Modern radiotherapy options and
techniques have improved outcomes

for patients with sarcomas.
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Background: For patients with sarcomas, radiotherapy can be used as neoadjuvant, adjuvant, or primary local
therapy, depending on the site and type of sarcoma, the surgical approach, and the efficacy of chemotherapy.
Methods: The authors review the current status of advanced technology radiation therapy in the management of
bone and soft tissue sarcoma.

Results: Advances in radiotherapy bave resulted in improved treatment for bone and soft tissue sarcomas. Intensity-
modulated radiation therapy (IMRT) uses modifications in the intensity of the photon-beam from a linear accelerator
across the irradiated fields to enbance dose conformation in three dimensions. For proton-beam radiation therapy, the
nuclei of hydrogen atoms are accelerated in cyclotrons or synchrotrons, extracted, and transported to treatment rooms
where the proton beam undergoes a series of modifications that conform the dose in a particular patient to the tumor
target. Brachytherapy and intraoperative radiation therapy bave generally been used to lreat microscopic residual
disease in patients with sarcomas. These technologies deliver dose to tumor cells with irradiation of limited volumes of
normal tissue. Patients who may benefit from technically advanced radiotherapy include those with skull base and
spine/paraspinal sarcomas, Ewing’s sarcoma, and retroperitoneal/extremity sarcomas.

Conclusions: Aduvances in radiation therapy technology, particularly IMRT, proton-beam or other charged-particle
radiation therapy, brachytberapy, and intraoperative radiation therapy, have led to improved treatment for patients
with bone and soft tissue sarcomas.
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Introduction

Contemporary management of sarcomas often includes a
multidisciplinary approach using a combination of surgery,
radiotherapy, and chemotherapy specific for tumor type,
histologic grade, and stage of disease. Radiotherapy can be
employed as neoadjuvant (preoperative), adjuvant (postop-
erative), or primary local therapy, depending on the site
and type of tumor, the availability and acceptability of the
surgical option, and the efficacy of the chemotherapy.
Neoadjuvant radiotherapy is frequently used for large, deep
soft tissue sarcomas! and can also be delivered prior to
resection of spine? or pelvic sarcomas.’ Adjuvant radiation
is utilized in many centers following resection of soft tissue
sarcomas if tumor, or surgically contaminated tissues in
patients with incomplete excision, cannot be excised with
a minimum of 1 cm of healthy tissue or an intact fascial
plane.* It is also used for patients with bone sarcomas with
positive or inadequate margins and in selected other situa-
tions that might include presentation with a pathologic
fracture,> poor histologic response to chemotherapy,® or
intralesional excision of (or intramedullary rod placement
through) a radiographically or cytologically benign-appear-
ing lesion later found to be sarcoma on review of final
pathologic material. Radiotherapy as the primary local
therapy without surgery or in conjunction with subtotal
resection is used for soft tissue sarcomas that are medical-
ly inoperable,” for axial Ewing’s sarcomas or extremity
Ewing’s sarcomas where surgery would compromise func-
tion,® and for primary bone tumors involving the upper
sacrum,’ the base of skull, and some arising in the eth-
moid/sphenoid sinus region.'?

Radiation therapy (RT) is most commonly given by
externally directed beams but can also be given by
brachytherapy (BT) or intraoperative techniques. BT uti-
lizes temporary or permanent radiation sources that are
placed either into or adjacent to tumor tissue. BT has
been used in the adjuvant radiation of soft tissue sarco-
mas.!! More recently, it has been applied on the dura and
paraspinal tissues for spine and paraspinal tumors*!>1% and
for some Ewing’s sarcomas with inadequate surgical mar-
gins.'* Intraoperative radiotherapy (IORT) with electron
beam or orthovoltage is delivered to the tumor bed at
surgery to boost the dose to retroperitoneal,'> paraspinal
and spinal, and pelvic sarcomas.'® BT and IORT, although
technically challenging, have been adopted in many spe-
cialized centers because of their dosimetric advantages
over conventional external RT. BT and IORT allow higher
radiation doses to the tumor while sparing normal tissue,
which results in higher tumor control and fewer normal
tissue complications. In the case of BT, this is achieved by
placing radiation sources in close contact with the tumor
bed and the rapid fall-off in dose away from the radiation
sources. Traditionally, this has been done with low-dose-
rate iridium-192 (and occasionally less energetic iodine-
125), but more recently high-dose-rate sources have been
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employed.'” In the case of IORT, this is achieved by mov-
ing critical normal tissues such as bowel, kidney, or lung
out of the IORT beam at the time of surgery.

