tumor volume (IGTV) was constructed which accounts for tumor
motion. The IGTV was expanded to form the clinical target volume (CTV) by extending
coverage 3 cm superiorly, 3 cm inferiorly, 1 cm laterally, and 3 cm into the mucosa of the
stomach, depending on the attending physician’s preference. The planning target volume
(PTV) was the CTV plus a uniform by 0.5-cm expansion margin. Organs at risk were
outlined. Calculations of the total lung volume and mean lung dose excluded portions of the
lung that were included in the IGTV. The heart was contoured from the apex to the base of
the right pulmonary artery. For each of the 10 patients, we then developed four plans: an
IMRT plan that included an SIB and three unique IMPT plans, all of which were to deliver
65.8 Gy to the GTV and 50.4 Gy to the PTV, with all radiation given in 28 fractions. We
then evaluated the dose-volume histogram (DVH) parameters for each plan to estimate the
dose to critical structures, specifically the lung, heart, liver, and spinal cord.
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The IMRT-SIB plans were generated by using a step-and-shoot technique and a Pinnacle
planning system (Phillips Medical Systems, Andover, MA). Beam arrangements were
optimized for each patient with the goal of reducing both cardiac and pulmonary dose. The
prescribed dose was 65.8 Gy (28 fractions at 2.3 Gy per fraction) to the GTV, and the CTV
and PTV received the standard IMRT dose of 50.4 Gy (28 fractions of 1.8 Gy per fraction).
These IMRT-SIB plans where generated by using 6x beams and using the same five beams
at 80, 110, 160, 210, and 240 degrees. For this planning study we did not use conventional
proton planning as it does not allow for a simultaneous integrated boost, conventional proton
planning could only accomplish this with a cone down boost technique.

The same PTVs and CTVs used to generate the IMRT plans were also used for the IMPT
plans, which were optimized by single-field optimization by a treatment planning system
(Eclipse, version 8.1, Varian Medical Systems, Palo Alto, CA). The single-field
optimization option allows each field to be independently optimized to deliver the
prescribed dose(s) to the target volume(s). This technique is, therefore, less sensitive to
proton range uncertainties than multiple field optimization (all spots from all fields are
optimized simultaneously) (10, 11). The scanning nozzle delivers the IMPT treatment both
“spot-by-spot” and “layer-by-layer” (12, 13). The treatment planning system determined the
energy, spot position, and number of monitor units for each spot. The spot spacing for each
field was determined as the fraction of the full width at half maximum (FWHM) of the spot
in air at the isocenter for the highest energy used for the field, SS=0.65 x FWHM;,. Once
the spot spacing was determined for the field, it was not changed even if lower energies
were used for the proximal layers. The treatment planning system used did not consider
constraints on monitor units (e.g., between 0.005 MU and 0.04 MU for each spot) during
optimization; constraints were applied only during postprocessing, thereby converting the
raw optimized spots to deliverable spots that had monitor units within the range defined by
the minimum and maximum values (14). An analytical proton pencil-beam convolution dose
algorithm was used to calculate the dose distribution. The in-air fluence for individual spots
was described by a single 2D Gaussian function. Three sets of IMPT plans were designed
for each of the 10 patients: one used an anterior/posterior (AP) beam arrangement, another a
right posterior oblique beam (RPO) and a left posterior oblique beam (LPO) arrangement,
and a three-field AP/LPO/RPO arrangement. The plan optimization process included efforts
to minimize the doses to the total lung, heart, liver, and spinal cord.

Data analysis was performed with Stata/MP 11.0 statistical software. The equality of means
for continuous variables was assessed by using t tests. A p value of 0.05 or less was
considered to indicate statistical significance.

IMRT versus IMPT (AP/PA)

First we compared the dose-volume parameters from an IMRT-SIB plan with those from a
two-beam IMPT plan in an AP/PA arrangement, which we hypothesized would maximize
pulmonary sparing (Fig. 1). Separate plans were generated and optimized for all 10 patients
in which the GTV was to be treated to 65.8 Gy and the PTV to 50.4 Gy (Table 1). Relative
to the IMRT plan, the IMPT (AP/PA) would have delivered roughly the same mean cardiac
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dose (19.9 vs 21.2 Gy) and cardiac Vg V3 Va0, and Vsq (Table 1), although the cardiac
V1 was slightly lower with the IMPT AP./PA plan (66% vs 79%, p<0.0342). However,
relative to the IMRT plan, the IMPT plan reduced the mean lung dose by 61% (3.18 vs 8.27
Gy, p<0.0001), the lung Vs by 68% (12% vs 38%, p<0.0001), the lung Vg by 57% (10% vs
23%, p=0.0001), and the lung Vg by 50% (7% vs 14%, p=0.0006). Similarly, the mean
hepatic dose was 4.9 Gy vs 14.9 Gy (p<0.0001), and the V3 was 7% vs 13% (p=0.0006).
Both the maximum dose to 1cm3 of the spinal cord and the maximum point dose were both
markedly lower in the AP/PA IMPT plan than in the IMRT plan (p=0.004 and p=0.01) (Fig.
1).