Historical Gains From Reductions in
Treatment Volumes

The advantages of RT technology have been amply
demonstrated over the years.’® With the adoption of
megavoltage cobalt units, RT doses were no longer limited
by the acute skin reaction but could be increased to match
the much greater radiation tolerance of the deeper struc-
tures. The use of linear accelerators in the 1970s further
improved the achievable dose distribution, as did the use
of RT simulators to plan treatment and the use of individ-
ually shaped portals. The adoption of BT and IORT
improved dose distribution and the clinical results at a
variety of clinical sites including sarcomas.'>'  Most
recently, the combination of computer-based treatment
planning® and modern imaging technologies (computed
tomography, magnetic resonance imaging, and positron
emission tomography)??? have enhanced the delivery of
radiation to the tumor while minimizing normal tissue
dose. Hence, the smaller treatment volumes, the reduction
of normal tissue dose and volume irradiated, and the
increase in achievable dose to the tumor target will likely
result in clinical gains in cancer therapy.
Intensity-modulated radiation therapy (IMRT) allows
higher radiation doses to selected volumes of tumor than
could be achieved with earlier three-dimensional (3-D)
conformal techniques and also allows shaping of the dose
around selected adjacent normal tissues.?> However, this
usually comes at the cost of higher integral doses to larger
volumes of normal tissue away from the tumor.** These
doses may not have significant clinical consequences in
older patients, but their potential late effects on developing
normal tissues in pediatric patients, as well as their poten-
tial to induce second malignancies, present a concern.?

Conformal Radiotherapy

Conformal RT refers to a variety of techniques that
attempt to closely contour the radiation dose around the
tumor and limit dose to surrounding normal tissue, simul-
taneously improving local tumor control and reducing
normal tissue complications. These conformal techniques
include proton or charged-particle RT,* 3-D conformal
photon RT,* IMRT,?” and stereotactic radiotherapy®® or
stereotactic radiosurgery.” From a technical perspective,
it is worth noting that many specialized devices for radio-
surgery have maximum collimator sizes of <6 cm, which
limits their utility for treatment of many primary sarcomas.

The conformal radiation techniques all use computed
tomography and/or magnetic resonance imaging of the
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tumor and adjacent normal tissue. These are then trans-
ferred to a 3-D RT treatment-planning computer®® to
design beam trajectories in order to maximize dose to
tumor and optimally spare adjacent normal tissues.
Patient positioning is verified by diagnostic imaging prior
to radiation delivery to assure that the tumor is aligned
with the trajectory of the radiation beam.3'3?

These increasingly conformal techniques allow high-
er doses to be delivered to the target volume, thus achiev-
ing a higher tumor control probability. Likewise, these
more conformal treatment volumes, especially with pro-
ton therapy, should result in a reduced frequency and
severity of comorbidity between radiation and chemother-
apy, thus minimizing toxicity-induced interruptions in
treatment that might compromise its efficacy.!”-2>3334

Proton-Beam Radiotherapy

The rationale for the use of protons (or other charged par-
ticles) rather than photons (ie, x-rays, which have tradition-
ally been used for RT) is the superior dose distribution that
can be achieved with protons. Protons and other charged
particles deposit little energy in tissue until near the end of
the proton range where the residual energy is lost over a

short distance, resulting in a steep rise in the absorbed dose
known as the Bragg peak (Fig 1).353¢ The Bragg peak is too
narrow for practical clinical applications, so for the irradia-
tion of most tumors, the beam energy is modulated by
superimposing several Bragg peaks of descending energies
(ranges) and weights to create a region of uniform dose
over the depth of the target. These extended regions of uni-
form dose are called spread-out Bragg peaks. Although the
beam modulation to spread out the Bragg peaks increases
the entrance dose, the proton dose distribution is still char-
acterized by a lower-dose region in normal tissue proximal
to the tumor, a uniform high-dose region in the tumor, and
zero dose beyond the tumor (Fig 1).3>%7

The major emphasis for proton therapy clinical
research initially was dose escalation for tumors for which
local control with conventional RT was poor,*® including
base of skull and spine tumors,'° locally advanced prostate
cancer,” hepatocellular carcinoma,® and non-small-cell
lung cancer.*! The development of hospital-based
cyclotrons with higher energy beams capable of reaching
deep-seated tumors (up to approximately 30 cm with a
235 MeV beam), field sizes comparable to linear accelera-
tors, and rotational gantries has greatly facilitated proton
RT. Hence, proton-beam radiotherapy can be extended to
a wider range of clinical sites than in the past. There is

increasing interest in protocols aimed at morbidity
reduction in those tumor sites in which tumor con-
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trol with photons is good. Many pediatric tumors fall
into this category, and thus there is much interest in
the use of protons to reduce the risk of late effects
of RT on developing normal tissues in children. It is
to be emphasized that dose escalation and morbidity
reduction are not mutually exclusive when using

. protons and that the opportunity for both may be

present in any given patient.

Heavier Charged Particles

One property of charged particles used to assess the
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biologic effect of a particular radiation is linear ener-
gy transfer (LET), the rate of energy loss by the par-
ticle in tissue. The LET influences the biologic

Fig 1. — Depth-dose distributions for a spread-out Bragg peak (SOBP), its
constituent pristine Bragg peaks, and a 10-MV photon beam. The SOBP
dose distribution is created by adding the contributions of individually modu-
lated pristine Bragg peaks. The penetration depth, or range and measured
as the depth of the distal 90% of plateau dose, of the SOBP dose distribu-
tion is determined by the range of the most distal pristine peak. The modu-
lation width, as measured as the distance between the proximal and distal
90% of plateau dose values, of the SOBP dose distribution is controlled by
varying the number and intensity of pristine. Bragg peaks that are added,
relative to the most distal pristine peak, to form the SOBP. The dashed lines
indicate the clinically acceptable variation in the plateau dose of £2%. The
dot-dashed lines indicate the 90% dose and spatial intervals. The SOBP
dose distribution of even a single field can provide complete target volume
coverage in depth and lateral dimensions, in sharp contrast to a single-pho-
ton depth-dose distribution. Note the absence of dose beyond the distal fall-
off edge of the SOBP. Courtesy of Hanne M. Kooy, PhD, Northeast Proton
Therapy Center, Massachusetts General Hospital, Boston, Mass.
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impact of the energy deposited in tissue.** “X” and
gamma photons, protons, and helium ions are con-
sidered low-LET radiation. Heavier charged particles
(neon, carbon) and fast neutrons are considered
high-LET radiation. There is an initial increase in the
relative biologic effect (RBE) with an increase in LET.
Higher-LET radiation is less affected by tissue oxy-
genation and less sensitive to variations in the cell
cycle and DNA repair. For these reasons, the use of
heavier, higher LET charged particles is of interest.
The use of helium and heavier neon-charged
particles for the treatment of sarcomas has also been
reported. At the University of California Lawrence
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Berkeley Laboratory and Medical Center at San Francisco,
helium ions were utilized mainly for their physical dose-
distribution advantages, and heavier neon ions were
employed mainly for their LET biologic advantages. Four-
teen patients with sacral chordomas were treated with
helium and neon ions between 1977 and 1989.% All
patients were treated postoperatively, and 10 had gross
residual disease. The median dose was 75.65 cobalt Gray
equivalent (CGE). The actuarial survival rate at 5 years was
85%, and the overall 5-year local control rate was 55%. A
trend to improved local control rate at 5 years was seen in
patients treated with neon (62%) compared to patients
treated with helium (34%), in patients following complete
resection (75%) vs patients with gross residual tumor
(40%), and in patients who had treatment courses less
than 73 days (61%) vs longer than 73 days (21%). No
patient developed neurologic sequelae or pain syn-
dromes. One previously irradiated patient required
colostomy, 1 had delayed wound healing following a neg-
ative postradiation biopsy, and 1 developed a second
malignancy. On the basis of that experience, the investi-
gators felt that additional evaluation of heavy charged par-
ticles was warranted.