IMRT versus IMPT (LPO/RPO)

The next IMPT beam arrangement we tested was two posterior oblique beams (LPO/RPO),
which we hypothesized would provide optimal cardiac sparing (Fig. 2). The IMPT (LPO/
RPO) plan led to reductions of 44% in mean cardiac dose (11.9 vs 21.2 Gy, p<0.0001), and
the cardiac Vo was reduced by 50% (22% vs 44%, p=0.001) and the cardiac V3q by 32%
(17% vs 25%, p=0.002). The mean lung dose was reduced by 42% (4.9 vs 8.27 Gy,
p<0.001). Although the lung Vg was no different in the two plans, both the lung Vg and Vs
were significantly reduced in the IMPT plan, the V1o by 35% (15% vs 23%, p=0.004) and
the V5 by 50% (19% vs 38%, p= 0.0002). The mean hepatic dose was decreased to 5 Gy vs
14.8 Gy (p<0.0001) and the liver V3 was decreased to 6% vs 13% (p=0.0004). Both the
maximum dose to 1cm3 of the spinal cord and the maximum point dose to the spinal cord
were no different in the two plans (Table 1).

IMRT versus IMPT (AP/LPO/RPOQO)

Lastly we hypothesized that a three-field IMPT plan (AP/LPO/RPO) could effectively
reduce the dose to both the heart and lung relative to the two other plans owing to the
multiple beam arrangement (Fig. 3). Compared with the IMRT-SIB plan, the three-field
IMPT plan resulted in a lower mean cardiac dose (17 Gy vs 21 Gy, p=0.003). The heart V3q
was reduced by 20% (20% vs 25%, p=0.01), the heart V5 by 35% (29% vs 44%, p=0.0003),
and the heart V1o was reduced by 23% (61% vs 79%, p=0.0044). The mean lung dose was
reduced by 49% (4.3 Gy vs 8.27 Gy, p=0.0002), as was the lung Vg (from 14% to 7%,
p=0.0008); the lung V1o was reduced by 35% (15% vs 23%, p=0.005), and the lung V5 was
reduced by 50% (19% vs 38%, p=0.0003). The mean hepatic dose was reduced from 14.9
Gy to 5.4 Gy (p<0.0001), and the hepatic V3¢ was 7% vs 13% (p=0.0005). Both the
maximum dose to 1cm3 of the spinal cord and the maximum point dose were both markedly
lower in the AP/PA IMPT plan than in the IMRT plan (p=0.0008 and p=0.002) (Table 1).

Finally, no significant differences were found with respect to target coverage of the PTV or
GTV. All plans achieved excellent target coverage, with > 95% of the PTV receiving at least
100% of the prescription dose as expected based on preset planning restrictions.

DISCUSSION

The results of the current study extend our prior findings regarding local failure after
definitive chemoradiotherapy for unresectable distal esophageal cancer to 50.4 Gy and the
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potential for an IMRT-SIB technique to escalate the dose to the GTV (Welsh et al.,
submitted). We found here that IMPT techniques could further reduce the dose to critical
structures, especially the heart and lung, during treatment of distal esophageal cancer. All
three of the beam arrangements we evaluated for an IMPT scanning beam technique spared
more of the heart, lung, liver, and cord than did an IMRT plan based on the same image sets.
Clinical studies have indicated that minimizing of the volume of lung receiving radiation can
significantly reduce the risk of potentially life-threatening complications (15, 16). Similar
conclusions have been drawn from studies of radiation-induced cardiovascular and liver
toxicity (17). In this study, we found that among the three techniques tested, the AP/PA field
arrangement was best for reducing the pulmonary dose, the LPO/RPO technique was best
for reducing the cardiac dose, and the AP/LPO/RPO plan provided some reduction in both
pulmonary and cardiac exposure. All three of the IMPT plans spared the liver comparably
well. Because each IMPT beam arrangement offers a unique treatment planning advantage,
an optimal plan can be synthesized with consideration of each patient’s unique anatomy and
health history. For example in a patient with prior cardiac disease an LPO/RPO beam
arrangement may be preferred to reduce cardiac dose. Alternately, a patient with extensive
nodal disease resulting in a larger thoracic CTV may benefit from an AP/PA technique to
reduce the amount of normal lung treated. The potential benefits of IMPT for esophageal
cancer will soon be investigate further in a prospective trial at our institution.

The past three decades have seen a large number of technologic advances in radiation
therapy, with the transition from reliance on x-rays films to the use of 3D planning based on
CT scans and, most recently, on PET/CT fusion scans, plus the routine use of bronchoscopy
and endoscopy to accurately map the extent of disease. Nevertheless, outcomes after
treatment for esophageal cancer have not significantly improved over this period. We
posited here that local control could be improved through the development of more
sophisticated treatment planning techniques such as IMRT and proton therapy, both of
which have been shown to offer improved tissue sparing (9, 18).