Current interest in heavier charged particles is
focused on carbon ions because of their excellent physical
dose deposition and the higher RBE associated with their
high LET. The Heavy Ion Medical Accelerator in Chiba,
Japan, began clinical studies in 1994. Kamada et al*
recently reported the results of a phase I/II study evaluat-
ing the tolerance for and effectiveness of carbon ion RT in
patients with unresectable bone and soft tissue sarcomas.
Fifty-seven patients with 64 tumors not suited for resec-
tion received carbon ion RT. Tumors involved the spine or
paraspinous soft tissues in 19 patients, pelvis in 32
patients, and extremities in 6 patients. The total dose
ranged from 52.8 to 73.6 carbon Gray equivalent (GYE)
and was administered in 16 fixed fractions over 4 weeks
(3.3 to 4.6 GyE/fraction). Seven of 17 patients treated
with the highest total dose of 73.6 GyE experienced Radi-
ation Therapy Oncology Group grade 3 acute skin reac-
tions. Dose escalation was then halted at this level. No
other severe acute reactions (grade >3) were observed in
this series. The local control rate was 73% at 3 years, and
the overall survival rate at 3 years was 46%.

Raster-scanned carbon ion RT at the Gesellschaft fiir
Schwerionenforschung in Darmstadt, Germany, has been
used to treat patients since 1997. Carbon ion RT alone
(median dose of 60 GyE) was given to 87 patients with
chordomas and low-grade chondrosarcomas of the skull
base,and 17 patients with spinal (n = 9) and sacrococcygeal
(n = 8) chordomas and chondrosarcomas were treated with
combined photon and carbon ion RT. The actuarial 3-year
local control rate was 81% for skull base chordomas and
100% for chondrosarcomas.®> Local control was obtained in
15 of 17 patients with spinal (8 of 9 patients) and sacral (7
of 8 patients) chordomas or chondrosarcomas. Common
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Toxicity Criteria grade 4 or 5 toxicity was not observed.
The investigators believed that carbon ion therapy is safe
with respect to toxicity and offers high local control rates
for these lesions. Because of concern about potential late
normal tissue effects with the higher LET/RBE carbon ions,
further follow-up is warranted on these results.

Intensity-Modulated
Photon Radiation Therapy

Recent dosimetric studies?*® comparing IMRT and 3-D con-
formal RT for soft tissue sarcoma have been reported.
When evaluating sarcomas arising in the extremities,
pelvis, trunk, and paranasal sinuses, IMRT plans were more
conformal. In the extremities, bone and subcutaneous
doses were reduced by up to 20%. A conformal IMRT com-
parative planning study has been reported for a large
extraskeletal chondrosarcoma of the extremity.® Not sur-
prisingly, IMRT produced excellent conformal treatment
plans for this complex target volume, with a reduction of
the maximum dose to the bone compared with the 3-D
photon plan. Hong et al?” performed treatment planning
comparisons of IMRT and 3-D conformal RT for 10
patients with soft tissue sarcoma of the thigh. They report-
ed a reduction in femur dose without compromise in
tumor coverage. In addition, IMRT reduced hot spots in
the surrounding soft tissues and skin. In the head and
neck region, the normal tissue complication probabilities
were correspondingly reduced.®

It should be noted that IMRT treatment plans often
include localized areas within the high-dose volumes
where dose inhomogeneities can be in the range of 10% to
15% above the prescription dose. Because there can also
be dose inhomogeneities in the range of 5% below the tar-
get dose, treatment plans are often normalized to the 95%
isodose line, meaning that selected areas of the treatment
volume are receiving daily fractions and total doses of 15%
to 20% above the target dose. Depending on the location
of these “hot spots,” there can be unanticipated acute nor-
mal tissue toxicity.* Whether there are late effects attrib-
utable to these focal areas of high dose remains unclear.
Distribution of 3-D conformal proton doses is generally
more homogeneous, although focal hot spots can also
arise where fields are junctioned or “patched”

Intensity-Modulated
Proton Radiation Therapy

Intensity modulation can also be applied to proton beams
(IMPT), potentially optimizing the dose distribution even
further. The unresolved question is whether this opti-
mized physical dose distribution will be accompanied by
an important clinical advantage. This question cannot be
answered by physical analysis alone, and clinical trials are
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needed to definitively address this issue. However, dosi-
metric comparison can display differences in doses to nor-
mal tissues that may prove to have a clinically significant
impact on toxicity for the patient. At the Massachusetts
General Hospital, we studied dosimetric optimization to
compare IMRT to IMPT in the treatment of spinal and
paraspinal sarcomas.”® Gross tumor volume coverage was
optimal and equally homogeneous with both photon and
proton therapy plans. The use of IMPT consistently
reduced doses to the heart, lung, kidney, and stomach by a
factor of 1.8 to 40 compared to photon plans (Figs 2A-B).
In addition, IMPT dose escalation (85.1 and 92.9 CGE) was
possible in all patients, within the constraints of normal
tissue tolerance.

IMPT with a spot-scanning beam has been used to
treat a limited number of patients at the Paul Scherrer
Institute in Switzerland.>' Raster-scanned carbon ion RT is
used to treat patients at the Gesellschaft fiir Schwerionen-
forschung in Darmstadt, Germany.*

Brachytherapy

Managing soft tissue sarcomas with BT generally involves
placement of after-loading catheters intraoperatively in
the tumor bed. Most institutions use BT as a boost that is
supplemented with external-beam RT, but it has also been
used as the only form of adjuvant therapy. The catheters
are fixed in position with absorbable sutures and are
spaced at 1-cm intervals in a single plane. The dose of
adjuvant BT, when it is used as the sole radiation modality,
is generally 45 Gy, administered to a distance of 0.5 to 1
cm from the implant plane. The treatment volumes are
typically defined by the tumor bed plus appropriate mar-
gins (2 cm superiorly/inferiorly and 1.5 cm laterally/medi-

ally). Because the target is defined under direct visualiza-
tion, it is highly accurate. Importantly, the target area does
not include the entire surgical bed or drain sites, in con-
trast with coverage of these areas with standard postoper-
ative external-beam RT fields.

Treatment is generally well tolerated, and wound com-
plications requiring reoperation are not common (gener-
ally occurring in 10% of patients), especially when
catheters are loaded 4 to 7 days after surgery.!® Catheters
can be safely placed adjacent to pedicle and free flaps.
Patients who undergo periosteal stripping or bone resec-
tion may have a higher risk of developing bone fractures.
Peripheral nerve damage occurs in approximately 5% of
patients treated with postoperative BT.>? Data from a ran-
domized clinical trial of surgery and adjuvant BT vs
surgery alone have demonstrated an improvement in local
control with the addition of BT for patients with high-
grade tumors.!! The absence of an advantage for low-
grade tumors is difficult to explain on radiobiological
grounds, but it has prompted some clinicians to avoid BT
for patients with low-grade tumors. There are no random-
ized comparisons of external-beam RT vs BT in the man-
agement of patients with soft tissue sarcomas. When treat-
ment-related charges associated with external-beam RT
and BT are compared for soft tissue sarcomas for the
extremity, cost analysis suggests substantial savings per
patient treated with BT.>

Dural Plaque Brachytherapy

Even with IMRT or the proton beam, it is difficult to deliv-
er tumoricidal doses of 270 Gy to the surface of the dura
when, as is often the case, it is involved by spinal or
paraspinal sarcomas. The physical properties of beam
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Fig 2. — Dose distribution for intensity-modulated protons (A) or intensity-modulated photons (B) in a transverse plane (computed tomogra-
phy slice) through the center of the tumor in a patient with a thoracic paraspinal sarcoma. The isodose contours are represented by different
colors (corresponding values in CGE are displayed below the figure). Note the significant reduction in lung and cardiac dose with intensity-
modulated protons. From Weber DC, Trofimov AV, DeLaney TF, et al. A treatment planning comparison of intensity modulated photon and
proton therapy for paraspinal sarcomas. Int J Radiat Oncol Biol Phys. 2004;58:1596-1606. Reprinted with permission from Elsevier.
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penumbra and the proximity of the surface of the spinal
cord with 3 to 4 mm of the dura prevent delivery of ade-
quate dose to the dural surface without exceeding spinal
cord tolerance. One strategy that we have developed is to
use a custom-designed yttrium-90 plaque to boost the dose
to the dural surface intraoperatively. The percent depth-
dose characteristics of the applicator are favorable for this
application, with 100% at the dural surface and with 27%
and 8% at depths of 2 mm and 4 mm, respectively. Thus, 10
to 15 Gy can be delivered to the dura with minimal dose to
the cord surface and essentially no dose to the cord center
or the contralateral side of the cord. Initial experience
with this applicator has been favorable and has produced
no acute toxicity or any neurologic sequelae.?