Most patients with esophageal cancer who undergo proton therapy in the United States are
treated with a passive scatter technique. Passive scattering uses a range shifter and scattering
foil to widen the thin proton beams to cover the length of the tumor; the proton beam then
goes through a collimator to shape the beam, and finally a compensator is used to shape the
distal edge of the beam to fit the tumor shape. The passive scatter technique involves
delivery of an equal number of protons throughout the field to create a uniform dose
distribution to the treated area. One challenge associated with this technique thus is how to
deliver different doses to different treatment areas. One solution is to use a cone-down
technique, which requires the development of a new plan, a composite plan, and the new
collimators and compensators. An alternative solution is to use pencil beam scanning, a
proton delivery method that was recently approved in the United States and has been used at
MD Anderson since 2008 for the treatment of prostate cancer. Pencil beam scanning uses
magnets to precisely steer the beam and proton beams with different energies obviating the
need for collimators and compensators. The scanning beam technique also allows more
precise delivery than does passive scatter in that it allows the simultaneous delivery of
different doses to high-risk and low-risk areas without the need for a cone-down.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2014 July 08.
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Nevertheless, the precision offered with scanning beams invokes other factors that must be
considered before this technology is adapted for the treatment of thoracic tumors. Perhaps of
the most concern is the need to consider tumor motion, because the entire treatment CTV is
not being treated at the same moment in time due to the interplay between tumor motion and
the scanning beam. To account for this issue, we recommend respiratory gating when
treating thoracic tumors with a scanning-beam treatment plan. However, because the motion
of a tumor will vary depending on its location, accounting for motion variation will be site-
specific and motion control should be evaluated on an individual basis accounting for factors
such as the magnitude of motion and the electron density of the surrounding structures.

Although dose escalation has been shown to improve local control and survival in tumors at
other anatomic sites (19), caution needs to be applied in escalating radiation doses for
esophageal cancer. The anatomy of the esophagus dictates that any such tumor will be in
close proximity to, if not encompassed within, critical structures; thus we must be careful
not to trade off improvements in local control for increased morbidity. Excessive esophageal
doses associated with high dose-irradiation for lung cancer can result in esophageal stricture,
a potentially life-treating complication (20). The initial tumor size, and changes in tumor
volume over the course of treatment, are also an important and potentially dose-limiting
factor that will need to be monitored and accounted for. Furthermore, the penetration of the
gastric layer by the radiation beam should be restricted, as gastric tolerance is thought to be
below that of the esophagus (21, 22). Lastly, patients with distal esophageal tumors may be
at particular risk for increased cardiac toxicity, and further work must be done to assess the
impact of cardiac motion on treatment planning.

CONCLUSIONS

In summary, tremendous advances have been made in radiation treatment planning and
delivery, yet many institutions are hesitant to escalate radiation doses for esophageal cancer
because of the increased risk of normal-tissue toxicity as well as the controversial results of
a randomized trial (7). The GTV represents the most common site of failure after definitive
chemoradiation for unresectable esophageal cancer (3). The treatment-planning series
reported here illustrates that at least from a dosimetric standpoint, use of an IMPT technique
can safely allow increased doses to the GTV with decreased toxicity to critical structures.
Currently we are preparing to evaluate this technique in a phase I clinical trial to determine
the maximum tolerated dose to which the GTV can be safely escalated. This study will
provide a foundation for larger prospective studies to evaluate the potential benefits of IMPT
for esophageal cancer.
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IMRT-SIB > IMPT AP/PA
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Figure 1.
A) Axial, sagittal, and coronal views of an IMRT-SIB plan in which the PTV is treated to

50.4 Gy while the GTV is boosted to 65.8 Gy. B) Axial, sagittal, and coronal views of an
IMPT (AP/PA) plan in which the PTV is treated to 50.4 Gy while the GTV is boosted to
65.8 Gy. The AP/PA beam arrangement is optimal for pulmonary sparing compared to the
IMRT plan.
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A) Axial, sagittal, and coronal views of an IMRT-SIB plan in which the PTV is treated to
50.4 Gy while the GTV is boosted to 65.8 Gy. B) Axial, sagittal, and coronal view of an
IMPT (LPO/RPO) plan in which the PTV is treated to 50.4 Gy while the GTV is boosted to
65.8 Gy. The LPO/RPO beam arrangement is optimal for cardiac sparing compared to the

IMRT plan.
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Figure 3.
A) Axial, sagittal, and coronal views of an IMRT-SIB plan in which the PTV is treated to

50.4 Gy while the GTV is boosted to 65.8 Gy. B) Axial, sagittal, and coronal views of an
IMPT (AP/LPO/RPO) plan in which the PTV is treated to 50.4 Gy while the GTV is boosted
to 65.8 Gy. The AP/LPO/RPO beam arrangement is optimal for achieving both pulmonary
and cardiac sparing compared to the IMRT plan.
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