Intraoperative Radiation Therapy

With the exception of tumors recurrent after prior exter-
nal-beam RT, when it may be used as the sole form of RT in
the treatment course, IORT has generally been adminis-
tered at a boost dose of 10 to 15 Gy delivered during
surgery with electrons'> or high-dose rate intraoperative
BT>* This has generally been given after preoperative
external-beam adjuvant RT,"> although it has also been
given prior to external RT.>* IORT is particularly advanta-
geous for retroperitoneal and pelvic sarcomas for which
the tolerances of surrounding critical normal tissues con-
strain the dose that can be delivered to the tumor. For
retroperitoneal sarcomas, 45 to 50.4 Gy of preoperative RT
(1.8 Gy per fraction) is preferred because the tumor acts as
a tissue expander and moves normal structures out of the
radiation beam.!> Promising results for retroperitoneal sar-
comas have been reported from several institutions.'>>

There is less repair of radiation damage by normal tis-
sues of the large single radiation fractions employed with
IORT>® It remains an effective strategy, however, because
many radiosensitive normal tissues can be excluded from
the beam.When normal tissues such as nerves, gut, or ureter
adherent to tumor cannot be moved out of the radiation
field, IORT can be associated with normal tissue injury
unless the radiation dose is reduced. Neuropathy has been
the major complication reported with IORT, occurring in
approximately 10% of patients. Fistulas and ureteral injury
have also been reported in patients treated with aggressive
surgery, external-beam irradiation, and IORT.">> Whenever
possible, nerves, gut, or ureter should be moved out of the
radiation field or shielded to prevent injury.

Technically Advanced Radiotherapy in
Selected Patients

Sarcomas of the Skull Base
Treatment of patients with these tumors is difficult and
complex because of the proximity of the brain stem and
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the base of the brain. These factors have limited both sur-
gical approaches and treatment with conventional RT. The
rapid fall-off of dose at the end of the range of the proton
beam was judged to be particularly suitable for treatment
of these tumors from the days of the initial use of protons
in the clinic. In fact, the physical advantage of protons
allowed for significant dose escalation for these patients.
Rosenberg et al’” reported the actuarial 5- and 10-year
actuarial local control rates of 99% and 98%, respectively,
for 200 patients treated for chondrosarcomas of the base
of the skull who received a median dose of 72.1 CGE in 38
fractions. Although some reports in the oncology litera-
ture note that chondrosarcomas are not sensitive to RT,
these results clearly contradict that assertion. Interesting-
ly, patients with chordomas of the skull base treated to a
similar median dose of 68.9 CGE experience worse treat-
ment outcome, with actuarial local control rates of 59%
and 44% at 5 and 10 years, respectively.>® Similar results
were reported by Hug et al,> who noted local control in
92% of patients with chondrosarcomas and in 76% of
patients with chordomas. They reported symptomatic
grade 3-4 toxicities in 5% of patients. These results are
better than those observed in cases where patients with
chondrosarcomas and chordomas of the skull base were
treated with photons to a median dose of 55 Gy in which
the estimated local control was only 36%.% A randomized
proton dose evaluation study for patients with chordomas
of the cervical spine and base of skull is currently under-
way at the Northeast Proton Therapy Center. Higher-risk
patients, ie, all patients with cervical spine tumors and
women with base of skull lesions, are randomized to
receive either 75.4 or 82.9 CGE, while lower-risk men
with base of skull lesions are randomized to receive 69.7
or 75.4 CGE.

Sarcomas of the Spine and Paraspinal Tissues

Because of the proximity of the spinal cord, RT for treat-
ment of tumors of the spine and paraspinal soft tissues is
constrained by the radiation tolerance of the spinal cord,
which is generally quoted at 45 Gy. This dose is below that
necessary to reliably control most sarcomas, which
require doses of approximately 60 Gy for subclinical
microscopic disease, 66 Gy for microscopically positive
margins, and more than 70 Gy for gross residual disease.
With its ability to spare adjacent tissues, proton RT offers
advantages for treatment of tumors in this location. Isacs-
son et al®" compared conformal RT treatment plans with
photons and protons for a patient with a cervical Ewing’s
sarcoma. Even when only the final 20% of the treatment
— the boost to the gross disease — was given with pro-
tons, they noted a 5% improvement in local control for a
comparable predicted risk of spinal cord injury. In a com-
parison of IMRT with IMPT treatment plans for spine and
paraspinal sarcomas, Weber et al>® noted that although the
results were similar in levels of tumor conformation, IMPT
reduced the integral (normal tissue) dose to organs at risk.
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Hug and colleagues® presented results on combined
photon/proton treatment of 47 patients with osteogenic
and chondrogenic tumors of the axial skeleton. RT was
delivered postoperatively in 23 patients, preoperatively
and postoperatively in 17, and as sole treatment in 7
patients. Mean RT doses of 73.9 CGE, 69.8 CGE, and 61.8
CGE were delivered to group 1 (20 patients with recur-
rent/primary chordoma or chondrosarcoma), group 2 (15
patients with osteogenic sarcomas), and group 3 (12
patients with giant cell tumors, osteoblastomas, or chon-
droblastomas), respectively. For patients in group 1, the 5-
year actuarial local control and survival rates for patients
with chondrosarcomas were both 100%, and for those
with chordoma, these rates were 53% and 50%, respec-
tively. For patients in group 2, the 5-year actuarial local
control rate was 59%. For patients in group 3, the 5-year
actuarial local control and survival rates were 76% and
87%, respectively. Overall, improved local control was
noted for primary vs recurrent tumors, gross total resec-
tion, and target doses >77 CGE. Similar results have been
reported with charged-particle therapy.®* We currently are
conducting an ongoing phase II study of combined pho-
ton and proton-beam RT in conjunction with maximal sur-
gical resection (and dural plaque BT when possible) at the
Northeast Proton Therapy Center for patients with spinal
and paraspinal sarcomas.

Ewing’s Sarcoma

Management of truncal, craniofacial, spinal, and pelvic
Ewing’s sarcomas is complex due to the critical impor-
tance of the normal structures in the vicinity of the tumor
and also due to the frequent surgical resection with posi-
tive or close margins. For these sites, surgical resection
and RT can be limited by the proximity of the tumor to
critical organs. Local failure rates are often more than
50%.% Highly localized dose distributions offer the possi-
bility of increasing local control as well as decreasing late
effects. Smith et al** performed comparative treatment
planning comparing IMRT with IMPT for a pelvic Ewing’s
sarcoma patient and noted sparing of the intestine, rec-
tum, bladder, and femoral head with IMPT (Fig 3). These
results demonstrate a significant potential for reduction of
treatment morbidity with protons. In addition to less
acute morbidity to bowel and marrow during concurrent
chemoradiation, one would anticipate a reduction in late
radiation-induced tumors, a problem with conventional
photon radiotherapy for these patients.®> Proton-beam RT
has been approved for use in Children’s Cooperative
Oncology group protocols.

Retroperitoneal Sarcomas

Normal tissue, including bowel, liver, kidneys, and spinal
cord, can limit the radiation doses that can be delivered for
patients with retroperitoneal sarcomas. Treatment com-
parisons have shown a reduction in dose to normal tissue
organs at risk with IMRT compared to 3-D conformal pho-
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tons for patients with retroperitoneal sarcomas.® Addi-
tional dose reductions are anticipated with proton-beam
RT. When combined with IORT, these techniques should
result in improved outcomes.!'>>

Extremity Sarcomas

Compared with postoperative RT, preoperative RT for
extremity soft tissue sarcomas is associated with a higher
rate of acute wound-healing complications but fewer late
complications.®” IMRT may reduce the dose delivered to
the skin and subcutaneous tissues in some patients,?’
thereby reducing wound-healing complications associated
with preoperative RT. Similar or greater advantages are to
be expected with the proton beam. Potential late effects
on bone, such as pathologic fractures following periosteal
stripping, might also be reduced because of reductions in
dose to the femur. These potential advantages need to be
validated in clinical trials.®”

Discussion

Improvements in dose localization can increase local con-
trol and disease-free survival, reduce early and late effects
of RT,% lessen acute comorbidity from radiation and
chemotherapy treatments, improve treatment compliance,
and decrease the number of treatment breaks, which
should further improve tumor control. This is especially
important in the era of multimodality treatments where
chemotherapy plus RT has become the standard of treat-
ment in many disease sites. Highly localized dose distribu-
tions may make it possible to re-treat patients who have
failed locally and have been treated to the limit of tolerance

DIFFERENCE
(IMXT - IMPT)

Fig 3. — Comparative dose distributions for 9-field photon intensi-
ty-modulated photon (IMXT) and 3-field intensity-modulated proton
radiation (IMPT) treatment plans for a patient with a pelvic Ewing’s
sarcoma. Courtesy of A.R. Smith of the M.D. Anderson Cancer
Center and A.J. Lomax of the Paul Scherrer Institute, Villigen,
Switzerland. Dosage in Gy or CGE is shown on the scale on the
right. The lower panel shows the dose difference (IMXT-IMPT) dis-
tribution. From DelLaney TF, Smith AR, Lomax A, et al. Proton
beam radiation therapy. Principles & Practice of Oncology
Updates. Philadelphia, Pa: JB Lippincott; 2003;17:1-10. Reprint-
ed with permission of Lippincott Williams & Wilkins.
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with previous therapy. IMRT represents an advance over 3-
D conformal RT. Based on physical principles, beam for
beam and technique for technique, proton beams will
deliver more localized dose distributions than photons.
These improved dose distributions have the potential to
provide substantial improvements in treatment outcomes.

Based on the physical nature of protons and the excel-
lent clinical results obtained thus far, proton therapy has the
potential to improve clinical outcomes at a number of
anatomic sites. The studies noted above have shown that
for both conventional techniques and intensity-modulation
techniques, proton treatment plans have improved, to vary-
ing degrees, dose localization compared to photons, espe-
cially when critical normal tissues are near the tumor. A
recent survey by Glimelius et al® summarizes many of the
above studies and provides additional information on the
physical and biological properties of protons and proton
treatment planning. IORT and BT can be integrated with
proton-beam treatment for selected patients with retroperi-
toneal tumors, pelvic tumors, and spinal/paraspinal sarco-
mas to maximize clinical advantage for the patient.

A review of the clinical results of proton therapy”®
describes impressive results from several proton therapy
centers. However, with the exception of two clinical trials
for prostate cancer conducted jointly by Massachusetts
General Hospital and Loma Linda University Medical Cen-
ter, few prospective, randomized trials have been con-
ducted. The primary reasons for this are the limited num-
ber of proton therapy facilities, limitations in capacity and
energy at existing facilities, and lack of modern delivery
systems including isocentric gantries and beam-scanning
capabilities. Therefore, even though more than 40,000
patients have been treated with protons worldwide,”* only
a few hundred have been treated in prospective, random-
ized clinical trials. However, this situation is rapidly chang-
ing; there are now 25 facilities around the world that treat
patients with proton beams, with approximately 10 more
being built or under serious planning.”! A third facility in
the United States was opened in Bloomington, Indiana, in
2004, while facilities due to open in 2006 are currently
under construction at University of Florida and at the M.D.
Anderson Cancer Center. Additional facilities are being
planned at the University of Pennsylvania and elsewhere
in the United States. Many of the new facilities will be hos-
pital-based, with the capacity of treating large numbers of
patients. It will be necessary to conduct prospective, ran-
domized clinical trials for sarcomas and other clinical sites
in order to quantify the improvements in clinical out-
comes with protons.

IMPT is currently under clinical development. To
date, only a small number of patients have been treated to
date, but this is an area of ongoing technical develop-
ment. Scanning beam nozzles are currently being
designed and tested, and treatment-planning software is
being refined. It is anticipated that there will be a sub-
stantial increase in patients so treated in the near future.

34 Cancer Control

IMPT offers the potential to reduce both entrance and
exit doses from any given beam trajectory. Thus, in addi-
tion to extreme conformality of the dose to the target,
further dose reduction to normal tissue over nonmodu-
lated proton beams are anticipated.
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